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Abstract
In the present dissertation we investigated the influence of interparticle interactions on the phase
stability of some globular proteins, with our main focus on hen egg-white lysozyme (HEWL). Our
research was performed as an interplay of diverse experimental techniques, theoretical approach and
molecular dynamics computer simulations. Our work is divided into four parts: Phase stability and
crystallization of HEWL, fibrillization of HEWL, expression and investigation of T4 lysozyme variants
and molecular dynamics simulations of aqueous solutions of globular proteins.
Firstly, we briefly studied the crystallization of HEWL by employing different crystallization techniques
under various solution conditions. Results have shown that liquid-liquid phase separation (LLPS)
enhances the crystallization of HEWL and produces more HEWL crystals with less impurities than
via conventional solvent evaporation method. Impurities, which are initially present in purchased
HEWL samples were shown to have insignificant impact on the phase stability of HEWL solutions.
We proceeded by studying the phase stability of 10 different HEWL–buffer solutions. We found that
the phase stability of HEWL–buffer solutions strongly depends on solution conditions and also on
the choice of buffer. The results of phase stability of HEWL in multiple buffers at pH=7.0 have
undoubtedly indicated towards the presence of buffer-specific effects. By using a simple model within
the framework of Wertheim’s perturbation theory, we could predict the coexistence curves of HEWL
in multiple buffers at pH=7.0, which were in good agreement with our own measurements of cloud
point temperatures (Tcloud ) of these solutions. In addition, we made use of this model to ascertain the
influence of buffers at pH=7.0 on protein-protein interactions, as well as on model parameters. Our
findings suggest to a competition between buffer and salt anions for binding to the positively charged
surface of HEWL. By measuring the dynamic light scattering (DLS) of HEWL–buffer solutions, we
determined the second virial coefficient and interaction diffusion coefficient (B22 and kD ), which allowed
us to gain knowledge on actual protein-protein interactions in investigated HEWL solutions. Both B22
and kD were shown to be in reasonable correlation with measured Tcloud values.
In the second part we investigated how different solution conditions affect the fibrillization of HEWL.
The formation of HEWL amyloid fibrils was detected by means of highly amyloidophilic dyes thioflavin
T (ThT) and Congo red (CR). HEWL fibrillized only under agitated conditions at pH=2.0, where the
conditions enabled partial protein unfolding and at the same time allowed the procedure to overcome
the electrostatic repulsion barrier due to highly positively charged HEWL molecules. These conditions
were only met by 0.5 M glycine buffer and KCl-HCl buffer at 0.25 M and 0.5 M ionic strength.
At identical, favourable, solution conditions HEWL fibrils were not observed in phosphate buffer,
suggesting to buffer-specific effects. Additional buffers were also found to have a stabilizing role as
they too prevented the fibrillization of HEWL. Electrostatic charge screening was proved to play
an important, but not decisive role for the fibrillization process. By adding a sufficient amount of
inert polymer, PEG12000, we managed to arrest the fibrillization of HEWL in a previously highly
amyloidogenic solution.
In the third part of this dissertation we carried out the expression of a pseudo-wild type (WT*) T4
lysozyme and its respective single point mutant L99I*. The protein expression procedure was optimized
to the extent that we harvested up to 100 mg of both proteins from 3.2 L of growth medium. Recorded
circular dichroism (CD) spectra of both proteins have shown the replacement of leucine with isoleucine
does not meaningfully affect the secondary structure content with respect to T4 WT* lysozyme. In
addition, both T4 lysozyme variants exhibited almost 30 % higher α-helix content than HEWL at
identical solution conditions. Measurements of phase stability of T4 WT* lysozyme have demonstrated
that T4 WT* lysozyme is less prone to phase separation than HEWL, since despite cooling the T4
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WT* solutions to -6 °C, no phase separation was achieved at identical solution conditions. Both CD
spectroscopy and differential scanning calorimetry (DSC) have indicated that T4 WT* lysozyme is
conformationally more stable than T4 L99I* lysozyme, since the latter unfolded at ≈ 4.3 °C lower
temperature.
Lastly, we carried out multiple atomistic molecular dynamics simulations of aqueous solutions of
HEWL, T4 WT* lysozyme and γ-D crystallin. The calculated density fluctuations have shown
distinct protein-rich and protein-poor regions for all solutions with high protein content. The nature
of protein self-association was found to be partially reversible, which was especially pronounced in
solutions that were close to experimentally observed phase separation conditions. The observed
self-association of proteins was reflected in their respective diffusion coefficients, which decreased with
rising protein concentration and protein molecular weight, as well as with decreasing temperature.
Hydration of proteins was assessed by calculating the water-oxygen – protein centre-of-mass (COM)
pair distribution functions, as well as with the solvent accessible surface area (SASA). The latter
results have shown the water-accessible surface area depends not only on the extent of
self-association, but also on the degree of its reversibility. We have monitored the time-dependence of
radius of gyration and demonstrated that in spite of forming protein clusters all proteins remained in
their compact (native) state. The calculated protein-protein centre-of-mass (COM) pair distribution
functions exhibited several interaction peaks, corresponding to most frequent contacts between
proteins. A thorough analysis of residue-residue contacts between all pairs of proteins enabled us to
determine the most important residue-residue pairs, as well as individual amino acids responsible for
the formation of initial contacts. In solutions of both HEWL and γ-D crystallin, arginine was the
predominating amino acid residue in both initiating first contacts, as well as forming overall residue
pairs, with its partners being mostly residues capable of forming salt bridges and hydrogen bonds.
Meanwhile, for solutions of T4 WT* lysozyme, the title of the prevailing amino acid belonged to
lysine, which was most often seen to be paired with the oppositely charged aspartic acid.
Key words: lysozyme, globular proteins, protein-protein interactions, cloud point temperature, phase
stability, amyloid fibrils, buffer-specific effects, molecular dynamics, expression of proteins
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Povzetek
V pričujoči disertaciji smo proučili vpliv meddelčnih interakcij na fazno stabilnost nekaterih globularnih
proteinov, s poudarkom na kokošjem lizocimu iz jajčnega beljaka (jajčni lizocim). Raziskavo smo
izvedli v okviru prepleta raznolikih eksperimentalnih tehnik, teoretičnega pristopa in računalniških
simulacij molekulske dinamike. Delo je razdeljeno na štiri dele: Fazna stabilnost in kristalizacija
jajčnega lizocima, fibrilizacija jajčnega lizocima, ekspresija in proučevanje različic lizocima T4 ter
simulacije vodnih raztopin globularnih proteinov z molekulsko dinamiko.
Sprva smo na kratko, z uporabo različnih kristalizacijskih pristopov, raziskali kristalizacijo jajčnega
lizocima pri različnih pogojih v raztopini.
Rezultati so pokazali, da fazna separacija
kapljevina-kapljevina (LLPS) spodbudi kristalizacijo jajčnega lizocima in pridela več kristalov z
manjšo prisotnostjo nečistoč kot pri konvencionalnem izhlapevanju topila. Za nečistoče, ki so
prisotne v kupljenem jajčnem lizocimu je bilo prikazano, da imajo zanemarljiv vpliv na fazno
stabilnost njegovih raztopin. Nadaljevali smo s proučevanjem fazne stabilnosti 10 različnih pufrskih
raztopin jajčnega lizocima. Ugotovili smo, da je fazna stabilnost pufrskih raztopin jajčnega lizocima
močno odvisna od pogojev v raztopini in prav tako od izbire pufra. Rezultati fazne stabilnosti
jajčnega lizocima v številnih pufrih pri pH=7,0 so nedvomno pokazali na prisotnost pufer specifičnih
efektov. Z uporabo preprostega modela v okviru Wertheimove perturbacijske teorije smo lahko
napovedali koeksistenčne krivulje jajčnega lizocima v številnih pufrih pri pH=7,0, ki so se dobro
ujemale z našimi lastnimi meritvami temperature zmotnitve (Tzmotnitve ) teh raztopin. Poleg tega,
smo z uporabo tega modela ovrednotili vpliv pufrov pri pH=7,0 na interakcije med proteini, kakor
tudi na parametre modela. Naše ugotovitve predpostavljajo kompeticijo med anioni pufra in soli za
vezavo na pozitivno nabito površino jajčnega lizocima. Z merjenjem dinamičnega sipanja svetlobe
(DLS) pufrskih raztopin jajčnega lizocima, smo določili drugi virialni koeficient in interakcijski
difuzijski koeficient (B22 in kD ), ki sta nam podala informacije o dejanskih medproteinskih
interakcijah v proučevanih raztopinah jajčnega lizocima. Za tako B22 kot kD je bilo prikazano, da sta
v smiselni korelaciji z izmerjenimi vrednostmi Tzmotnitve .
V drugem delu smo proučili, kako različni pogoji v raztopini vplivajo na fibrilizacijo jajčnega
lizocima. Nastanek amiloidnih fibril jajčnega lizocima smo zaznali z uporabo visoko amiloidofilnih
barvil tioflavina T (ThT) in Conga rdeče (CR). Jajčni lizocim je fibriliziral zgolj pod vzbujenimi
pogoji pri pH=2,0, kjer so pogoji omogočali delno razvitje proteina in hkrati omogočili, da je proces
uspel premostiti elektrostatsko odbojno bariero zaradi visoko pozitivno nabitih molekul jajčnega
lizocima. Omenjeni pogoji so bili izpolnjeni zgolj v 0,5 M glicinskem pufru ter v KCl-HCl pufru z
0,25 in 0,5 M ionsko jakostjo. Pri enako ugodnih pogojih pa fibrile jajčnega lizocima niso bile
opažene v fosfatnem pufru, kar nakazuje na pufer specifične efekte. Tudi za nekatere dodatne pufre
je bila ugotovljena stabilizirajoča vloga, saj so prav tako preprečili fibrilizacijo jajčnega lizocima.
Ugotovljeno je bilo, da senčenje elektrostatskih odbojev igra pomembno, a ne ključno vlogo pri
procesu fibrilizacije. Z dodatkom zadostne količine inertnega polimera, PEG12000, smo uspeli
preprečiti fibrilizacijo jajčnega lizocima v predhodno visoko amiloidogeni raztopini.
V tretjem delu te disertacije smo izvedli ekspresijo psevdo-divjega tipa (WT*) lizocima T4 in njegove
točkovne mutante L99I*. Ekspresijo proteinov smo optimizirali do te mere, da smo pridobili do 100 mg
obeh proteinov iz 3,2 L medija za gojenje. Posneti spektri cirkularnega dikroizma (CD) obeh proteinov
so pokazali, da nadomestitev levcina z izolevcinom nima pomenljivega vpliva na sestavo sekundarne
strukture glede na lizocim T4 WT*. Poleg tega sta obe različici lizocima T4 prikazali skoraj 30 %
višjo vsebnost α-vijačnic kot jajčni lizocim pri identičnih pogojih v raztopini. Meritve fazne stabilnosti
lizocima T4 WT* so dokazale, da je lizocim T4 WT* manj dovzeten za fazno separacijo kot jajčni
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lizocim, saj fazna separacija, navkljub ohlajanju lizocima T4 WT* pri enakih pogojih v raztopini vse
do -6 °C, ni bila dosežena. Tako CD spektroskopija kot diferenčna dinamična kalorimetrija (DSC) sta
pokazali, da je lizocim T4 WT* konformacijsko bolj stabilen od lizocima T4 L99I*, saj se je slednji
razvil pri ≈ 4,3 °C nižji temperaturi.
Na koncu predstavimo še izvedbo številnih atomističnih simulacij vodnih raztopin jajčnega lizocima,
lizocima T4 WT* in γ-D kristalina z uporabo molekulske dinamike. Izračunane fluktuacije v gostoti
so pokazale jasno razvidne, s proteini obogatene in s proteini osiromašene regije, za vse raztopine z
visoko vsebnostjo proteinov. Narava samozdruževanja proteinov je bila delno reverzibilna, kar je bilo
še posebej izraženo v raztopinah, ki so bile blizu eksperimentalnim pogojem fazne separacije.
Omenjeno samozdruževanje proteinov se je odrazilo v njihovih difuzijskih koeficientih, ki so se znižali
z rastočo koncentracijo proteinov in njihovo molekulsko maso, kakor tudi s padajočo temperaturo.
Hidratacijo proteinov smo ocenili z izračunom parskih porazdelitvenih funkcij za center mase
kisikovega atoma vode in proteina, kakor tudi s topilu dostopno površino (SASA). Rezultati slednje
so pokazali, da je vodi dostopna površina odvisna ne le od obsega samozdruževanja, pač pa tudi od
stopnje reverzibilnosti tega procesa. Spremljali smo tudi časovno odvisnost radija giracije in dokazali,
da so navkljub tvorbi proteinskih klastrov vsi proteini ostali v svojem kompaktnem (nativnem)
stanju. Izračunane parske porazdelitvene funkcije za medproteinske centre mas (COM) so pokazale
številne vrhove interakcij, ki ustrezajo najbolj pogostim kontaktom med proteini. Celovita analiza
kontaktov aminokislina-aminokislina med vsemi pari proteinov nam je omogočila določitev najbolj
pomembnih parov aminokislina–aminokislina, kakor tudi posameznih aminokislin, odgovornih za
tvorbo začetnih kontaktov. V raztopinah tako jajčnega lizocima kot γ-D kristalina je bil arginin
prevladujoči aminokislinski ostanek v tako sprožitvi prvih kontaktov, kakor tudi v celokupni tvorbi
parov aminokislin, pri čemer so bili njegovi partnerji večinoma ostanki, ki so sposobni tvoriti solne
mostičke in vodikove vezi. V raztopinah lizocima T4 WT* pa je naziv prevladujoče aminokisline
pripadel lizinu, ki je bil najpogosteje opažen v paru z nasprotno nabito asparaginsko kislino.
Ključne besede: lizocim, globularni proteini, medproteinske interakcije, temperatura zmotnitve,
fazna stabilnost, amiloidne fibrile, pufer specifični efekti, molekulska dinamika, ekspresija proteinov
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List of constants, symbols and
abbreviations
Symbol

Constant

Value

kB
NA

Boltzmann constant
Avogadro constant

1.38065 · 10−23 J K−1
6.02214 · 1023 mol−1

Symbol

Meaning

Tcloud
γ
Tc
u±
rp
r
B±
A−
HA
pKa
Tm
pI
kD
B22 and B2
Π
β
ρ
u
σ
Ω
M2
B2∗
B2hs
T
D
η0
kS
ν2

cloud point temperature
mass concentration
critical temperature
dispersion pair potential
radius of protein
distance
dispersion coefficient
conjugate base
acid
negative base-10 logarithm of the acid dissociation constant
melting temperature
protein isoelectric point
interaction diffusion coefficient
second virial coefficients
osmotic pressure
inverse temperature
protein number density
pair potential
protein diameter
particle orientation
protein molecular weight
reduced second virial coefficient
second virial coefficient of hard-spheres
temperature
mutual diffusion coefficient
solvent viscosity
sedimentation interaction parameter
protein partial specific volume
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Symbol

Meaning

uhs
uel
uvdW
Z
ε
ε0
κ
e0
AH
θ
N
V
M
uAB
xAB
Γ
d
ω
Aass
Aid
Ahs
Λ
η
X
∆AB
g hs
f¯ass
ΩA ΩB
fAB
µ
F
t
mi
δt
~a
~v
g (2)
ZN
U
rmax
Rg
Tclear
sam
Iu,θ
tol
Iu,θ
Ilaser

pair potential of hard spheres
electrostatic pair potential
van der Waals pair potential
charge of protein
solution dielectric constant and square-well potential depth
vacuum permittivity
inverse Debye length
elementary charge
Hamaker constant
patch angle and measured ellipticity
number of particles
volume
number of equivalent binding sites
associative potential between sites A and B
vector connecting sites A and B
set of independent sites
distance from center of spheres
square-well potential range
free energy of association contribution
free energy of ideal gas contribution
free energy of hard-spheres contribution
thermal de Broglie wavelength
packing fraction
average fraction of molecules not bonded to a particular site
association parameter
radial distribution function of hard-spheres
angularly averaged Mayer function
solid angles of interaction sites A and B
Mayer function for site-site interaction
chemical potential
force
time
mass of particle i
time frame
acceleration vector
velocity vector
pair distribution function
configurational integral
excess internal energy
maximum distance
radius of gyration
clear point temperature
sample scattered intensity
toluene scattered intensity
laser intensity
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Symbol

Meaning

Rθsam
Rθtol
K
M̄2
n0
cNaBr
a
b
σq
Aion
[θ]
M0
l
∆Cp
ubonds
uangles
udihedrals
uunbonded
Kr
Kθ
r0
Vi
ϕ
qi qj
σij
fij
∆N
∆x

sample Rayleigh ratio
toluene Rayleigh ratio
optical constant
average protein molecular weight
solvent refractive index
concentration of NaBr
ion-specific salt parameter
square-well depth potential at infinite salt dilution
ion surface charge density
ion surface area
mean residue ellipticity
mean residue mass
optical path length
partial molar heat capacity
bonds energy contribution
angles energy contribution
dihedral angles energy contribution
non-bonded interactions energy contribution
bonds force constant
angles force constant
reference position
Fourier coefficients
dihedral angle
partial atom charges
collision diameter
fudge factor
number of proteins in bin
bin width

Abbreviation

Meaning

DNA
HEWL
HSA
IgG
DSC
LLPS
ThT
CR
LMWA
DLVO
PEG
SLS
SAXS
SIC

deoxyribonucleic acid
hen egg-white lysozyme
human serum albumin
immunoglobulin G
differential scanning calorimetry
liquid-liquid phase separation
thioflavin T
Congo red
law of matching water affinities
Derjaguin-Landau-Verwey-Overbeek
polyethylene glycol
static light scattering
small-angle X-ray scattering
self-interaction chromatography
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Abbreviation

Meaning

MD
REMD
CG
PDB
WT*
L99I*
TPT
PY
NVT
NPT
RDF
MSD
ACES
MOPS
HEPES
TRIS
SDS
APS
TEMED
PAGE
UFORT
MCR
DFT
B3LYP
AA
FTIR
ANS
BSA
LB
LBA
IPTG
CBB
IEX
CM
FPLC
SP
COM
SASA

molecular dynamics
replica-exchange molecular dynamics
coarse-grained
protein data bank
pseudo-wild type
pseudo-wild type mutant (Ile instead of Leu at site 99)
thermodynamic perturbation theory (order 1 and 2)
Percus-Yevick
canonical ensemble
isothermal-isobaric ensemble
radial distribution function
mean square displacement
2-(carbamoylmethylamino)ethanesulfonic acid
3-morpholinopropane-1-sulfonic acid
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
2-amino-2-(hydroxymethyl)propane-1,3-diol
sodium dodecyl sulfate
ammonium persulfate
tetramethylethylenediamine
polyacrylamide gel electrophoresis
User Friendly Optimized Regularization Technique
mean count rate
Density Functional Theory
Becke’s Lee-Yang-Parr hybrid functional
amino acid
fourier-transform infrared spectroscopy
8-anilinonaphthalene-1-sulfonic acid
bovine serum albumin
Luria-Bertani
Luria-Bertani with ampicilin
isopropyl β-d-1-thiogalactopyranoside
Coomassie Brilliant Blue
ion-exchange chromatography
carboxymethyl
fast protein liquid chromatography
sulphopropyl
center of mass
solvent accessible surface area
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1

Introduction

1.1

Proteins

1.1.1

... the building blocks of life

Why would anyone want to study proteins? Well, the answer to this question may
differ between researchers, but a general reason lies in the title of this chapter. They
are involved in almost everything that makes our system work, as well as the systems
of all other living beings. Without them, we could not walk, talk nor exist ... This is
because proteins are the most abundant macromolecules in all cells, where they play
an essential role in virtually every biological process. Versatile as they are, they can
be divided into four classes of proteins: globular, fibrous, intrinsically disordered and
membrane proteins.
In our work, we focused on globular proteins that are by far the most abundant
cellular proteins and are, in principle, soluble in aqueous solutions. When studying
the molecular mechanism of any biological process it is practically inevitable to
investigate the role of at least one globular protein. Proteins have an extraordinary
variety of functions, which will be mentioned in one of the upcoming chapters. This
vast pool of protein functions is available due to the exceptional specificity of a certain
protein’s interactions with other molecules. Although at first glance, proteins
comprise of very simple subunits, these allow the formation of the structure of
thousands of different proteins. For example, globular proteins have a folded
"globe-like" structure. It turns out that it is precisely the structure of proteins that
dictates their function through determining their interactions with the environment.
Knowing the structure of a given protein is thus of high scientific importance and will
be discussed in the following chapter [1].

1.1.2

Amino acids build the protein architecture

All proteins, regardless of their complexity, are made of the same ubiquitous group of 20
amino acids shown in Figure 1.1. Amino acids are covalently linked in linear sequences
that can form simple peptides (2 or more amino acids), larger oligopeptides (10 or fewer
amino acids) and eventually polypeptides (above 10 amino acids). It is accepted that
polypeptides with molecular weights above 10 kDa and more than 50 amino acids are
referred as proteins.
The monomeric unit of a protein is the α-amino acid. Its architecture is defined by
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Figure 1.1: The 20 standard amino acids and selenocysteine divided into classes according
to their properties in aqueous solutions. Classification of amino acids was taken from [1].

an amino and carboxyl group bonded to the same carbon called the α-carbon. The
common 20 amino acids differ from one another in their respective side chains ("R
groups"). These groups determine the final structure, size, solubility, electric charge,
hydrophobicity and acid-base properties of amino acids. In order to build large proteins
these fundamental units must link together. They do this via peptide bonds. The
formation of a peptide bond is a condensation reaction that eventually leads to a linkage
between the carbon atom of the carboxyl group in one amino acid and a nitrogen atom
in the amino group of another, as observed in Figure 1.2. The structure of proteins that
arises from such covalent bonding can be described hierarchically on four levels, namely
primary, secondary, tertiary and quaternary structure. The sequence of amino acids in
a polypeptide chain denotes the primary structure (or protein backbone) of a protein
molecule. This fundamental property of every protein is encoded by the sequence of
nucleotides in DNA. Charge diversity, preferential hydrogen bonding and steric barriers
give rise to the local spatial arrangement of the protein backbone, although omitting
the conformation of its side chains. This type of structure arrangement is referred as
the protein secondary structure [1].
Two most recurring structural motifs describing it are the α-helix and β-sheet shown
in Figure 1.3. The next level of protein structure that takes into account even the
conformation of amino acid side chains is the tertiary structure. This overall
description of the three-dimensional arrangement of protein atoms in a folded shape is
a result of complex interparticle interactions, as well as entropic effects. Such
interactions are driven by the energy balance between hydrogen bonding,
hydrophobic/hydrophilic effects, electrostatic, and van der Waals forces [1, 2].
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inter-strand stability as the formed hydrogen bonds are planar. The amino acids in the α-helix
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turn. The hydrogen bonds between the turns of α-helices are considered stronger than those
in the β-sheet structure. The composition of secondary structure elements was taken from
[1].

1 Introduction

4

Especially the hydrophobic effect has a predominant role in the folding process of
proteins. It corresponds to interactions between non-polar, neutral particles and
describes their incapability of interacting with water and other polar solvents. On the
other hand the hydrophilic effect depicts the interactions between molecules that have
a strong affinity towards water or other polar solvents. The net outcome of these two
effects has a major influence on the structure of molecules in an aqueous environment,
as the hydrophobic regions of protein tend to be buried in the protein core to avoid
water. Whereas hydrophilic parts are preferentially located on the protein surface,
where they can interact with the solvent. Tertiary structure usually plays a key role in
determining protein function, although it is not the highest level of structural
organisation. This title belongs to the quaternary structure, which denotes the
arrangement of protein subunits (two or more identical or different polypeptide
chains) in large three-dimensional complexes. Of course not all globular proteins have
a quaternary structure, e.g. hen egg white lysozyme (HEWL) is one such example
that consists of a single polypeptide chain [1–3].

1.1.3

Protein structure determines protein function

As it was aforementioned, proteins have an indisputable importance for life itself.
According to their function, they can be divided in several groups [4]:
• Enzymes: several biochemical reactions in living cells could, due to mild
conditions, not be performed without proteins acting as biocatalytic agents,
which accelarate the rates of chemical reactions. Members of this group are e.g.
digestive enzymes, such as: pepsin, trypsin and chymotrypsin.
• Defensive proteins: whenever we get wounded, our body activates the protein
thrombin that in combination with platelets enables the formation of a blood
clot, thus preventing further bleeding. When our body is attacked by bacteria
and viruses our immune system mobilizes special proteins, called antibodies
(usually denoted as immunoglobulins), which find and destroy the invaders.
• Messenger proteins: some proteins are hormones, which work as chemical
messengers that govern the physiologyical activities in our body. Two such
proteins are e.g. insulin (regulates glucose uptake) and the growth hormone
(stimulates growth of tissues and bones).
• Structural proteins: special fibrous proteins serve as a structural support of
our cells and also construct special tissues. Common examples are collagen
(tendons and cartilage), keratin (fingers and nails) and elastin (ligaments and
skin).
• Transport proteins: many important molecules, such as oxygen, can not
travel alone in our body, therefore specific proteins transport them within our
organism. The most known transport protein is hemoglobin, which carries O2 in
our blood.
• Motor proteins: these proteins are a class of molecular motors that can enable
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the contraction of muscle fibers in animals. Myosin and actin are two most
recognizable members of this protein family.
In order for all life processes to function properly, the vast orchestra of proteins must
be well regulated. Not only the native structure of proteins, but also their adequate
concentration levels in cells are important. The latter is usually provided by a
feedback loop control system that ensures that any fluctuations in protein
concentration are quickly normalized through a chain of cellular processes. However,
sometimes these regulatory mechanisms fail and cause major problems for living
organisms. In the next chapter we describe that proteins can perform their tasks only
if they form favourable interactions with neighbouring molecules and remain stable in
their natural environment - the aqueous medium.

1.2

Interparticle interactions govern all aspects
of protein stability

Biological reactions in living organisms take place in cells, where the concentration of
vital organelles and macromolecules is usually very high. Such high occupancy of cell
volume, i.e. molecular crowding, can have significant influence on interactions among
cell components that govern key processes in it [5, 6]. These interactions between
proteins and their surrounding molecules (e.g. water, salt, ions, sugars etc.) are of
paramount importance, as loss of protein stability inevitably leads to malfunctions in
their life cycle. Diminished protein stability in aqueous solutions can be reflected by
protein unfolding and/or their self-association into diverse protein aggregates. The
resulting loss of protein function is then often responsible for onset of pathological
conditions. Moreover, protein aggregation presents an undisputable challenge in the
biopharmaceutical industry, as quality, performance and ease of administration of
possible protein drug candidates decreases with aggregate presence. It is therefore of
no surprise that protein-protein interactions, as well as interactions with their
surrounding species, have been studied so extensively [7].
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1.2.1

Interparticle interactions in protein solutions as a
diagnostic tool

The above mentioned unfolding of proteins belongs to the first aspect of protein
stability, called the conformational stability. It describes the tendency of proteins to
denaturation, and is usually achieved by external stress, e.g. by adding a strong acid
or base, excess inorganic salts, heat and radiation [8]. Nonetheless, promising studies
have emerged in recent years, suggesting that interparticle interactions, which alter
the conformational stability of proteins, can serve for disease diagnosis. One such
study was performed in our laboratory and involves the investigation of
conformational stability of proteins in human blood plasma. Many abundant blood
plasma proteins, such as human serum albumin (HSA), immunoglobulins G (IgG) and
others, can actually serve as indicators of severe maladies, e.g. different types of
cancer, systemic lupus erythematosus, Lyme disease and many more. It has been first
proposed by Garbett et al. that interactions between proteins and disease specific
biomarkers can alter the conformational stability of plasma proteins [9]. The outcome
of this so called "interactome" (network of protein-protein and protein–peptide
interactions) can be readily displayed by thermograms of blood plasma, obtained with
differential scanning calorimetry (DSC), that can effectively distinguish between
healthy and diseased individuals as one can see in Figure 1.4 [10, 11].
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Figure 1.4: Comparison of the blood plasma thermogram of a healthy individual (Healthy)
with the blood plasma thermograms of two diseased individuals with multiple myeloma (MM)
and acute myeloid leukemia (AML). Experimental data were taken from our study published
in [11].

In this present work, however, we were more focused on the phase stability of protein
solutions that describes the balance between different protein phases at given solution
characteristics (protein concentration, temperature, pH, concentration of buffer and
additives). As we will see in the upcoming chapters, phenomena that accompany
phase stability of protein solutions are strongly associated with protein aggregation.
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Protein structure and solution conditions dictate protein
stability

In the past few decades vigorous research work was performed to elucidate the reasons
for protein aggregation. It is the amino acid sequence that was found to generally
determine the susceptibility of proteins to aggregate, as a greater proportion of
hydrophobic regions increases the propensity for protein aggregation. However, many
environmental factors such as: protein concentration, pH, temperature, ionic strength,
shaking, presence of additives (salts, sugars, poly(ethylene glycol) (PEG)), pressure,
etc. can also strongly affect the course of aggregation. This means that protein
aggregates can appear not only in vivo, but also in vitro in virtually every step of
preparing protein solutions [12]. The ultimate outcome of protein self-association are
non-covalent or covalent aggregates. The main feature of non-covalent aggregates is
that we observe no changes in their primary structure, although they can be held
together by strong or weak attractive forces. If these associative forces are relatively
weak and non-specific (e.g. van der Waals forces), then non-covalent aggregates can
be reversibly converted into monomers by sample dilution [13]. On the contrary,
changes in the primary structure occur in covalent aggregates due to covalent bonds
that bind them together (e.g. disulfide bridges). In case of such aggregates the degree
of reversibility is rather poor.
Important data supports the hypothesis that protein aggregates are formed via
partially folded intermediates. These intermediates have a higher propensity towards
aggregation than already unfolded proteins because the unfolded protein shape has
more randomly scattered hydrophobic patches. On the contrary, the intermediate
particles have more accumulated hydrophobic regions, which can intermolecularly
bind with other hydrophobic parts of intermediates to form larger aggregates.
However, everything is not so straightforward for aggregates to form, since as soon as
the hydrophobic regions are exposed to the solvent, kinetic competition arises between
protein folding (due to hydrophobic effect) and aggregation. In vivo one must also
take into account molecular chaperones, special proteins, that aid proteins to reach
their native state, as well as try to repair damaged ones [12–17].
Sometimes the resulting aggregates are insoluble and can begin to accumulate in the
cells, giving rise to so-called condensation diseases, due to proteins condensing into
dense, often insoluble phases [2]. Their most known examples are: Alzheimer’s disease
as a consequence of depositing insoluble amyloid plaques consisting of fragments of
Aβ peptide, eye-lens cataract due to aggregation and phase separation of mostly γ
crystallins, Parkinson’s disease because of toxic protofibrils of α-synuclein and many
more [18, 19]. If we are to have any chance of preventing, as well as curing such diseases,
then a clear understanding of the phase stability of protein solutions is crucial. One can
achieve this by using protein phase diagrams, which will be described in the following
chapter.
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1.2.3

Phase diagrams illustrate the stability of protein
solutions

The phase diagram is some sort of a "map" that represents the thermodynamically stable
phases of a substance (e.g. liquid and solid) as a function of environmental conditions
(e.g. concentration and temperature). It provides the most information about the given
system. There are two types of phase diagrams, namely thermodynamic and structural
phase diagrams. The thermodynamic phase diagram (from here on out phase diagram)
illustrates the conditions at which a certain protein phase is stable, meanwhile the
structural phase diagram shows various types of assemblies and high-order structures
a protein can form (see Figure 1.5) [20–22].

temperature

liquid
liquid-crystal
crystal

TC
liquid-liquid

γ1

γ2
protein concentration

Figure 1.5: Schematic representation of the thermodynamic phase diagram of aqueous
globular protein solutions (left) and the most typical protein self-assembly structures formed
during the "condensation" of proteins (right). The thermodynamic phase diagram provides
important information on the behaviour of protein solutions under the given conditions
(temperature and concentration). Proteins in aqueous solutions may be well dissolved where
they only form weak interactions or they can form various assemblies as depicted with schemes
in the squares. They have diverse degrees of order and differ in their physical properties.

The experimental procedure of obtaining the phase diagrams of aqueous protein
solutions is not so straightforward, so it is not surprising that the entire phase
diagram is known for less than 20 proteins. The first phase diagram was constructed
for HEWL by Ishimoto and Tanaka [23] and the γ crystallin family by Benedek et al.
[24]. The phase stability of these two proteins is by far the most studied, as additional
phase diagrams for HEWL [25–27] and γ crystallins [28–30] were obtained. In
addition to these two proteins, the complete phase diagrams were determined only for
7S and 11S globulins from legumes [31], some immunoglobulins [32, 33] and bovine
pancreatic trypsin inhibitor [34].
When concerning the topology of phase diagrams of liquids one can observe, in the case
of simple one component systems, that the typical phases that tend to participate are
solid, liquid and gas phase. Since biological systems are much more complicated, and
besides solvent molecules alone usually also contain additional species (e.g. proteins,
salt, buffer ions etc.), it is expected that protein phase diagrams will significantly differ
from those of simple liquids. This is reflected in the stability of present phases, which are
no longer dependent only on pressure and temperature, but also on the composition
of the system. When we put solid protein particles, usually in crystal shape, in a
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protein free aqueous solution they soon begin to dissolve. After complete dissolution of
crystals, such a protein solution represents the liquid phase in the phase diagram (see
Figure 1.5). If crystals were further added to the protein solution, they would at some
point refuse to dissolve completely. At this protein concentration, called the solubility,
the rate of dissolution and recrystallization are equal and the solution is considered
to be in equilibrium. The solubility of a protein depends on the solution conditions
and is illustrated by the solubility curve (blue curve in Figure 1.5). By exceeding
the solubility limit, we enter the two-phase region, where the liquid phase comes into
equilibrium with the solid (crystal) phase. The protein molecules in this two-phase
system then have two further phase possibilities. Firstly, if the protein concentration
increases to very high values it can enter the crystal phase, where it is impossible to
prepare the protein solution. But if, e.g., the protein concentration in the liquid-crystal
region remains unchanged and some other system property (e.g. temperature, pH etc.)
favourably changes at the same time, the protein molecules begin to form liquid droplets
or "coacervates" and move the system into a two-phase region of liquid phases. This
region is considered to be a special feature of the protein phase diagram. Due to
gravity these liquid droplets begin to gradually separate from the rest of the solution
and eventually a phenomenon denoted as the liquid-liquid phase separation (LLPS)
occurs, as the protein solution splits into two distinct yet coexisting liquid phases,
of which protein concentrations (γ1 and γ2 in Figure 1.5) at a given temperature are
determined by the coexistence curve (orange curve in Figure 1.5) [20, 35].
The points on the coexistence curve are known as cloud points because of the
opacification of protein solutions after reaching the two-phase liquid region. Likewise,
the temperature along the coexistence curve, at which the two liquid phases are at
equilibrium is denoted as the cloud point temperature Tcloud (marked with in Figure
1.5). It is clear from the schematic phase diagram that the protein concentration of
both protein-rich (γ2 ) and protein-poor (γ1 ) phases in equilibrium is dependent on
temperature. As the latter increases, the concentrations of coexisting liquids get closer
and closer until they become completely identical at the so-called upper critical
temperature Tc at the top point of the coexistence curve (marked with in Figure
1.5). In solutions of mostly intrinsically disordered proteins, the lower critical
temperature is also observed, although this phenomenon is less frequently present [36].
Although the protein-rich and protein-poor phase can coexist from few hours to even
several days, the occurrence of LLPS of protein solutions is considered as a metastable
phenomenon with respect to the crystal phase [2, 20, 37]. This means that this state is
generally short-lived since the protein-rich phase is prone to crystallization, meanwhile
the low density phase usually dilutes even further. The reason for the metastability of
the coexistence region lies in the characteristic ranges of all types of protein-protein
interactions in aqueous protein solutions, which are all shorter than the sizes of
corresponding protein molecules that can span over several nanometers [38]. For
example, the hydrophobic and hydration interactions can reach distances around 10
Å, which corresponds to only a few diameters of water molecules [39]. The range of
electrostatic interactions is determined by the term Debye length. It strongly depends
on solution ionic strength, therefore in aqueous solutions of physiological ionic
strength (≈ 0.16 M) the eletrostatic forces can range up to around 8 Å. If the ionic
strength increases (often in industrial processes) the screening increases and effective
electrostatic interactions appear at even shorter distances [40]. Meanwhile, the van der
Waals forces can have meaningful attractive contributions between 4 and 6 Å, with
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intermolecular cross-bridges occurring at similar or even shorter distances [41, 42].
When it comes to the effects of phase separation, in particular LLPS, on the
environment, it acts as a double edged sword:
• Beneficial effects: Since protein crystallization can usually occur only in
supersaturated protein solutions, the LLPS can be very useful in this strenuous
purification process of proteins. The nucleation of protein molecules into
crystals is still possible even if highly ordered aggregates, such as glassy solids,
emerge from the protein-rich liquid droplets [20, 43]. Many researchers have
reported that phase separation appears to play an important role in cell
physiology. Since some membrane-less cell compartments exhibit properties that
mimic those observed for liquids, their function in cells is remarkably diverse:
they can serve as reaction crucibles by concentrating specific molecules involved
in biological reactions. In addition, they are also able to sequester key molecules
into cell condensates, which helps to coordinate cell signaling and response to
external stimuli. Cells also seem to exploit intracellular phase separation as a
fundamental mechanism for intracellular space organization [44–46].
• Harmful effects: Researchers in this field estimate that there could be more than
30 % of human proteome related to molecular condensates. Therefore, it is by no
means shocking that protein aggregation, which occurs due to phase separation, is
associated with several diseases, such as neurological disorders, infections and even
cancer [47]. Hence, it is very promising to understand phase separation of proteins,
as it represents a window for unraveling the mechanism of serious diseases, as well
as offers opportunities for new therapeutic approaches. Recent studies have shown
that phase separation can even cause the fibrillization of normally soluble proteins,
leading to toxic aggregates called fibrils, which will be discussed in the successive
chapter [44, 48].

1.2.4

Amyloid fibrils: a growing threat to humanity

Amyloid fibrils are highly ordered insoluble protein aggregates that are a result of
abnormal self-assembly of normally soluble proteins. These fibrillar assemblies are
very stable and consist mostly of β-sheet structure with a characteristic cross-β
conformation [49]. Such manifestations of proteins can cause the onset of severe
neurodegenerative disorders, as these fibrillar structures begin to accumulate
extracellularly in tissues and organs. These plaques can then cause additional
pathological conditions, e.g. forming neurofibrillary tangles and disturbing synaptic
connections, eventually leading to neuronal cell loss. Among a wide range of diseases,
denoted also as amyloidoses, the Alzheimer’s disease is most known (a review of
amyloidoses is given in [50]). Since the global population is not just increasing, but
also aging, such disorders present a silent plague for mankind. An increase in
understanding the propensity and nature of proteins towards fibrillization and the
details of their toxicity would be of great value in order to create rational effective
therapeutic procedures against these severe diseases, for which we still lack efficient
medication. Consequently, it is not uncommon to see multiple studies in the field of
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amyloid fibril formation, although many questions concerning the mechanism of
fibrillization remain open [51]. To date, there are over 20 distinct proteins known to
be capable of fibrillization. Each of them can be associated with clinically distinct
conditions, though they all share fibrils with similar ultrastructural appearance and
the capability of acquiring a new β-sheet structure. Of these proteins, the lysozyme
protein family has been most thoroughly investigated in means of protein structure
and folding. The human lysozyme is responsible for amyloid deposits in liver, kidney
and other regions of gastrointestinal tract. Since HEWL shares 60 % sequence
identity with human lysozyme, and is easily available, it is by far the most studied in
vitro model protein for investigating amyloidogenesis [52, 53].
In in vitro studies of some other proteins it was found that intermolecular interactions
leading towards the formation of amyloid fibrils, like those of other aggregates, depend
on the properties of protein itself, as well as the environment in which it is located.
Intrinsic properties of proteins that drive the propensity to form amyloids are e.g.
amino acid sequence, surface charge, hydrophobicity and secondary structure [50]. It
was shown that all amyloidogenic proteins exhibit a common feature that misfolding
or partial unfolding of proteins is needed for the onset of fibrillogenesis [54, 55]. For
example, in the in vitro case of HEWL this was achieved by many researchers, by
changing several solution conditions, such as pH, temperature and buffer identity, or
by adding different co-solutes, such as salts, guanidine hydrochloride, ethanol, amyloid
seeds etc. in the solution. On the other side, in vivo, additional changes of proteins
that led to their fibrillization were noticed, such as mutations, overexpression and
posttranslational modifications [52, 53, 56–58]. Hence, the misfolded protein or parts
of its sequence represent the amyloid monomers, which act as precursors that
subsequently build amyloid fibrils. The formation of amyloid fibrils is accomplished in
two phases, the first being the nucleation phase followed by the growth phase. The
kinetics of this process can be displayed by a sigmoidal curve in Figure 1.6 [59].

Figure 1.6: Brief summary of the protein fibrillization process. Firstly, completely soluble
proteins can misfold or partially unfold and begin to self-associate into oligomers. Soon a
fibril nucleus emerges and first protofibrils are built. As the number of protofibrils rises they
join together to form mature fibrils, which can eventually form a complex amyloid network.
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Firstly, amyloid monomers start to self-associate into small oligomers without the
presence of a nucleation barrier. When the population of oligomers reaches a treshold
concentration they form a nucleus. At this stage of the nucleation phase the first
protofibril arises. Hereafter, the growth phase commences with the formation of more
protofibrils, which begin to elongate as polymers of oligomers. However, the process is
not so monotonous since the protofilament structure during elongation rearranges
multiple times, with accompanied secondary processes, such as lateral growth,
fragmentation and further association. When the protofibrils reach a length of a few
hundred nanometers they start to twist around one another to form much stiffer and
longer mature fibrils, which can range up to more than a micrometer in length and
have a diameter from 8 to 13 nm [50, 59–61]. The process of fibrillization is generally
believed to be governed by hydrophobic interactions between amino acid side chains.
Finally, they are additionally stabilized by hydrogen bonds forming inter- and
intramolecular antiparallel β-sheets within the fibril core. The formed cross-β
structure exhibits individual strands of antiparallel β-sheets running perpendicular to
the fibril axis, whilst the antiparallel β-sheets run parallel to it [62, 63]. Since amyloid
fibrils are stiff and insoluble aggregates, determination of their structure is a
pretentious task. Their macromolecular structure is mostly obtained with X-ray fiber
diffraction, as well as electron and atomic force microscopy. In spite of the fact that
X-ray diffraction is recognized as the "golden" standard for direct detection of amyloid
fibrils, such an approach is highly inconvenient for routine use due to demanding
sample preparation. More recent methods include solid state nuclear magnetic
resonance and cryo-electron microscopy [50]. Meanwhile, standard confirmation tools
of amyloid formation in in vitro solutions involve dyes, such as thioflavin T (ThT)
and Congo red (CR) [64, 65]. These dyes are also very useful for validating the
approaches of inhibiting fibril formation. As it was aforementioned the rise of amyloid
fibrils is a multiphase process, involving several intermediate stages. Consequently, it
is very demanding to determine the optimal target species for novel therapeutics.
Current approaches mostly incorporate small molecules and ligands, that are able to
reach the fibril core and disrupt both hydrogen bonds that build β-sheets and
hydrophobic interactions between amino acid side chains. Other amyloid suppression
methods often comprise of manipulating posttranslational modifications and involve
aggregate clearance mechanisms with high emphasis on upregulation of molecular
chaperones [62, 66, 67].
In contrast to the negative effects of in vivo fibrils, in vitro fibrils may also be useful,
as they open up additional possibilities in the field of biomaterials. It was discovered
that highly ordered amyloid fibrils act as supramolecular nanostructures that exhibit
rigidities spanning over several orders of magnitude, and are thus certified as
high-performance biomaterials. One possible application of such model fibrils is their
functionalization with metal nanoparticles to construct innovative nanoparticle
assemblies with diverse applications [52, 68]. However, currently the primary role of
in vitro studies of model proteins, such as HEWL, is still the development of new
approaches and understanding the mechanisms for inhbiting toxic fibrillogenesis of
disease-associated proteins. The fibrillar structures that are formed by model,
non-disease-associated proteins, have similar morphology and cytotoxicity as
disease-related ones, thus providing immense information for understanding these
pathological processes [50].
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Among multiform solution conditions that affect the in vitro fibrillization of proteins
not much is known about the effects of buffers in this process. In addition to water, salt
and other additives, buffer identity can also play a very prominent role in determining
the properties of aqueous protein solutions. Alongside ion-specific effects, buffer-specific
effects may also occur in biological solutions, therefore we will discuss them together in
the next section.

1.2.5

Ion- and buffer-specific effects modulate
protein stability

Aqueous solutions of salts have an important role in many naturally occurring
phenomena in various branches of science, such as chemistry, biology, biochemistry
and physics [69–71].
Here, we will focus on their impact on protein-protein
interactions.
When salts are introduced into aqueous solutions they dissociate into ions. The
hydration process occurs immediately, as water molecules tend to create a spherical
solvation shell around the ion to carry it within the solution. More than two decades
ago, using gel-filtration chromatography, Collins measured that ions from alkali
metals and halides have different affinities for water molecules [72, 73]. For this
reason, he classified them into two groups, which he assumed had different abilities in
ordering the structure of water. He denoted small ions of high charge density as
kosmotropes or "water structure makers", meanwhile large ions of low charge density
as chaotropes or "water structure breakers". The interactions formed between
kosmotropic ions and water appear to be stronger than respective water-water
interactions in the bulk solution. This leads to an increased structuring of water (due
to hydrogen bonds) around the kosmotropic ion, causing a negative change in the
entropy of the system. Contrarily, dissolved chaotropic ions bind nearby water to a
lesser degree than water binds itself, and thus produce a reduction in structuring of
water around such ions, resulting in a net positive entropy change. Another criterion
(among many [74]) for classification of ions into aforementioned two groups is also the
sign of the Jones-Dole viscosity B coefficient, which is positive for kosmotropes (more
viscous water) and negative for chaotropes (more fluid water) [2, 75].
Further observations of ions in solution led Collins to formulate a phenomenological
rule called "the law of matching water affinities" (LMWA) that describes their mutual
interactions in aqueous solutions. He proposed that only cations and anions of similar
free energy of hydration can form stable contact ion pairs. In other words, two small
oppositely charged kosmotropes will form more favourable interactions with one
another, than they would individually with larger water molecules. While two large
oppositely charged chaotropes will also associate, as water-water interactions are more
preferable than the hydration of a chaotropic ion that is larger than water (see Figure
1.7). But, on the other side, chaotropic and kosmotropic ions tend to be separated by
solvent molecules, as interactions between the smaller ions and water are stronger
than interactions with the oppositely charged larger ions [76]. These deductions made
by Collins have helped to understand many results in biology and colloidal science
[78, 79].
Interactions become much more complex when salts are introduced into aqueous
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Figure 1.7: The LMWA for ions (section A) with the corresponding degrees of hydration
of anions as compared with the strength of H2 O–H2 O interactions (section B) and their
resulting direct Hofmeister series (section C). Note that cations have been intentionally left
out from the hydration and Hofmeister series due to their lesser effects on protein stability
compared to the effects of anions. Classifications of respective ions were taken from [76, 77].

protein solutions. In the late 19th century Franz Hofmeister broke fresh ground in this
field by investigating the effects of simple salts on "salting-in" and "salting-out" of hen
egg-white proteins. He found out that the precipitation of proteins depends not solely
on salt concentration but also on specific salt identity. Based on his findings he laid
the foundation for ion-specific effects that were later embeded in the so-called direct
Hofmeister series shown in Figure 1.7, which sorts ions based on their influence on
protein stability [80]. However, the series is not unique, since the protein identity and
properties (net charge, surface charge density and hydrophobicity) must be taken into
account. This was first observed by Ries-Kautt and Ducruix in the late eighties, who
while studying its solubility and crystal growth noticed that HEWL, under certain
conditions, follows the inverse Hofmeister series [81]. It is now well established that
HEWL displays a direct Hofmeister series only at high pH values with high salt
concentration, meanwhile it follows an inverse Hofmeister series in basic and neutral
conditions (below 200 mM salt) [82].
Ion-specific effects have been so far involved in numerous studies of proteins, e.g.
important research work has been done on their influence on protein crystallization
and LLPS [26, 33, 83, 84]. Measurements of LLPS involve determination of Tcloud ,
which marks the point where protein solutions undergo phase transition into two
liquid phases (aforementioned in section 1.2.3). This can be a very pretentious task,
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as it depends on the complete nature of the system (protein identity and
concentration, pH, excipient identity and concentration).
Therefore significant
discrepancies can turn up between different research groups. Nevertheless, it is well
established that the higher the addition of salt (within the concentration range of 0.1
to 0.5 M), the higher the increase of Tcloud . This increase in Tcloud denotes
destabilization of the protein solution and its magnitude is ion-specific [26, 33, 84, 85].
With increasing salt concentration the protein-protein interactions become more
attractive due to the screening of electrostatic repulsion between protein molecules,
and it is expected that they would aggregate at higher temperatures. Measuring the
LLPS of protein solutions can thus serve as a measure of how different additives and
co-solutes affect the effective protein-protein interactions in aqueous protein solutions
[86]. Despite all investigations a more general interpretation of their influence on
protein-protein interactions is somehow still elusive.
In general, the results of many studies are interpreted within the framework of Collins’
LMWA [76]. It is known that a protein surface usually consists of charged (positive
and negative), polar and also some nonpolar residues. At certain solution conditions
arginine, lysine and histidine can serve as a source of positive charge on protein
surface. Since their side chains are derived from the weakly hydrated ammonium ion,
they, in the light of LMWA, preferentially interact with poorly hydrated anions, such
as SCN− , I− , Br− etc (see Figure 1.7). In general, at low ionic strength, this leads to
protein charge neutralization and thus reduction of protein-protein repulsive forces.
The picture is similar with strongly hydrated COO− groups of glutamic and aspartic
acid side chains, which interact with strongly hydrated cations, e.g. Mg2+ , Li+ , Na+
etc. Nevertheless, it is the anions that have more significant effects on protein
stability. To be able to at least presume, if the protein will obey the direct or inverse
Hofmeister series, one must take into consideration whether the solution pH is above
or below the protein isoelectric point, pI [2, 76, 87]. Even though the LMWA is
broadly accepted, it is not without limitations. Firstly, it is deduced from a
correlation of thermodynamic properties of salts and individual ions at infinite
dilution. One can wonder how can properties of individual ions at infinite dilution
depict ion-ion, let alone ion-protein interactions. Secondly, it does not describe the
stability and existence of solvent separated ion pairs, of which balance with contact
ion pairs is of high biological relevance. But most importantly, it does not take into
account ion interactions with neutral and nonpolar regions on the surface of proteins,
which are recognized as non-negligible by experimental and simulation studies [88–90].
These regions are mostly weakly hydrated and primarily bind weakly hydrated ions.
However, an even more frustrating fact is that ion-specific interactions can not be
explained by classic theories of interactions, such as the commonly used DerjaguinLandau-Verwey-Overbeek (DLVO) theory of colloids. One of the major drawbacks of
DLVO theory is that it does not distinguish between anions and cations of equal valency.
There exists strong evidence that also ion quantum (dispersion) forces are missing in
the picture in order to make a more complete theory, since electrostatic, hydration,
and quantum mechanical forces are all complementary, and are as such inseparable
[91, 92]. The ion dispersion forces emerge from the electrodynamic fluctuations and
depend on the difference between the polarizability of ions and surrounding particles.
For this reason, a van der Waals force arises between a protein and an ion, which is
ion-specific, because the van der Waals interaction depends on the polarizability of the
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two molecules. The dispersion pair potential, u± (r), between a spherical protein of
radius rp and a point particle (ion) can be written as
u± (r) =

B±
,
(r − rp )3 [1 + (r − rp )3 /2rp3 ]

(1.1)

where the dispersion coefficient B ± is ion-protein pair specific. Until recently, the ion
dispersion force was usually denoted as weak and thus neglected [2, 91, 92]. However,
it was proved in the work of Ninham and Yaminsky that with sufficient salt
concentration (roughly above 0.15 M) the electrostatic interactions are substantially
screened, thus leaving the dominant role to dispersion forces [93]. Boström and
coworkers have calculated how the dispersion force between HEWL and surrounding
ions affects protein charge and Debye length. They found that SCN− , due to its
higher polarizability than Cl− , experiences a much higher dispersion force and is
therefore more highly concentrated in the vicinity of HEWL. This means more H3 O+
ions will arrive to the protein surface in the case of SCN− , giving rise to a higher
HEWL net charge and shorter Debye length in solutions of SCN− than of Cl− [94].
Perhaps even more neglected, however, is the impact of buffers on biological systems.
Buffers are weak electrolytes composed of a weak acid (base) and its conjugate base
(acid) that primarily have the role of controlling solution pH. Until recently, it was
widely believed that this was their only major role, because by definition the HendersonHasselbalch equation (equation 1.2) foresees only the buffer influence on effective pH,
due to its dissociation constant, pKa , and concentrations of its composing species:
[A− ]
.
pH = pKa + log
[HA]
!

(1.2)

In addition, buffers are usually used in such low concentration range (10 to 100 mM)
that one does not consider the possibility of buffer-specific effects. However, there is
recent evidence that ion-specific effects can occur even below 10 mM salt
concentration [95]. Furthermore, it has has been shown over the last decade that
buffers can interact with charged, polar, as well as uncharged regions of
biomacromolecules, due to intertwined effects of electrostatic, hydration and
dispersion forces. Their influence is reflected in many aspects of protein stability, e.g.,
conformational, colloidal and interfacial. The conformational stability is often
manifested in higher melting temperature (Tm ) of proteins, as binding of buffer ions to
the protein native state increases its stability. Colloidal stability usually refers to
protein-protein interactions in solutions, where net attractive or repulsive interactions
occur between protein molecules behaving as classic colloids. It is widely accepted
that the prevailing factor for colloidal stability is the solution pH value, due to its
effects on electrostatic repulsion between proteins far away from their respective pI
value. Nevertheless, it was noticed that specific excipients, as well as buffers can
significantly bias protein-protein interactions with specific accumulation on protein
surface, thus triggering an impact far beyond the classic role of pH [96, 97].
Roberts et al. studied the effect of various buffers on the colloidal stability of
monoclonal antibodies [99]. He measured the diffusion interaction parameter, kD ,
which reflects protein-protein interactions and is regarded analogous to the second
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Figure 1.8: The influence of buffer identity (10 mM buffers at pH=7.15) on the
electrophoretic mobility of HEWL. Na and K denote sodium and potassium counterions,
respectively. Experimental data were taken from [98].

virial coefficient, B22 . He found that kD values are buffer-specific and proposed a
charge neutralisation mechanism, where buffers with higher charge (e.g. citrate) are
more effective in screening electrostatic repulsions between proteins at low pH. Cugia
and coworkers made some important measurements of electrophoretic mobility of
HEWL in different buffers at pH=7.15 [98]. To their surprise they found that
electrophoretic mobility was highly affected by buffer identity (see Figure 1.8). By
adding different salts the initial pH of the solution changed, and the magnitude and
direction of this alteration was again found buffer-specific, as buffer anions compete
with salt anions for adsorbing regions on HEWL surface. Buffers can have many other
roles, such as altering the acitivity of enzymes, dictating efficiency of protein
adsorption on porous substrates, working as free radical scavengers and many more
[96, 97, 100].
As we have just seen, salt and buffer-specific effects play an important role in aqueous
protein solutions. The interplay of salt and buffer ions, along with other possible
additives (PEG, sugars, glycerol ... ), acts as a driving force for protein-protein
interactions. In order to measure protein-protein interactions in aqueous solutions
different approaches and methods can be used, ranging from numerous in vivo, in
vitro and also novel in silico methods (a list of approaches is given in [101]). Among
the most valuable experimentally obtained parameters for predicting protein-protein
interactions are the second virial coefficient and the interaction diffusion coefficient,
which will be discussed in the upcoming section.

1.2.6

Light scattering, a strong predictor of protein-protein
interactions

One of the first experimental techniques for measuring fundamental interactions in
macromolecular solutions, which still plays an important role today, is the measurement
of the osmotic pressure. In 1945 McMillan and Mayer derived an expansion for the
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osmotic pressure, Π, in powers of the solute concentration that can be written in terms
of protein solutions as [2, 102]:
βΠ = ρ + B2 ρ2 + B3 ρ3 + · · · ,

(1.3)

where β = (kB T )−1 represents the inverse temperature, ρ is the protein number density,
while B2 and B3 are the second and third (osmotic) virial coefficients, respectively. At
infinite dilution equation (1.3) reduces to the well known Van’t Hoff law βΠ = ρ, thus
meaning it is the B2 that describes the earliest deviations from ideal solutions. In terms
of protein solutions it is very useful as it characterizes the mutual interactions between
proteins in dilute solutions. One often regards proteins as homogeneous spheres and
assumes isotropic interactions between them. Under this assumption the term for B2
can be written as [103]:
B2 = 2π

Z ∞
0

r2 1 − exp − βu(r)
h



i

dr.

(1.4)

In equation (1.4) u(r) represents the pair potential between two spherical proteins
whose centre-to-centre distance is r. This is, however, incorrect if we tend to use more
realistic, anisotropic, models of protein molecules. In the latter case one has to take
into account the contribution of orientational configurations.
Thus the expression for B2 expands to [104]:
"
#

i
1 Z σ3 Z ∞ 2 h
r 1 − exp − βu(r, Ω) dr dΩ.
+
B2 =
16π 2 Ω 3
σ

(1.5)

u(r, Ω) is now an angularly dependent pair potential, which now depends not only
on the distance between particles r, but also on their mutual orientation. The value
σ denotes the protein diameter and also correponds to the centre-to-centre distance
at contact for a given orientation Ω. Thus the first term in the brackets represents
the excluded volume contribution, which is always positive. Meanwhile, the second
term reflects the contributions from various positive and negative interactions between
proteins, which determine the final value of B2 . If it is positive then the net proteinprotein interactions are repulsive, whereas negative B2 values describe attractive forces
between protein molecules.
Light scattering plays a major role in determining interparticle interactions, as both
static light scattering (SLS) [105] and dynamic light scattering (DLS) [106] are the most
common ways of measuring B2 . Other possible experimental methods are small-angle
x-ray scattering (SAXS) [107], osmotic pressure measurements [108] and self-interaction
chromatography (SIC) [109]. It is important to emphasize that one usually measures
B2 in terms of protein mass concentration, which is known as B22 . They are connected
through the following expression:
B22 =

B2 NA
,
M22

(1.6)

where NA is the Avogadro number and M2 the protein molecular weight [110].
The value of B22 was also found to play an important role in predicting favourable
conditions for protein crystallization. By measuring B22 for a wide range of proteins
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in various solvents, George and Wilson [111] discovered that solution conditions that
favour protein crystal growth correspond to a rather narrow window of B22 values. The
range was estimated to be between −2 × 10−4 and −8 × 10−4 mL mol g−2 . One can
observe these are relatively small negative values, denoting mild attractive interactions.
In addition, they found that for large positive values crystallization did not even occur,
meanwhile for large negative values amorphous aggregates formed rather than crystals.
An imposing property of B22 is also its empirical correlation with solubility. Many
pharmaceutical companies exploit this to e.g. estimate the solubility of vaccines, since
it correlates with protein-protein interactions, which can be obtained via measuring
B22 values with SLS [112]. It was shown that a much quicker and straightforward
determination of B22 , rather than direct solubility measurements, can provide good
quantitative results for the solubility of proteins [113].
Another important feature of B22 , also for our study, is its capability of predicting
protein phase behaviour. There were several studies where authors have parametrized
the temperature axis of protein phase diagrams with reduced B2∗ (B2∗ = B2 /B2hs ) or
B22 values [114–116]. They noticed that displaying B22 instead of T against protein
concentration does not alter the phase diagram of proteins, although there is at least
one study that argues that B22 values are only the average reflection of
protein-protein interactions, and as such can not fully predict protein phase behaviour
[117]. Nonetheless, their findings confirm the ability of LLPS to estimate the
magnitude of protein-protein interactions.
Since protein molecules in aqueous solutions are constantly bombarded by solvent
molecules, they are always subject to moving known as the random Brownian motion.
This leads to fluctuations in protein concentration and thus induces time-dependent
fluctuations in the intensity of scattered light. The latter are measured by DLS, which
enables the determination of molecular diffusivity. One can describe the diffusivity of
proteins in aqueous solutions by the following virial expansion [118]:
D = D0 (1 + kD γ + k3 γ 2 + · · · ),

(1.7)

where corrections for nonideality are provided with a series of virial coefficients ki ,
of which kD is renown as the first-order approximation of the mass concentration, γ,
dependence of the mutual diffusion coefficient D. Meanwhile, D0 represents the selfdiffusion coefficient at infinite dilution, which is (for spherical particles) related to the
protein hydrodynamic radius, Rh , through the Stokes-Einstein equation [119]:
D0 =

kB T
,
6πRh η0

(1.8)

in which kB is the Boltzmann constant and η0 represents solvent viscosity.
If we limit ourselves to the hydrodynamic regime which corresponds to long wavelengths
and long measurement times compared to the time span of direct (nonhydrodynamic)
interactions [120], the above expansion in equation (1.7) simplifies to:
D = D0 (1 + kD γ),

(1.9)

with kD more known as the interaction diffusion coefficient. This parameter takes into
account both direct interparticle interactions as well as hydrodynamic interactions, and
has been well established in explaining protein-protein interactions, protein aggregation
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propensity and their viscoelastic properties [106, 118, 121, 122]. Similar as for B22 ,
negative values of kD signify attractive interparticle interactions and positive kD denotes
repulsive interactions. In fact, due to its simplicity, measurements of kD nowadays
often substitute the determination of B22 . Their relationship can be described with the
following equation [123]:
(1.10)
kD = 2B22 M2 − kS − ν 2 ,
where kS is the sedimentation interaction parameter and ν 2 the protein partial specific
volume. However, exceptions can occur as Shi et al. reported significant discrepancy
between obtained values of B22 and kD for 10 mM citrate buffer solutions of monoclonal
antibodies [122]. Their measured B22 values predicted repulsive interactions, whilst at
identical solution conditions the kD pointed towards a net attractive interaction.
Experimental determination of interparticle interactions in protein solutions is not
always straightforward. There are often problems involving protein stability and their
solubility in various solvents. In addition, some procedures are time consuming and
labour-intensive, e.g. phase separation and solubility measurements [20]. In spite of
potentially successful measurements other difficulties can arise, such as: elucidation of
complicated results, verification of interparticle interactions and obtaining information
about mechanisms relevant for protein association. In such cases, we can resort to
some theoretical methods that can enlighten the actual picture of the system under
research. This alternative way of investigating protein solutions usually involves
different protein models and also computer simulations.

1.3

Modelling of protein-protein interactions

A model is a representation of the framework and functioning of an investigated
system. The main role of models is to simplify the realistic conditions, although at the
same time remain representative for the system in question. Thus, if one tends to
create a good model, one has to make a compromise between simplicity and reality. In
(bio)macromolecular solutions models enable to predict how changes in environmental
conditions affect interparticle interactions. The interactome of aqueous protein
solutions is still often poorly understood, therefore the use of approximate model pair
potentials complements the knowledge gained through experimental work on protein
interactions. The models differentiate based on their resolution, as they range from
simple coarse-grained models to more detailed atomistic models. Simple models serve
as qualitative descriptors of the system and when supported by statistical mechanics
enable the calculation of both thermodynamic and structural properties of the system.
This is why simple models were shown to be of great value especially in the field of
protein phase stability studies [86]. In addition, these models are establishing in
protein aggregation studies, since they allow working at longer computational
timescales at the expense of their exactness. Meanwhile atomistic models of proteins
offer the highest possible detail at the expense of computational cost. They are highly
valuable in obtaining a more quantitative description of the system. In the initial
steps of protein aggregation they provide a crucial insight into residue-residue
interactions that enable the elucidation of aggregation mechanism [59]. Once the
model is developed one can thoroughly experiment with it, test its operation and
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include improvements by either running computer simulations or applying a suitable
theory.
Since the size of most proteins ranges from 1 nm and up to 1 µm they belong to the
same size class as colloids [124]. It is therefore of no surprise that a fundamental theory
for colloids, the DLVO, is most commonly used to describe protein-protein interactions.
However, this is just one side of the coin, as there are other classes of protein models
and important non-DLVO forces that significantly affect protein interactions. In the
following sections we will first discuss the well established DLVO theory and also briefly
describe interactions beyond its scope. Later on we shall discuss additional models
for protein solutions and have a look at the possible approaches of studying protein
aggregation via molecular dynamics simulations.

1.3.1

DLVO forces are not the full story

As it was already mentioned above, the DLVO theory is named after Derjaguin and
Landau, which introduced a theory for the stability of colloidial dispersions in 1941,
and after Verwey and Overbeek that independently came to the same theory seven
years later [125]. The theory explains the stability of colloidal particles based on the
balance between repulsive electrostatic double-layer forces and attractive van der
Waals interactions. It is a continuum model theory, as forces are involved only
between colloidal particles, meanwhile the intervening solvent molecules and possible
additives are treated as continuum. The forces between particles are assumed to be
spatially isotropic and the pair potential between proteins, u(r), is considered to be
only distance dependent. Proteins are modelled as uniformly charged dielectric
spheres, while ions are treated as an ideal solution of point charges. The pair
potential between two protein molecules whose centres of mass are separated by a
distance r can be written as:

u(r) = uhs (r) + uel (r) + uvdW (r),

(1.11)

where uhs (r) denotes the excluded volume (hard sphere) contribution, meanwhile
uel (r) and uvdW (r) are the repulsive Coulomb and attractive van der Waals forces,
respectively. Proteins in aqueous solutions usually gain charge and tend to interact
with other charged species in the solution (proteins, ions). Charges can be acquired in
at least two ways: i) ionization or dissociation of surface amino acids and ii)
adsorption of ions onto a previously uncharged protein region. The resulting net
charge is then balanced by counterions to ensure solution electroneutrality. These
mechanisms are opposed by the ion thermal motion. The area in which the ions move
due to these competitive forces is called the diffuse layer. The DLVO theory describes
the interactions between charged species, as screened by the diffuse layer enclosing
each particle [2, 126].
Since proteins are modelled as spheres with a diameter of σ = 2rp and charge Z, the final
approximation for the screened Coulomb interaction between two identical spheres, at
a centre-to-centre distance r can be (through a more detailed derivation in [2]) written
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exp (−κ(r − σ))
,
r

(1.12)

where ε0 represents the vacuum permittivity, ε denotes the solution dielectric constant,
κ is the inverse Debye length, and e0 is the elementary charge.
On the other hand, the van der Waals interactions occur due to electrostatic interactions
between particles. They can be described with local fluctuations in charge density
of one molecule that induce local fluctuations in charge density of another molecule.
Due to the presence of both permanent and temporary dipoles, the van der Waals
attractive force comprises of the Keesom (dipole-dipole), Debye (dipole-induced dipole)
and London (induced dipole-induced dipole) contribution. For small spherical particles
(e.g. atoms) the van der Waals forces quickly decline with distance (1/r6 ), whereas
for larger particles, such as globular proteins, they have a much longer reach and are
dependent on protein geometry [2]. For a simplified example of two spherical proteins
with identical diameter σ the van der Waals interaction can be written as:
σ2
(r2 − σ 2 )
AH σ 2
+
2
ln
+
uvdW (r) = −
12 r2
r2 − σ 2
r2
"

!#

,

(1.13)

where AH is the Hamaker constant.
The DLVO theory is often used in theoretical modelling of globular proteins. Both
theoretical and experimental results show this theory works relatively well at low salt
concentrations (below 0.05 M), where electrostatic interactions prevail [127]. At
higher salt concentrations irregularities in the DLVO interaction potential can arise
due to neglection of aforementioned ion dispersion forces (see section 1.2.5), as well as
orientation-dependent interactions. Despite its limitations it has also been widely
used in the high salt concentration regime. Pellicane and coworkers have managed to
calculate the phase diagram of lysozyme for several salt concentrations (even higher
than 0.15 M), although they treated AH as a free parameter to obtain the best fit with
the experimental coexistence curve [128]. Another study of phase separation involves
the work of Abramo et al., who obtained a good qualitative fit with the pioneering
experimental work of Taratuta et al. on the LLPS of HEWL. In spite of this good
agreement, they stated that the isotropic forces of DLVO theory can describe the
measurements to a limiting extent [26, 129].
Besides the forces that are included in the DLVO theory there are also the so-called
"non-DLVO" forces that can have major influence on protein-protein interactions. As
soon as proteins in aqueous solutions approach each other within a few nanometers,
the continuum DLVO model has difficulties in describing their mutual interactions. If
we look back at equation (1.11), one can see no additional contributions to the pair
potential due to hydration and hydrophobic forces that can considerably affect
protein-protein interactions at such short distances. Although there is vast knowledge
about these complex biological forces (a detailed review is given in [39]) they are still
not fully understood in terms of protein-protein interactions. When protein molecules
are introduced into an aqueous medium they cause a perturbation in the local
ordering of water molecules. This motion and reorganization of water structure leads
to a free energy change. If it occurs that this free energy change is dependent on the
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distance between involved particles, hydration forces arise between them [2]. These
forces can be monotonically repulsive/attractive or oscillatory. One should take notice
that these forces are very complex, as they do not just depend on the properties of
water but also on the nature of protein surface. For example, charged and polar
regions tend to adsorb water and are denoted as hydrophilic. The hydration forces
between hydrophilic residues are repulsive, since free energy is needed in order to
disrupt their favourable interactions with water [130]. On the contrary, the interaction
of water with non-polar regions leads to an important effect in nature. Such
interactions involve a major reorientation of water molecules in order to maintain a
similar ability of hydrogen bonding with neighbouring water molecules as in bulk
water. This is the well known hydrophobic effect, which is entropically unfavourable
as normal water structure reorganizes in a more ordered cage around non-polar
regions. As it was already mentioned it plays a fundamental role in protein folding
[131]. Another type of interactions that emerges from the geometric arrangement of
water, being closely related to the hydrophobic effect, are the hydrophobic
interactions. The latter are characterized by exceptionally strong attractive forces
between hydrophobic regions in water, as the net free energy change during
dehydration of such regions is negative. Hydrophobic interactions significantly affect
the stability of globular proteins. Pace and coworkers have studied their contribution
to the stability of several different proteins and their respective mutants. Based on
the known data for 22 proteins they concluded that the average contribution of
hydrophobic interactions to the stability is 60 ± 4 %, which suggests them as the
dominant force for protein stabilization.
Furthermore, they concluded that
hydrophobic interactions contribute more to the stability of large proteins than small
ones [132].

1.3.2

Anisotropic models are closer to the true nature of
proteins

The most widely spread way of modelling protein solutions is by using isotropic
models, as e.g. in DLVO theory. There are numerous studies to date that use such
protein models for a more simplified description of protein solutions (a thorough
review is given in [2]). The simplifications one makes when presuming isotropic forces
are severe and far from the true nature of proteins. The latter are not uniform
particles, that would persist at fixed dimensions and shapes at all time. Their surface
is heterogeneous and covered with charged residues that are changeable with solution
conditions. The latter also have an enormous effect on the pair potential between
proteins. Its complex behaviour is particulary driven by protein concentration.
Nevertheless, isotropic models can e.g.
qualitatively produce the metastable
coexistence curve of proteins if they are combined with short-range attractive forces.
The origin of limiting the pair potential range much below the size of investigated
particles lies in the pivotal study of George and Wilson [2, 111], who declared that
mild attractive forces determine the optimal crystallization window. The first
implementation of short-range attractive interactions between proteins in LLPS
studies was made by ten Wolde and Frenkel [133]. They performed a Monte Carlo
simulation with a modified Lennard-Jones pair potential comprising of an additional
parameter controlling its effective range, and successfully mimicked the metastable
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liquid-liquid coexistence curve obtained in previous experimental studies. It was then
established that protein-protein interactions and corresponding protein phase
diagrams are best described by pair potentials with an effective range of less than 25
% of protein diameter. In the upcoming years, several studies followed the use of
short-range potentials and isotropic models [115, 129]. Despite everything, isotropic
models were declared as very limited in terms of modelling protein aggregation and
self-association. When studying LLPS of proteins they sometimes result in too narrow
coexistence curves and/or overestimate the critical temperature of phase diagrams.
Because evidence of their insufficiency is accumulating over the years, more and more
researchers are becoming aware that at least in terms of modelling protein phase
stability, "the colloidlike theory is dead", as Prausnitz stated not long ago
[86, 134–136].

eα
θ
Figure 1.9: A model of a protein with a conical patch. The patch α is described by a
half opening angle θ about an axis eα . Two proteins are attracted through such patches if
their separation vector intersects patches on both proteins and are within the range of pair
potential. With these patches one can model special binding regions on proteins or their
surface charges.

One of the first studies that attempted to reflect the true anisotropic nature of
protein-protein interactions was the work of Lomakin et al. [2, 134]. They defined the
so-called aelotopic model which accounts for the heterogeneity of protein surface. The
model proposes that the energy of each protein is dependent only on protein’s own
orientation and its position relative to other molecules, meanwhile the orientation of
other particles is considered irrelevant. Using this model they successfully calculated
the phase diagram of γIIIb crystallin with a much better fit to the experiment in
comparison with that of a square-well isotropic model. Another type of model that
bears in mind the need for directional and short-range attractive potentials is the
patchy colloid model. Within this model proteins are represented as particles that
have their surface functionalized by patches that serve as binding sites. The latter are
characterized by attractive square potentials, similar to those used for modelling
water [2]. The main advantage of such models is the decentralization of interactions.
Their fast analysis is often achieved by applying the Wertheim’s perturbation theory
of associating fluids [137]. The landmark study in this field was provided by Sear
[138], who modelled globular protein solutions with particles covered by an even
number of attractive sites, to ensure a site on one particle can interact only with a
specific partner on another particle. Their research has shown that it is possible to
calculate both metastable or stable liquid-liquid coexistence curves, depending on how
they adjusted the number of attractive sites. Kern and Frenkel [2, 139] went a step
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further and performed Monte Carlo simulations by using particles with conical
patches on their surface, describing an angularly modulated square-well potential seen
in Figure 1.9. They noticed that the directionality of interactions is strongest in
solutions containing particles with the fewest and/or narrowest patches, whilst the
critical temperature of the phase diagram decreases as the interaction patches become
smaller. More recent studies involve also the application of simple analytical models
in combination with Wertheim’s perturbation theory for investigating protein
aggregation in salt solutions. Kastelic and coworkers have obtained good fits for the
HEWL liquid-liquid coexistence curves in buffer-salt mixtures as a function of salt
indentity and concentration [86]. In another study, Kastelic et al. [140] went beyond
the classical spherical form of proteins and developed a flexible antibody-shaped
protein model. The key outcome of their theoretical study was that protein
aggregation can be modulated not only by solution conditions but also by modifying
the antibody. They stressed out especially the model’s capability of predicting
antibody solution viscosities.

1.3.3

Molecular dynamics: atomistic details vs.
runs

long-scale

Protein aggregation is a complicated process that usually consists of several stages in
which numerous intermediate structures are formed. Information on initial oligomers
is of paramount importance to the broader biochemical community, as well as to the
pharmaceutical industry. For the former, insights into initial aggregation phases make
it easier for them to discover the mechanisms of protein aggregation, while for the
latter it can significantly reduce the time needed for the development of new
therapeutics. In the field of protein fibrillization, strong belief exists that initial
oligomers are the primary toxic species, and although some of these intermediates and
final aggregates can be characterized by X-ray crystallography, many structural
details of important initial oligomers and pre-fibrillar intermediates remain
experimentally elusive [141]. This is especially due to the fact that these protein
species are very short-lived. In addition, end-species of aggregation are often large,
insoluble and amorphous, and as such difficult to handle in in vitro studies [142, 143].
Molecular dynamics (MD) simulations can be a useful tool for capturing these rare
events, as they can provide the most detailed structural, mechanistic and dynamical
insight into protein aggregation via all-atom force field. The first atomistic simulation
of protein aggregation with explicit solvent was carried out by Klimov and Thirumalai
[144]. They investigated the aggregation process of Aβ16-22 fragment of Alzheimer’s
Aβ protein. They noticed that after firstly forming an α-helical intermediate, the
Aβ16-22 organized into antiparallel β-sheets, characteristic for amyloid fibrils. Since
all-atom simulations provide the uppermost detail and accuracy, they are often used
for simulating the initial stages of amyloidogenic protein self-association (a review is
given in [145]). However, for studying the complete association process from
monomers to large aggregates, atomistic simulations are rather limited in terms of
acceptable sizes of investigated assemblies as well as accessible time scales. Atomistic
simulations usually comprise of 103 to 106 atoms and provide reasonable
computational cost within a typical time scale of 100 to 1000 ns (with
supercomputers, a few µs), while aggregation of some proteins can last for days, years
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Energy

and even decades [142]. One possibility to enhance data sampling is by using the
replica exchange molecular dynamics (REMD), which is a combination of MD and
Monte Carlo simulation principles. The algorithm is based on running several MD
trajectories (replicas) of the system at different temperatures and then exchanging the
configurations between replicas according to the Metropolis criterion [146]. MD
studies of LLPS of proteins are very rare, but recently Dignon et al. used the REMD
algorithm together with a coarse-grained (CG) model to study the LLPS of
intrinsically disordered proteins [147]. Although, one has to be aware that the number
of replicas in REMD dramatically increases with the size of the system, thus making
it inapplicable for large all-atom systems with explicit solvent molecules [141].

Energy

Atomistic

CG

Internal coordinates

Figure 1.10: A multi-scale approach for simulating protein aggregation. In the first
phase one usually performs a fast investigation of the potential energy surface by using a
simplified CG model (orange curve). Once the relevant areas have been tracked down with an
approximate fashion, one has to transform this simplified representation to a more realistic
high-detail structure provided by atomistic models. The description of the potential energy
surface is now carried out in a detailed manner (blue curve). On the right there are the
atomistic (top) and MARTINI CG (bottom) representations of HEWL (original structure
from PDB: 1aki.pdb [148]).

In recent years CG models have been extensively applied to protein aggregation studies
(review of CG models is given in [149]). The CG model simplifies the structure of
proteins by replacing the atomistic nature of residues with a set of simple beads that
summarize their main properties. One can apply diverse degrees of simplification, as an
individual bead can represent an entire residue, part of it or solely its specific chemical
group. To make the system even simpler, solvent molecules are usually also reduced, e.g.
in a commonly used MARTINI model four water molecules are substituted by a single
bead [150]. The accuracy of such simplified models is reasonably decreased and some
of them result in anomalous behaviour, such as freezing. Nevertheless, it introduces
several advantages for investigating protein aggregation. Firstly, it considerably speeds
up the sampling of phase space due to reduced collision with solvent beads. Secondly,
it gives the opportunity to produce much longer simulations with time scales ranging
of the order of several milliseconds. And lastly, because of fewer particles it can also
comprehend much larger protein assemblies than atomistic simulations. However, it
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has a major drawback, as it can not adequately deal with changes of protein secondary
structure that quite often occur during protein aggregation [141, 142, 151]. In order to
extract the best features from both all-atom and CG models one can perform multi-scale
modelling of proteins (see Figure 1.10). Usually, CG simulations are carried out first to
obtain multiple conformations of aggregates. Such a library of conformations can then
be reconstructed with atomistic accuracy and sampled in a more detailed fashion. It
can also be used in a reversed manner, where all-atom models first provide a detailed
insight into the structure of small aggregates, and then information is translated to CG
simulations that enable modelling of large aggregates for long periods of time [142, 152].
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2

Scope of this work

The purpose of our research, presented in this dissertation, was to investigate the
influence of interparticle interactions on the phase stability of aqueous solutions of
some globular proteins, with our main focus on HEWL. Our research was conducted
as an interplay between diverse experimental techniques, theoretical approach and
MD computer simulations.
In the first part of this research our first goal was to ascertain the appropriate
conditions for the crystallization of HEWL, with special interest in its occurrence
after the protein solution undergoes LLPS. Hence, we wanted to extend our
experimental approach on the phenomenon of LLPS by focusing on the phase stability
of various HEWL–buffer solutions. One of the challenges we set ourselves was to
correlate the effective interparticle interaction parameters (B22 and kD ) in different
HEWL–buffer solutions with their measured Tcloud values. Our aim was also to
investigate the results in the light of buffer-specific effects, since these are often
unjustifiably neglected in the literature. In addition, we intended to make use of a
simple theoretical model and by means of Wertheim’s perturbation theory compare its
predictions of HEWL coexistence curves in different buffers with our own
experimental results. We were further interested in the molecular properties of used
buffers, especially those at pH=7.0, and planned to evaluate their influence on both
interparticle interactions and on model parameters.
In the second part our aim was to elucidate the formation of HEWL amyloid fibrils in
different buffer solutions. By doing this, we again wanted to emphasize the important
role of buffers and solution conditions on protein-protein interactions that lead to the
formation of these hazardous protein aggregates. We planned to tackle this pretentious
task by means of highly amyloidophilic dyes and circular dichroism measurements.
In the third part our goal was to optimize our own production of T4 lysozyme variants,
namely a pseudo-wild type variant T4 WT* and its corresponding single point mutant
T4 L99I*. Our main objective was to ascertain the influence of the amino acid sequence
on the phase stability of obtained T4 lysozyme proteins in aqueous buffer solutions and
on the theoretical parameters, with which we intended to construct their, yet unknown,
phase diagram.
Lastly, we wanted to employ atomistic MD simulations of HEWL, T4 WT* lysozyme
and γ-D crystallin in explicit solvent solutions to provide a microscopic view on the
initial interparticle interactions that could lead to the self-association process of these
proteins. We decided to calculate the density fluctuations and perform a thorough
analysis of residue-residue intermolecular interactions. In this way, we intended to
determine the key amino acids that govern protein aggregation of investigated proteins.
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2 Scope of this work

With our extensive study of the phase stability of protein solutions, particulary HEWL,
we desired to highlight the importance of understanding interparticle interactions when
designing solutions of globular proteins and formulations of novel biopharmaceuticals.
Our aim was also to provide our knowledge and observations about the so-called bufferspecific effects, which play a non-negligible role in governing protein-protein interactions
and are often insufficiently understood in the scientific community. With the wide range
of methods used, we hoped we could contribute an important pebble to the mosaic of
understanding the mechanism of protein self-association.
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Theoretical methods

The development of research approaches in modern chemistry flourishes in two
branches, experimental and theoretical. Experimental chemistry is recognized as the
science of observation. Experimental work can produce mountains of data, which can
describe the observed phenomenon in a detailed fashion. However, what use do
strenuous experiments and large amounts of data have, if one does not understand
them? On the other hand, when the term theory in everyday life is mentioned, it is
usually thought of an unverified assumption about something. This is, however,
mostly not true in science, where theory represents the framework of an experiment.
A good theory, comprising of laws, hypotheses and mathematical models, can provide
a reasonable preparation for the experiment, gives meaning to already obtained
results and is capable of predicting future observations. Nevertheless, theories are at
first based on approximations and can be worthless if not verified by experimental
findings. One way to put the theory to the test is by carrying out the so-called
computer experiments [153]. In this special case, computer simulations perform the
role of experiments planned to verify the theory. Computer simulations have become
an indispensable tool for comparing calculated properties of a model system with
those predicted by an analytical theory applied to the same model. When correctly
performed, simulations provide us with clear-cut information on whether our
assumptions are inadequate and if our model or theory are in need of refinement.
Applicable theoretical predictions cannot stand alone without experiments and
meaningful experiments cannot be made without theoretical reasoning. Therefore,
experiments and theoretical methods are two sides of the same coin and their
interplay is crucial for the development of science. For this purpose theoretical
methods, such as analytical theory and computer simulations were also included in
our study of protein interactions. In the following sections we will describe some key
concepts of the Wertheim’s perturbation theory and molecular dynamics computer
simulations that were employed to substantiate our experimental observations on
interparticle interactions in aqueous protein solutions.

3.1

Wertheim’s perturbation theory

A perturbation theory in statistical thermodynamics enables us to roughly predict the
thermodynamic properties of an investigated system with a defined pair potential. In
order to do so, one needs a reference system with a similar structure, i.e. average
distribution of particles around one another, and also with known properties (e.g. the
Helmholtz free energy and the radial distribution function). It is a very challenging
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task to describe the properties of solutions with highly directional forces, such as
those containing proteins, since it is difficult to find a suitable reference system [154].
From 1984 to 1987 Michael S. Wertheim developed a highly effective thermodynamic
perturbation theory (TPT), in which a simple hard-sphere reference system with a
spherically symmetric pair potential is enough to predict the thermodynamic
properties of a chosen system with highly directional interactions [154].
The
conventional single-density perturbation expansions, to obtain the properties of a
chosen system, converge in decent time only if the reference system resembles the
system under investigation. Therefore, the key to the success of Wertheim’s theory
lies in his multiple-density perturbational formalism, which turns out to be
outstandingly appropriate for describing directional short-range interactions occuring
in aqueous protein solutions. Wertheim made the original formulation of his TPT for
particles with a single site on their surface, for which he later derived the equation of
state [154–156]. By allowing each site to participate in only one attractive interaction
(only dimers can form), he demonstrated that his equation can describe the limit of
complete dimerization (no monomers remain). The exceptional usefulness of TPT was
confirmed with Monte Carlo computer simulations, since their results were in
complete agreement [157]. Afterwards, Wertheim expanded his initial formalism of
single interaction sites to particles with multiple sites, along with deriving the
first-order (TPT1) and second-order (TPT2) equations of state. The latter allowing
the formation of linear chains [158, 159]. Only a year later, Chapman, Jackson and
Gubbins have jointly restated the Wertheim’s TPT1 in order to comprehend
multicomponent systems, in which particle spheres can be of different sizes with each
carrying an arbitrary number of sites on their surface [160, 161].
For the purpose of our study of aqueous HEWL–buffer solutions we used the Wertheim’s
TPT1 with the following restrictions [159, 160]:
• The structures of the system under study and the reference system must be alike.
• Each site on a certain particle can interact with at most one of the remaining
sites on other particles.
• No more than one bond between any two particles (no multiple bonding).
• Particles can form branched chains, meanwhile ring-like structures are not allowed.
• The sites move independently on the surface of each particle.
We modelled our HEWL–buffer solutions as one component systems of N protein
molecules with a number density ρ = N/V at volume V and temperature T . The
HEWL molecules were considered as hard-spheres of diameter σ, meanwhile water
and buffer components were treated at the so-called McMillan-Mayer level, where
components of the solvent are treated as continuum that acts as an effective modifier
of protein-protein interactions [102]. To satisfy the need for anisotropic attractive
forces, particles are decorated with M acentrically randomly located sites on their
surface. These sites describe the effective interaction between two proteins, resulting
from electrostatic and van der Waals forces, as well as the hydrophobic effect. The
pair potential between two proteins, u(r), can be written according to the Wertheim’s
TPT1 of strongly associating liquids [158], as a sum of two contributions, namely the
hard-spheres part uhs (r) and the associative potential uAB . Where the latter
contribution results from the short-range attractive square-well sites on the surface of
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the spheres.
u(r) = uhs (r) +

XX
AΓ BΓ

uAB (x AB ).

(3.1)

Here r (r = |r|) is the vector between the centres of two spheres, x AB is the vector
connecting sites A and B on two different proteins and Γ denotes the set of independent
sites. Since the latter are allocated on the surface of spheres their distance from the
center of spheres d, can be expressed as d = σ/2. We do not differentiate between the
attractive sites, consequently the associative potential uAB is identical for all pairs of
sites. We can further express the pair-wise additive potential with the following terms
[160]:
uhs (r) =
uAB (x AB ) =


∞,
0,

−ε,
0,

r < σ,
r ≥ σ,

(3.2)

|x AB | < ω,
|x AB | ≥ ω,

(3.3)

in which ε (ε > 0) represents the square-well potential depth and ω is its corresponding
range. We consider two particles in mutual interaction only when the distance between
two sites |x AB | is inside the square-well potential range ω. According to Wertheim’s
TPT1 [157, 158], multiple interactions between sites were prevented with the following
expression:
√
(3.4)
0 < ω < σ − 3d.
From here on, we assume the additivity of the Helmholtz free energy of our system:
A = AR + Aass = Aid + Ahs + Aass ,

(3.5)

where AR is the Helmholtz free energy of the reference system that consists of ideal gas
Aid and hard-sphere contributions Ahs , whereas Aass denotes the free energy contribution
due to site-site interactions between particles. The Aid and Ahs contributions can be
written as follows [162, 163]:
βAid
= ln(Λ3 ρ) − 1,
N
βAhs
4η − 3η 2
=
,
N
(1 − η)2

(3.6)
(3.7)

where Λ is the thermal de Broglie wavelength and η the packing fraction, which defines
the portion of space occupied by hard-spheres and is related to density as η = πρσ 3 /6.
The free energy contribution due to site-site association in a one component model with
equivalent interaction sites (M all-together) is obtained using the Wertheim’s TPT1,
adapted for spherical particles [157, 160, 161]:
βAass
X 1
= M lnX −
+
,
N
2
2




(3.8)

where X denotes the average fraction of molecules not bonded through a particular
interaction site than can be obtained from the mass-action law [161]:
X=

1
.
1 + M Xρ∆AB

(3.9)
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The association parameter ∆AB can be obtained from the limit of pure surface adhesion
("sticky-limit") [157]:
Z σ+ω
hs
f¯ass (r)r2 dr.
(3.10)
∆AB = 4πg (σ)
σ

The first part of equation 3.10 represents the radial distribution function of
hard-spheres, g hs , for which the contact value can be obtained analytically using the
Ornstein-Zernike integral equation theory by employing the Percus-Yevick (PY)
closure [164], which yields:
2+η
g hs (σ) =
.
(3.11)
2(1 − η)2
The integral part of equation 3.10 involves the angularly averaged Mayer function
f¯ass (r), which is defined as [157]:
f¯ass (r) =

Z

fAB (x AB (r))dΩA dΩB ,

(3.12)

where fAB (x AB (r)) = exp [−βuAB (x AB (r))] − 1 is the Mayer function for the site-site
interaction and ΩA and ΩB are the corresponding solid angles. In our case we used the
result of f¯ass (r) in analytical form that was obtained by Wertheim [157]:
exp (βε) − 1
(ω + 2d − r)2 (2ω − 2d + r) .
f¯ass (r) =
2
24d r

(3.13)

Hereafter, equation 3.10 could be solved analytically or numerically. In our case we
solved it numerically by using the Simpson’s integration rule and proceeded to obtain
the Helmholtz free energy, A, of the system under question.
From it other
thermodynamic quantities can be obtained through standard thermodynamic
relations. Two very important quantities for phase diagram construction are the
osmotic pressure Π and chemical potential µ, which can be derived from A with:
"

∂(A/V )
µ=
∂ρ
Π = ρµ −

#

,

(3.14)

T,V

A
.
V

(3.15)

The theory also allows one to obtain the second virial coefficient, B2 , which can be
obtained from the following equation [165]:
B2 =

B2hs

− 2πM

2

Z σ+ω
σ

f¯ass (r)r2 dr,

(3.16)

where B2hs = 2πσ 3 /3 is the hard-spheres contribution to the second virial coefficient
[162].

3.2

Molecular dynamics computer simulations

Molecular dynamics (MD) is a computer simulation method that solves the Newton’s
equations of motion in order to obtain trajectories of particles in the simulated system.
These trajectories demonstrate how the velocities and positions of particles change
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with time. The simulated particles continue to move in a straight line with constant
velocity until a force, F , acts upon them. Their trajectories are acquired by solving the
differential equations incorporated in Newton’s second law, as in the following example
[166]:
d 2 xi
F xi
.
(3.17)
=
dt2
mi
Such equations describe the motion of a particle of mass mi along a certain coordinate,
xi , due to a certain force, Fxi , in that direction. In simulations of realistic systems, e.g.
protein solutions, the force on every particle varies with its movement or the movement
of other particles it interacts with. Since such systems are comprised of diverse and
multiple particles, with their motions being coupled together, they are too complex to
be solved analytically. The equations of motion in such systems, which are under the
influence of a continuous potential, are therefore usually integrated numerically [166].
Before the computer can begin with the desired calculations one must first successfully
prepare the system of interest. The common procedure for performing MD simulations
usually involves the following steps [166, 167]:
1. Preparation of initial configuration. There are several possibilites, as one can
obtain it via experimental data or from a theoretical model. It can be generated
randomly or in a fashion of specific interest – e.g. a lattice configuration.
2. Energy minimisation. Velocities are set to zero in every step and the initial
configuration relaxes in a way that possible overlaps of atoms are removed. The
minimisation procedure can last for a predefined number of steps, stops when the
net force on every atom is close to zero or when the decrease in potential energy
of two subsequent steps is smaller than a predefined value.
3. Equilibration. The main purpose of this short run (usually performed within
the NVT ensemble) is to bring the system towards equilibrium from the initial
configuration. Here, velocities are defined and various parameters, such as
temperature, pressure and potential energy are monitored along the way. When
their values seem to settle down the production phase can commence.
Sometimes an additional equilibration step with an NPT ensemble can be
performed before the production run.
4. Production. This is by far the longest step of the simulation procedure. At the
start of this run all counters are set to zero and the system can evolve, usually
at controlled temperature and pressure values. Various properties are calculated
and stored for subsequent analysis. One also stores the positions, energies and
sometimes even velocities in every few time steps for post processing purposes.

3.2.1

The Verlet and leap-frog algorithm

The most frequently used algorithm for integrating the Newton’s equations of motion
is the Verlet algorithm. This algorithm is a finite difference technique, which is used in
combination with the above mentioned continuous potential models that are pair-wise
additive. The principle of all finite difference techniques is such that the integration
procedure is fragmented into many small phases, each separated in time by a fixed
time ∆t. The total force acting on every particle in the configuration at the time t
is then computed as the vector sum of all forces produced by interactions with other
particles. Particle accelerations can be deduced from this force and when combined
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with the positions and velocities at a time t, the positions and velocities of particles at
the time t + ∆t can be obtained. The force is assumed to be constant during the time
step. Hereafter, the forces on all particles in their new positions are recalculated, thus
enabling the acquisition of subsequent positions and velocities at the time t + 2∆t, and
so forth for all the particles in the system [166].
There are many algorithms within the finite difference techniques, but all of them
presume that positions and velocities of particles can be approximated via Taylor series
expansions. The common Verlet algorithm uses the positions ~r(t) and accelerations ~a(t)
at the time t, and the positions of particles from the preceding timestep ~r(t − ∆t) to
acquire new positions at the next time step ~r(t + ∆t). The relations of these positions
and accelerations with velocities at the time t can be expressed with the aforementioned
Taylor series expansions [166]:
1
~r(t + ∆t) = ~r(t) + ~v (t)∆t + ~a(t)∆t2 + . . . ,
2

(3.18)

1
~r(t − ∆t) = ~r(t) − ~v (t)∆t + ~a(t)∆t2 − . . . ,
2

(3.19)

where ~r, ~v and ~a are the position, velocity and acceleration vectors, respectively.
Addition of equations 3.18 and 3.19 yields:
~r(t + ∆t) = 2~r(t) − ~r(t − ∆t) + ~a(t)∆t2 .

(3.20)

From equation 3.20 one can see a clear disadvantage of the Verlet algorithm, that the
velocity is not explicitly included. Furthermore, the velocities become known only when
the positions at the next time step are calculated. One possibility to obtain them is
through the following term [166]:
~v (t) =

~r(t + ∆t) − ~r(t − ∆t)
.
2∆t

(3.21)

Another deficiency of this integrator is the loss of precision, which may occur due to
the fact that positions ~r(t + ∆t) are obtained by adding a small term ~a(t)∆t2 to the
difference of two larger terms 2~r(t) − ~r(t − ∆t).
There are several variants of the Verlet algorithm. One of them is also the leap-frog
algorithm, which was used in our MD simulations. This integrator uses the following
relationships [166]:
1
~r(t + ∆t) = ~r(t) + ~v (t + ∆t)∆t,
2

(3.22)

1
1
~v (t + ∆t) = ~v (t − ∆t) + ~a(t)∆t.
2
2

(3.23)

By combining the velocities at time (t − 21 ∆t) and the accelerations ~a(t) at time t one
can simply obtain the velocities ~v (t + 12 ∆t), as noted in equation 3.23. The positions
~r(t + ∆t) at the next time step are then calculated from the addition of positions ~r(t)
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at time t and velocities ~v (t + 12 ∆t). The velocities ~v (t) at the time t can be obtained
from:


1
1
1
~v (t + ∆t) + ~v (t − ∆t) .
(3.24)
~v =
2
2
2
From the equations above one can see how this algorithm got its name, as the velocities
"leap-frog" over the positions of particles to give their values at the next half-step
t + 12 ∆t. The particle positions then "leap" over the velocities to give their new values
at t + ∆t, ready for the velocities at t + 32 ∆t, and so forth. The leap-frog algorithm has
two benefits compared to the Verlet method: velocities are incorporated explicitly and
there are no calculations of differences of large numbers present. Nevertheless, it has
one self-evident fault that the positions and velocities of particles are not synchronised.
This prevents the calculation of the kinetic contribution to the total energy at the same
time as the potential energy from the positions is determined [166].

3.2.2

Definitions of frequently used functions and quantities

In this section some functions and quantities, which are most frequently used for
interpreting the simulation results in this work are described. Each function or
quantity that is not discussed here is properly explained in the chapter where it first
appears.
3.2.2.1

Radial distribution function

The pair distribution function (also known as the pair correlation function) is a very
useful quantity in MD simulations, as it provides structural information about the
investigated system at the microscopic level. It is of special interest in statistical
mechanics primarily because one can use it to express the thermodynamic functions
and other properties (e.g. the potential of mean force, coordination number etc.) of
the system, provided that the interactions are pairwise additive. It can be formally
described with the following term [168]:
Z
V2 Z
· · · exp [−βU (~r1 , . . . , ~rN )] d~r3 . . . d~rN ,
g (~r1 , ~r2 ) =
ZN V
V
(2)

(3.25)

where g (2) (~r1 , ~r2 ) is the pair correlation function, N is the number of particles, V
represents the volume of the system, ZN is the classic configurational integral and U is
the excess internal energy of the system as a function of particle coordinates
(~r1 , . . . , ~rN ). This function tells us the probability of locating the first particle at
position ~r1 and the second one at ~r2 independently of the positions of all other
particles. A special case of the pair correlation function is the radial distribution
function gij (r) (RDF). The RDF essentially gives us the probability of finding a
particle of type j at a distance r from the centre of particle of type i. It can be also
expressed as [169]:
hρj (r)i
gij (r) =
,
(3.26)
hρj i
where ρj (r) is the density of particles of type j at the distance r from a particle of the
type i divided by ρj , which is the average density of particles of the type j. In the
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limit limr→∞ gij (r) = 1, since particles of type i can only interact with particles in its
vicinity.
3.2.2.2

Mean square displacement

Particles in liquids are very lively, since they are constantly on the move. Their
movement does not follow a straight line, as particles tend to collide with each other
along their path. In fact, if one would look at their path in more detail, one could
observe it fairly approximates the mathematical random walk. This type of movement
was investigated by Einstein in his study of Brownian motion, where he demonstrated
that the mean square distance travelled by a particle following a random walk is
proportional to the elapsed time [170]. This so-called Einstein relation for a molecule
of type C can be written as:
lim h|~ri (t) − ~ri (0)|2 iiC = 6DC t

t→∞

(3.27)

Here, the left-hand side of equation 3.27 represents the mean square displacement
(MSD), which is a measure of the deviation of the position of a particle ~ri (t) with
respect to its reference position ~ri (0) over time. MSD is highly valuable in MD
simulations because, as the right-hand side of equation 3.27 shows, it enables the
acquisition of the diffusion coefficient, D, of molecules. For molecules consisting of
many of atoms, ~ri (t) can be taken as the centre of mass positions of the molecules
[169].
3.2.2.3

Radius of gyration

The radius of gyration, Rg , is defined as the square root of the average mass weighted
square distance of a mass element from the centre of mass [169]:
Rg =

v
uP
u
ri |2 mi
t i |~
,
P
i

mi

(3.28)

where mi is the mass of atom i and ~ri its corresponding position with respect to the
centre of mass of the molecule. Rg is a primary parameter, meaning that no model
for the shape is proposed. Equation 3.28 evidently shows it is a root-mean-square
value. Furthermore, even for completely monodisperse systems, Rg is still an average
value. Nonetheless, it is an indispensable quantity for simulating proteins, as it provides
important information regarding the compactness of the protein structure.
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4 Phase stability of HEWL–buffer
solutions
Inter- and intramolecular interactions in aqueous protein solutions play a vital role in
stabilizing proteins, as they can provoke their unfolding or association into aggregates.
When formed in vivo, the latter can have major impact on the health of living
organisms. It was shown previously in this work that LLPS can estimate the strength
and type of protein-protein interactions and facilitate protein crystallization.
Therefore, in this chapter we have focused directly on the phase stability of different
HEWL–buffer solutions, which involves the LLPS phenomenon. Firstly, we focused on
different approaches for crystallizing HEWL in different buffers (acetate, phosphate
and TRIS) and investigated the effects of protein purity on Tcloud values. Since phase
stability of protein solutions depends not only on temperature and pressure, like
simple liquids, but also on their composition (buffer identity, protein and salt
concentration), we measured the Tcloud of manifold HEWL–buffer solutions
(phosphate, ACES, MOPS, HEPES, cacodylate, acetate, glycine and TRIS) with the
presence of different concentrations of NaBr. Our main focus were buffers at pH=7.0.
In addition to cloud point measurements, we estimated the magnitude of
protein-protein interactions in these solutions by obtaining their B22 and kD values
with DLS. Finally, experimental results were studied within a one-component model,
which treats protein-protein interactions as highly directional and short-ranged. We
employed the model in the framework of Wertheim’s perturbation theory and
investigated the influence of buffer-specific effects on model parameters and attempted
to predict the coexistence curves of HEWL in different buffers at pH=7.0. The results
in this chapter are a part of our (Sandi Brudar and Barbara Hribar-Lee) yet
unpublished article on the influence of buffers on the phase stability of HEWL
solutions and on the parameters of a simple model, which was still under preparation
at the time of writing this thesis. Any supporting information to the main results is
located in chapter 10 (Appendix).

4.1
4.1.1

Materials and Methods
Materials

HEWL, NaH2 PO4 ·2H2 O, KH2 PO4 , glycine, NaOH, NaCl, NaBr, sodium dodecyl
sulfate (SDS), CH3 COOH, HCl, Na2 CO3 , CH3 COONa, glutaraldehyde, Na2 S2 O3 ,
glycerol, Spectra/Por® float-a-lyzer® G2 dialysis tubes and Amicon® Ultra-15

4 Phase stability of HEWL–buffer solutions

40

centrifugal units were purchased from Merck (Darmstadt, Germany). Formaldehyde
and tetramethylethylenediamine (TEMED) were purchased from Fluka-Honeywell
(Charlotte, USA). The membrane filters were purchased from Sartorius (Göttingen,
Germany), Na2 HPO4 from Chem-Lab (Zedelgem, Belgium) and AgNO3 from Kemika
(Zagreb,
Croatia).
2-amino-2-(hydroxymethyl)propane-1,3-diol
(TRIS),
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic
acid
(HEPES),
ammonium
persulfate (APS), 3-morpholinopropane-1-sulfonic acid (MOPS), 40 %
acrylamide/bis-acrylamide
solution,
cacodylic
acid
and
2-(carbamoylmethylamino)ethanesulfonic acid (ACES) were obtained from
Sigma-Aldrich (St. Louis, MI, USA).

4.1.2

Preparation of buffer and buffer–NaBr solutions

Multiple buffers with 0.1 M ionic strength were prepared to investigate their effect on
phase stability of HEWL (see Table 4.1). They have been selected in a way to cover
all relevant pH regions, from acidic to alkaline, with the greatest emphasis on buffer
solutions with pH=7.0. Buffer pH was determined with an Iskra pH meter (Ljubljana,
Slovenia) equipped with a combined glass microelectrode of type InLab 423 from
Mettler Toledo (Schwerzenbach, Switzerland). The pH values were, if necessary,
adjusted to a desired value with 1 M NaOH or HCl. All buffers were filtered through
0.45 µm filter pores and stored at 4 °C prior usage.
Table 4.1: The composition of used 0.1 M buffers for investigating the phase stability of
HEWL. Weighed chemicals were first thoroughly dissolved in approximately 1.8 L of milli-Q
water. Afterwards, the pH of solutions was adjusted with 1 M NaOH or 1 M HCl to obtain
desired values. The solutions were transferred into 2 L volumetric flasks and milli-Q water
was added up to the mark.

Buffer

pH

Ingredients

Phosphate

2.0

11.768 g of Na2 HPO4 + 15.933 g of KH2 PO4

Glycine

2.0, 9.0

15.014 g of glycine

Acetate

4.6

200 mL of 1 M CH3 COOH + 82 mL of 1 M NaOH

MOPS

7.0

41.86 g of MOPS

ACES

7.0

36.438 g of ACES

Phosphate

7.0

13.109 g of NaH2 PO4 + 16.464 g of Na2 HPO4

Cacodylate

7.0

27.6 g of cacodylic acid

HEPES

7.0

47.66 g of HEPES

TRIS

8.8

24.228 g of TRIS

NaBr was dried at 107 °C in the presence of P2 O5 for 3 hours. Different amounts of
NaBr were then dissolved in all buffers in a way to create a series of stock salt–buffer
solutions that contained twice the concentration of NaBr than planned for subsequent
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cloud point measurements. The pH of NaBr–buffer solutions was also examined and
corrected, where needed, to obtain same values as for pure buffers. Exceptionally, a
more diluted 50 mM TRIS buffer solution was also prepared for crystallization purposes.

4.1.3

Preparation of HEWL–buffer solutions

HEWL was weighed into 50 mL centrifuge tubes and ultrasonically dissolved in all
buffer solutions within a temperature controlled water bath (Tmax = 10 °C). Different
quantities of HEWL were dissolved, depending on the type of experiment performed.
For cloud point measurements stock HEWL–buffer solutions comprising of 200 mg
mL−1 and 270 mg mL−1 of HEWL were prepared. Meanwhile, 100 mg mL−1 stock
HEWL–buffer solutions were sufficient for DLS measurements. HEWL concentration
was obtained spectrophotometrically with a Cary 100 Bio UV-Vis spectrophotometer
(Varian, Australia) by using the HEWL extinction coefficient of 2.64 mL mg−1 cm−1
at 280 nm and 25 °C [171]. Afterwards the HEWL–buffer solutions were transported
into pre-conditioned 5 mL Float-A-Lyzer® dialysis tubes with a 3500 Da molecular
weight cut-off. The 5 mL protein samples were extensively dialyzed against the
corresponding buffer (with at least 100× larger volume) for approximately 24 hours,
by gently stirring the solution at room temperature. During the procedure, the
dialysis buffer was exchanged three times. The first change of buffer took place after
90 minutes, the second one after 3 hours and the last one was carried out after 6 hours
and then left overnight. Special care was provided when dialyzing HEWL in HEPES
buffer solutions. The beakers intended for this particular dialysis were completely
wrapped in aluminium foil, since HEPES can undergo an unwanted photochemical
reaction, producing H2 O2 , when exposed to ambient light. After dialysis the
HEWL–buffer solutions were diluted up to 40 % due to the invasion of buffer
molecules in the dialysis tubes. Therefore, they were subsequently concentrated using
15 mL Amicon® Ultra-15 centrifugal units at 5000 rpm and 4 °C. When HEWL
concentrations of 180 and 250 mg mL−1 (2× higher than during Tcloud measurements)
were achieved, the HEWL–buffer solutions were filtered through 0.45 µm filter pores
(Sartorius) to remove any remaining impurities.
An identical procedure was
performed for HEWL–buffer solutions after being concentrated to 90 mg mL−1 (stock
solutions for DLS measurements).

4.1.4

T cloud measurements

The cloud point temperature, Tcloud , is defined as the temperature where the protein
solution undergoes phase separation into two coexisting liquid phases (LLPS) or
liquid-solid phases with different concentrations of protein. In well established
experimental procedures [26, 84], Tcloud represents the temperature at which, upon
cooling, the first opacification of the protein solution occurs due to aggregate
formation, as is demonstrated in Figure 4.1. In this work Tcloud were measured with
Cary 100 Bio spectrophotometer (Varian, Australia) and for selected HEWL–buffer
solutions at pH=7.0 also with Litesizer 500 (Anton-Paar, Austria).

4 Phase stability of HEWL–buffer solutions

42

T

T=Tcloud

centrifugation

T

T

γ1

γ2

Figure 4.1: Schematic representation of the phase separation process of aqueous protein
solutions. Completely transparent protein solutions become turbid when cooled down below
a certain Tcloud , as liquid droplets or solid aggregates begin to form. If such a solution is
centrifuged below Tcloud , the system clearly separates into a protein-poor (γ1 ) and proteinrich (γ2 ) phase. The process can be reversible (although not always), since heating the solution
can restore its initial transparency.

4.1.4.1

Cary 100 Bio spectrophotometer

Directly before the experiment, NaBr-buffer solutions were filtered through 0.2 µm
filter pores (Sartorius) and preheated between 40 to 50 °C to avoid premature phase
separation upon adding protein. Such saline solutions were then mixed together with
HEWL–buffer solutions in a 1:1 ratio immediately before the measurement. Mixtures
were transferred into six black-walled quartz cuvettes with a pathlength of 1 cm and
volume of 1 mL. The final concentration of HEWL was 90 mg mL−1 and in selected
buffers at pH=7.0 also 125 mg mL−1 . Hereafter, samples were cooled from 40 °C
to roughly -6 °C, with a cooling rate of 0.1 °C min−1 . Sample absorbance data were
collected at each cooling step at 340 nm. The sample opacification at Tcloud was detected
as a rapid rise of its absorbance. To prevent condensation on cuvette walls upon reaching
low temperatures, constant purging with dry nitrogen was provided during the whole
experiment. Figure 4.2 demonstrates the outcome of a measurement of Tcloud with Cary
100 and its evaluation to obtain the final value of Tcloud .

4.1.4.2

Litesizer 500

Samples were prepared by the same protocol as for spectrophotometrical measurements,
although experiments were here carried out only at one NaBr concentration (0.2 M).
Prepared HEWL–NaBr–buffer mixtures were transported into a single quartz cuvette
with an optical pathlength of 1 cm and volume of 3 mL. Solutions were then cooled
from 35 °C to 1 °C, with a cooling rate of 1.0 °C min−1 and an equilibration time of
1 minute for each temperature step. Sample side-scattering at 90 ° was measured at
each temperature. The final particle size and transmittance data were collected as an
average of 10 runs, with a duration of 60 seconds per run. In order to prevent scattering
interferences due to water condensation on cuvette walls, again, purging with dry N2
was maintained throughout the measurements.
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Figure 4.2: Example of an actual measurement of Tcloud for 125 mg mL−1 of HEWL
in 0.1 M ACES buffer at pH=7.0 with different concentrations of NaBr. One can quickly
notice the present trend: the higher the NaBr content, the higher the temperature at which
phase separation occurs. This sign of solution instability is detectable as a rapid increase
in measured absorbance (left). Example of the procedure for obtaining the value of Tcloud
by fitting two parts (one before the opacification and the other one during opacification) of
the same measurement curve, with two straight lines. The intersection of the two straight
lines, which correspond to the best fit to experimental data, represents the Tcloud of a certain
protein solution (right). During reheating of protein solutions one could observe a hysteresis
when detecting the so-called clear point temperature, Tclear , as the solutions regain their
transparency. The difference between Tcloud and Tclear was measured to be 1.2 °C, which is
smaller than the errors of extrapolated Tcloud values. For this reason Tclear was not taken into
account for estimating phase stability of HEWL.

4.1.5

Crystallization of HEWL

Crystallization of HEWL was attempted in three different buffers, namely acetate,
phosphate and TRIS solutions. We tryed to obtain a sufficient amount of HEWL
crystals to eventually perform a Tcloud measurement and examine the effects of protein
purity on phase stability of HEWL solutions. The crystallization challenge was
tackled by altering several solution conditions, such as temperature, protein and salt
concentration, buffer and salt identity and also pH. Since a large amount of pure
HEWL crystals was required, the minimum volume of the crystallization solution was
always at least 1 mL (test solution) and the largest was 50 mL (large scale
production). We attempted to reach the supersatured conditions in HEWL solutions
with two methods: evaporating the solvent and by reaching the LLPS of the
crystallization solution. A more detailed description of each crystallization process is
here given alongside the results, as it becomes more illustrative together with the
provided pictorial material.

4.1.6

SDS-PAGE

Polyacrylamide gel electrophoresis (PAGE) in the presence of a denaturing agent SDS
was used to compare the purity of stock HEWL solutions and produced HEWL crystals.
For the preparation of SDS-PAGE gels we used a 40 % acrylamide and bis-acrylamide
solution with their ratio of 37:1, milli-Q® water, TRIS-HCl buffer, 10 % SDS, 10 % APS
and TEMED, according to the recipe in Table 4.2. Prior loading the samples on the
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SDS-PAGE gel they were all diluted to approximately 1 mg mL−1 . The total volume of
prepared samples was 50 µL of which 10 µL belonged to the addition of loading buffer
(4× SDS with β-mercaptoethanol). The obtained sample mixtures were immersed in
a thermostated water bath preheated to 95 °C for 15 minutes to denature the protein.
Afterwards samples were briefly centrifuged at 7000 rpm, hence 12 µL of each sample
was loaded into its own well of the stacking gel. Into one of the wells a protein ladder
solution was also loaded to serve as a protein size marker. Finally, gels were run at 200
V and 15 °C for 75 minutes with a Scie-Plas electrophoresis unit (Cambridge, United
Kingdom). Visualization of protein bands was done by high-sensitivity silver staining.
A detailed procedure of casting and staining the gels is located in section 10.1 of the
Appendix.
Table 4.2: The procedure for preparing SDS-PAGE gels used in this work involves an
empirically adjusted standard Laemmli protocol [172]. The protocol was optimized for
visualizing proteins with M2 = 10 − 200 kDa during my master’s degree in collaboration
with Assist. Prof. Dr. Iztok Prislan and with special advice of Dr. Iva Hafner Bratkovič,
especially on staining with AgNO3 .

Chemicals

Stacking gel (4 %)

Resolving gel (12 %)

acrylamide/bis-acrylamide
TRIS-HCl buffer
milli-Q water
10 % SDS
10 % APS
TEMED

0.25 mL
0.31 mL (1 M, pH=6.8)
1.89 mL
25 µL
12.5 µL
3.5 µL

1.5 mL
1.87 mL (1.5 M, pH=8.8)
1.55 mL
50 µL
25 µL
5 µL

4.1.7

Dynamic light scattering

DLS measurements were performed with the 3D-DLS-SLS cross-correlation
spectrometer from LS Instruments (Fribourg, Switzerland). The source of incident
light was a He-Ne laser with λ0 = 632.8 nm. HEWL–buffer solutions (from 4 to 70 mg
mL−1 of HEWL) were prepared by diluting the dialyzed 90 mg mL−1 stock solutions.
Hereafter, individual samples (approx. 2 mL for every concentration) were filtered
through 0.2 µm filter pores directly into dust-free cylindrical glass cells and
equilibrated inside the decalin chamber for 5 minutes prior measurement. The light
scattering experiment was carried out at 90 ° and 25 °C. For every sample, ten
correlation functions with a duration of 120 seconds were obtained. Correlation
functions of all samples were examined with the program UFORT (User Friendly
Optimized Regularization Technique). Not all correlation functions were satisfactory,
as DLS is a very sensitive technique and interferences during measurements can occur
often. Consistent correlation functions (never less than 4 and mostly at least 8) were
averaged and evaluated by the inverse Laplace transformation within UFORT, to give
us the Rh of HEWL in various buffer solutions. Here on, we were able to obtain the
corresponding diffusion coefficents of HEWL through the well known Stokes-Einstein
relation described in equation 1.8. Once the D values were known we could calculate
the interaction diffusion coefficient kD in the semi-dilute region of the linear
concentration dependence of D, following the expression in equation 1.9.
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In order to obtain the second virial coefficient, B22 , from DLS measurements we first
sam
, which can be calculated
had to determine the scattered intensity of our samples, Iu,θ
from the following measurement relation:
sam
Iu,θ
=

MCR · sin θ
.
Ilaser

(4.1)

Here, MCR represents the mean count rate, θ the measuring angle and Ilaser denotes the
laser intensity of the instrument. To establish the needed Rayleigh ratios of our HEWL
samples, Rθsam , we first had to measure the dynamic light scattering of a standard
toluene solution under identical measurement conditions as for the samples. In this
tol
,
way, we could obtain the scattering intensity of the standard toluene solution, Iu,θ
−6
−1
tol
with an already known Rayleigh ratio [173], Rθ = 14.0 · 10 cm . By comparing the
scattering intensity of the sample with the one of toluene we could acquire the values
for Rθsam from the following expression:
Rθsam =

sam
Iu,θ
Rθtol .
tol
Iu,θ

(4.2)

Hence, the B22 values of HEWL–buffer solutions can be obtained from the slope of the
linear semi-dilute region of the Debye plots, constructed by the following equation:
1
Kc
=
+ 2B22 c,
sam
Rθ
M̄2

(4.3)

where c is the concentration of HEWL in g mL−1 and M̄2 its corresponding average
molecular weight. Meanwhile, K represents the optical constant, which is defined as
[173]:
!2
4π 2 n20 dn
,
(4.4)
K=
NA λ40 dc
where n0 is the solvent refractive index, which was experimentally determined for each
buffer solution with Litesizer 500 at 25 °C (see Table 4.3). NA is the Avogradro constant
and dn/dc describes the specific refractive index increment, which is 0.185 mL g−1 for
proteins [121].

4.1.8

Wertheim’s TPT1

The equations used to calculate the Helmholtz free energy and chemical potential in
the framework of Wertheim’s perturbation theory are given in section 3.1. The protein
model designed to describe aqueous HEWL solutions consists of five parameters. Those
which remained fixed for all buffer solutions were adopted from Kastelic et al. [86] and
are listed in Table 4.4. Two of them are completely protein specific, namely the protein
diameter σ and its corresponding molecular weight M2 . The remaining two are the range
of the square-well potential ω and the number of binding sites on the protein surface
M . The changeable parameter in our model, which was buffer-identity dependent was
the square-well potential depth ε.
The values of ε were adjusted to obtain the best fit of the constructed coexistence curve
to the experimentally obtained Tcloud values, extrapolated to cNaBr = 0, for each buffer
solution at pH=7.0 and at two different HEWL concentrations (90 and 125 mg mL−1 ).
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Table 4.3: Measured solvent refractive indexes, n0 , of investigated buffers at 0.1 M ionic
strength and at 25 °C.

Buffer

pH

n0

Phosphate
Glycine
Acetate
MOPS
ACES
Phosphate
Cacodylate
HEPES
TRIS
Glycine

2.0
2.0
4.6
7.0
7.0
7.0
7.0
7.0
8.8
9.0

1.355
1.364
1.354
1.358
1.341
1.369
1.360
1.366
1.343
1.372

Table 4.4: Fixed parameters of the spherical protein model for the calculation of phase
diagrams of HEWL in different buffer solutions.

4.1.9

Parameter

Value

σ / nm
ω / nm
M
M2 / g mol−1

3.43
0.18
10
14300

Molecular modelling with Spartan

The Spartan14 software was used to calculate the surface areas of chosen buffer ions
at pH=7.0 [174]. Buffer ions were first manually built with the interactive builder tool
within Spartan14 environment. The respective buffer structures were first minimised
and then a global calculation of equilibrium molecular geometry was carried out at
the density functional theory level (DFT) using Becke’s three parameter Lee-YangParr hybrid functional (B3LYP) in combination with the 6-311** basis set. The buffer
surface areas were then obtained through a space filling routine also known as the CPK
model. In this calculation buffer ions were denoted as a combination of spheres, of
which radii were chosen to approximate the van der Waals contact distances.

4.2
4.2.1

Results and discussion
LLPS enhances HEWL crystallization

We first attempted to crystallize HEWL in acetate buffer, since it is considered as
a widely accepted buffer for obtaining HEWL crystals [2]. We prepared a solution
that contained 20 mg mL−1 of HEWL, 0.1 M acetate buffer at pH=4.6 and 0.7 M
NaCl. Once the solution was homogeneous we divided it into two equal parts, which
were both placed in small glass crystallizers and sealed with parafilm tape. Slight
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perforations were made in the parafilm covers of both crystallizers in order to reach
a supersaturated solution due to solvent evaporation. Both solutions were first kept
in the refrigerator at around 8 °C for 2 hours. Then we used a glass stirring rod to
scratch the walls of the crystallizer to facilitate nucleation. To test the crystallization
at different temperatures, one solution remained in the refrigerator, whilst the second
one was moved to room temperature. Both crystallizers remained untouched for a few
days. We expected to obtain larger HEWL crystals in the refrigerated solution, as slower
crystal growth was ensured. The outcome, however, was quite different. After four days
a flaky white layer appeared on the bottom of the solution kept at room temperature.
It rather resembled to protein precipitation than to the formation of HEWL crystals.
Upon shaking the solution remained turbid. In the refrigerated crystallization solution
no changes were observed even after 14 days.
Due to lack of success another crystallization attempt was made at identical solution
conditions with only slightly higher HEWL concentration (25 mg mL−1 ). This time
crystal growth was investigated only at room temperature. The solution was monitored
every day, but no crystals were present in the solution as long as solvent molecules were
present. On the morning of the fifth day, we noticed that the solvent had completely
evaporated. As can be observed in Figure 4.3, the bottom of the crystallizer was covered
with a thin layer of white solutes and also some relatively large crystals.

Figure 4.3: Crystals that emerged after complete solvent evaporation from a 0.1 M acetate
solution at pH=4.6, containing 25 mg mL−1 of HEWL and 0.7 M NaCl.

By using a clean microspatula and a needle the crystals were gently transferred and
weighed, giving a yield of 123 % when compared to the initial weight of HEWL. To
determine the actual HEWL content in the obtained crystals, we dissolved them again
in the initial buffer and measured the solution absorbance at 280 nm and 25 °C. We
obtained a crystallization yield of only 4 %, thus denoting other components must have
been incorporated into the crystals (salt and buffer molecules).
Instead of optimizing the crystallization conditions in acetate buffer, we rather
proceeded by trying to crystallize HEWL in 0.1 M phosphate buffer at pH=6.8, which
is much closer to the HEWL isoelectric point. We decided to crystallize HEWL in
phosphate solutions under LLPS conditions. The HEWL–phosphate solutions were
prepared in plastic containers and comprised of 90 mg mL−1 HEWL and 0.35 M
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NaCl. The experimentally determined Tcloud for this particular solution was 3.7 °C
[84], therefore we cooled our crystallization solution to roughly -1 °C in a Huber
ministat thermostat. The solution remained incubated under these conditions for 30
minutes. A visual inspection of the solution revealed its extensive turbidity due to
achieved phase separation conditions. As the solution warmed to room temperature it
clarified again.

Figure 4.4: Crystals that emerged after LLPS of HEWL (90 mg mL−1 ) in 0.1 M phosphate
solution at pH=6.8 containing 0.35 M NaCl (left) and 0.16 M NaBr (right).

Crystal growth continued at room temperature, with a slightly perforated lid of the
container to additionally increase the supersaturation of the solution. The crystals
grew after 2 days, still in the presence of solvent, (Figure 4.4) and the UV determined
yield was 35 %. We were curious if any changes would occur by altering the salt identity,
therefore we prepared another solution that contained 0.16 M NaBr instead of 0.35 M
NaCl. To initiate the LLPS, the solution was cooled down to -5 °C (Tcloud = 3.6 °C
[84]), incubated for 30 minutes and then rapidly heated to 30 °C, as this can facilitate
nucleation. Further crystallization took place again at room temperature. In the case
of NaBr the crystallization was more time consuming, as the crystals appeared only
after five days. One can see in Figure 4.4 that the crystals were much larger than in
solutions with NaCl. Although they were rather difficult to transfer, since the crystals
were piled up in large lumps. The spectrophotometrically obtained crystallization yield
was 53 %. To compare the crystallization of HEWL in phosphate and acetate buffer,
we performed the SDS-PAGE of obtained crystals.
In Figure 4.5, column B demonstrates multiple bands in addition to the characteristic
band for HEWL at ≈ 14 kDa, indicating towards a significant amount of impurities
in the stock HEWL solution. From columns A and C one can notice that the amount
of impurities decreased in both phosphate and acetate buffer, respecitevly. However,
when compared with the stock HEWL solution the portion of HEWL in crystals has
significantly reduced in acetate buffer. This observation reveals crystallization of HEWL
in phosphate buffer under LLPS conditions is more favourable than in acetate buffer by
solvent evaporation alone. The yield in the latter case is far too small for the production
of HEWL crystals on a larger scale.
We were further interested in what happens to the quality of crystals, if one moves the
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Figure 4.5: SDS-PAGE of HEWL crystals. 0.1 M phosphate with 90 mg mL−1 HEWL and
0.35 M NaCl at pH=6.8 (column A), stock HEWL in 0.1 M phosphate at pH=6.8 (column
B), 0.1 M acetate with 25 mg mL−1 HEWL and 0.7 M NaCl at pH=4.6 (column C) and the
protein ladder (column D). All samples were diluted to ≈ 1 mg mL−1 .

solution pH closer towards the HEWL pI and at the same time uses a buffer in non-ionic
form. Both conditions could be met by crystallization in 50 mM TRIS buffer solutions.

TRIS 50 mM
pH=7.8

HEWL / mg mL-1

50

NaCl / mol L-1

1.1

Figure 4.6: Crystallization plan in 50 mM TRIS buffer. The frames highlighted with light
green colour illustrate the solution conditions under which the best crystals were obtained.

To save some time, we decided to simultaneously check the influence of several
crystallization parameters. Hence, we prepared a diverse series of HEWL–TRIS
solutions, visible in Figure 4.6, to review the influence of pH, as well as protein and
salt concentration on HEWL crystallization. HEWL was dissolved in TRIS buffer
solutions with a volume of 3 mL and transferred in plastic containers, covered with a
slightly perforated parafilm tape. All the investigated solutions were then placed in
the refrigerator at approximately 8 °C for 2 hours. Solutions including more than 0.7
M NaCl have undergone phase separation under these conditions, since a clear loss of
transparency was observed. Interestingly, not all crystallization solutions clarified
after reheating to room temperature. At both HEWL concentrations containing 1.5 M
NaCl, an insoluble precipitate appeared at the bottom of the solution, suggesting to
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the occurrence of liquid-solid phase separation. After 3 days of crystal growth at room
temperature, we obtained crystals in all solutions with the exception of solutions
containing 1.5 M NaCl, which became milky aggregates during this time. The best
crystals were obtained in TRIS solutions at pH=7.8 comprising of 50 mg mL−1 of
HEWL and 1.1 M NaCl (Figure 4.7).

Figure 4.7: HEWL crystals produced in 50 mM TRIS buffer at pH=7.8 comprising of 50
mg mL−1 of HEWL and 1.1 M NaCl.

The amount of crystals produced in solutions of lower pH and also of lower salt and
HEWL concentrations was much smaller. The obtained crystal yield in the optimal
TRIS buffer solution was 38 %, which is slightly higher than in the case of phosphate
buffer with NaCl and 15 % lower than in phosphate buffer containing NaBr. To decide
which solution will be used for large scale crystal production, we compared the purity
of crystals from the optimal TRIS-NaCl solution with crystals from phosphate-NaBr
solution by SDS-PAGE. Figure 4.8 shows that the initial impurities, though reduced,
persist in crystals from both solutions. However, if one takes a closer look, it becomes
clear that HEWL crystals produced in TRIS buffer contain slightly less impurities than
those in phosphate buffer. Based on these results we finally decided to carry out the
large scale crystallization in the optimal TRIS buffer solution (50 mg mL−1 HEWL and
1.1 M NaCl). The process was identical as mentioned above for other TRIS solutions,
with the exception of crystallization solution volume and type of container. In the case
of this mass production of crystals we employed a large glass crystallizer and filled it
with 50 mL of crystallization solution. Again HEWL crystals emerged within 3 days at
room temperature, after the solution underwent LLPS in the refrigerator. Figure 4.9
displays a substantial amount of delicate HEWL crystals resembling pills packed closely
together. The crystals were carefully collected with a microspatula and gently rinsed
with a precooled overconcentrated saline TRIS solution (50 mM TRIS at pH=7.8 with
2.2 M NaCl at -5 °C) to remove additional impurities on the surface of crystals, as well
as any possible non-crystallized protein molecules.
The amount of obtained HEWL crystals was enough to perform Tcloud measurement in
a single point. We chose to measure it in 0.1 M phosphate buffer at pH=6.8 with the
presence of 0.2 M NaBr. We prepared two 180 mg mL−1 HEWL–phosphate solutions,
one comprising of stock HEWL and the other of HEWL crystals. Prior to measurement
both HEWL–phosphate solutions and the corresponding NaBr–phosphate solution were
prepared and treated as indicated in the methods section 4.1. After a thorough dialysis
of protein solutions the NaBr–HEWL phosphate mixtures were prepared just before
the measurement, which was carried out as described in section 4.1.4.1.
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Figure 4.8: Comparison of crystal purity of HEWL crystals obtained from 50 mM TRIS at
pH=7.8 (50 mg mL−1 HEWL and 1.1 M NaCl) and from 0.1 M phosphate at pH=6.8 (90 mg
mL−1 HEWL and 0.16 M NaBr). All samples were diluted to ≈ 1 mg mL−1 .

Figure 4.9: Large scale production of HEWL crystals in 50 mM TRIS at pH=7.8 with 50
mg mL−1 HEWL and 1.1 M NaCl.

From Figure 4.10 one can notice that the solution containing crystallized HEWL is
only slightly more stable than the stock HEWL solution. The difference in measured
Tcloud is only 0.4 °C, which is well within the experimental error of ±1 °C (based
on two different sets of measurements). This observation suggests that the impurities
present in purchased HEWL powder sample do not have a significant effect on the phase
stability of HEWL solutions. On the basis of this measurement, it was concluded that
crystallization of stock HEWL is not a necessary step for our further phase stability
studies. There is another interesting occurrence, regarding the Tcloud measurement of
these two protein solutions, which led us to an additional experiment.
When the measurement was completed, we did not dispose the two solutions, but rather
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Figure 4.10: Tcloud measurement of 90 mg mL−1 stock and crystallized HEWL in 0.1 M
phosphate buffer at pH=6.8 with 0.2 M NaBr. The determined Tcloud for stock HEWL was
12.3 °C, meanwhile for crystallized HEWL it was 11.9 °C.
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Figure 4.11: Comparison of crystal purity between the recrystallized HEWL in 0.1 M
phosphate buffer at pH=6.8 (90 mg mL−1 HEWL and 0.2 M NaBr) and the once crystallized
HEWL in 50 mM TRIS buffer at pH=7.8 (50 mg mL−1 HEWL and 1.1 M NaCl). Both
samples were diluted to ≈ 1 mg mL−1 .

transferred them into 1.5 mL eppendorf tubes and stored them overnight. Already the
next morning, new HEWL crystals were present in both solutions, which means that a
small amount of 2× crystallized HEWL was obtained. Out of curiosity, we compared
the purity of the recrystallized HEWL in phosphate buffer with its parent crystal from
the large scale TRIS solution. The SDS-PAGE gel in Figure 4.11 evidently shows the
amount of impurities is significantly lower in twice crystallized HEWL. In addition, the
portion of pure HEWL seems to be much higher in the twice crystallized sample. We
further visualized the recrystallized HEWL with a simple optical microscope Olympus
CK40 and noticed crystals in rather orthorhombic form (Figure 4.12).
During the course of our crystallization experiments, we have confirmed that LLPS
promotes the growth of HEWL crystals. This was noticed in TRIS and phosphate
buffer solutions, as a much larger quantity of crystals with higher purity was obtained
than with other methods of supersaturating the protein solution (e.g. solely solvent
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Figure 4.12: A microscopic image of recrystallized HEWL after second LLPS in phosphate
buffer. The crystals are magnified 100×.

evaporation). The occurrence of protein crystals after crossing the coexistence curve was
already exploited for the crystallization of proteins. Several members of the γ crystallin
family were crystallized in a similar manner [175]. As it was aforementioned, the LLPS
is inherently metastable, meaning the emerging protein-rich phase can form protein
crystals. We believe that with the rise of this protein-rich phase, LLPS establishes a
highly supersaturated protein solution in a natural way, thus avoiding the occurrence
of protein aggregation, which commonly happens, if one tries to supersaturate the
solution by conventional methods. This extreme supersaturation achieved with LLPS
(protein concentrations up to 300 mg mL−1 ) in combination with attractive proteinprotein interactions is believed to facilitate the crystal nucleation rate [20]. However, the
exact mechanism by which LLPS enhances crystal growth is still not fully understood.
Frenkel and ten Wolde have studied the free energy barrier to crystal nucleation using
Monte Carlo simulations [133]. They observed a major decrease in the free energy
nucleation barrier near Tcloud , which corresponded to an increase in the nucleation rate
by a factor of 1013 . Their explanation for this high nucleation rate was based on the
significantly decreased interfacial energy, as a consequence of possible wetting of the
crystal nucleus by one of the emerging liquid phases. On the basis of our and other
results it is obvious that obtaining a protein phase diagram, which reveals the area of
LLPS, can considerably improve the chances of successfully crystallizing an unknown
protein, and thus gaining information about its structure and function.

4.2.2

Phase stability of HEWL solutions varies with buffer
identity and NaBr concentration

As mentioned several times, the measurements of cloud point temperature of protein
solutions are not always straightforward. Consequently, the results often differ
considerably between different laboratories, as they depend not only on the quality of
the performed experiment but also on the protein batch. Therefore, it is important to
note that all our measurements were carried out from a single batch of HEWL powder
obtained from Merck.
As we have already stated in section 1.2.3, there are only a few proteins that have a
fully defined phase diagram, and even fewer are those for which recent theoretical
approaches successfully explain their experimentally obtained phase stability. For this
reason, we particularly decided to investigate solutions of HEWL, since it is an easily
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available and thoroughly researched protein, for which current theories provide
promising predictions of its thermodynamic properties and phase stability
[84, 86, 128, 129]. The roots of HEWL date back to 1922 when Alexander Fleming,
while examining the nasal mucus of a patient suffering from common cold, came
across an unusual molecule that could destroy certain bacteria. He called it
"lysozyme". He soon detected its presence in other body fluids such as saliva, tears,
blood serum and even tissues like cartilage. Besides human fluids and tissues, hen egg
white was discovered to be a rich source of lysozyme [176]. To date, HEWL has
become one of the most popular and convenient proteins for researchers around the
globe. HEWL is a single polypeptide chain consisting of 129 amino acids. Its first
structure was postulated by David Chilton Phillips in 1966 [177] and it comprises of
four α-helices and one 310 -helix with five β-sheets. These are linked together by
several β-turns and random coils to complete the HEWL backbone (Figure 4.13). In
addition, it contains four intramolecular disulfide bridges that stabilize the native
conformation [52]. As is often the case with globular proteins, HEWL has all its
ionized amino acids, such as arginine, glutamic acid, lysine, aspartic acid and histidine
(Arg, Glu, Lys, Asp and His) and most of the polar ones (shielded exceptions are
glutamine (Gln) at site 57 and serine (Ser) at 91) allocated throughout its surface,
meanwhile most of the hydrophobic amino acids lie hidden inside the protein.
Nevertheless, some of them are also located on HEWL surface, among which
tryptophan (Trp) residues are particularly pronounced [177].

Figure 4.13: Three-dimensional structure of HEWL visualized by VMD [178] with
emphasized secondary structure: α-helix regions are represented by cylindrical elements, βstrands with arrows and the rest of the molecule with tubes (original structure from PDB:
1aki.pdb [148]). The colouring scheme denotes the nature of surface amino acids at neutral
pH: acidic (red), polar (green), basic (blue) and nonpolar (white).

Proteins dissolved in aqueous solutions are rarely the only species present. Numerous
additives are usually added to protein solutions, primarily buffer molecules, which are
used to regulate the pH of a given solution. Additives of various salts, sugars,
polyethylene glycol and other excipients are also often involved. The interplay of all
species in a protein solution plays a decisive role in governing interparticle
interactions, which further determine the stability and properties of such solutions.
When one e.g. adds simple salts in protein solutions, a rich variety of salt-specific
effects can occur [84, 85]. During our work, we calculated that HEWL in buffer
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solutions at pH=7.0 has a net surface charge of approximately +7, and is therefore
susceptible to binding of anions [57]. It was under such conditions that NaBr and thus
an equal amount of Br− ions were introduced into various HEWL–buffer solutions. By
looking at the Hofmeister’s anion series (see Figure 1.7) one can see that Br− is a
poorly hydrated chaotrope that preferably binds to positively charged regions of
proteins with similar levels of hydration. At pH = 7.0, these regions typically include
positively charged and weakly hydrated surface residues such as Arg, Lys and His [87].
This preferential binding of Br− anions to the protein surface was also present in our
HEWL–buffer solutions. Once the anions occupy the positively charged surface of
HEWL, they effectively screen the repulsive interactions between HEWL molecules
allowing them to more readily approach one another. If the surface charge screening is
sufficient the phase stability of HEWL–buffer solution decreases to such extent that
phase separation occurs. As was already noted in Figure 4.2 of the Materials and
Methods section 4.1, the higher the concentration of present NaBr, the sooner (at
higher temperature) the phase transition results in opacification of the HEWL–buffer
solution upon cooling. This rise in Tcloud with increasing NaBr concentration
illustrates the increase of attractive interactions between HEWL molecules. Similar
observations were found in many other experimental studies, where the effects of
manifold salts on the phase stability of HEWL and other protein solutions were
thoroughly studied at different pH values [26, 33, 84, 85].
However, this is not the whole picture, since most of the studies in the field of phase
stability of protein solutions are carried out only in one buffer solution. Because of this,
there is little known about the effects of buffer identity on phase stability of protein
solutions. Judging by our results, buffer ions are an important driving force in the
phase stability of aqueous HEWL solutions, as we will see below.
We first measured the Tcloud of 10 different 0.1 M buffer solutions containing 90 mg
mL−1 of HEWL, with special emphasis on buffers at pH=7.0, where we performed
additional measurements at 125 mg mL−1 of HEWL. By obtaining the cooling curves
and analyzing them via linear regression, as shown in Figure 4.2, we gained Tcloud
data for each HEWL–buffer solution at every given concentration of NaBr. However,
to ascertain the information about Tcloud in pure HEWL–buffer solutions one would
have to perform same measurements without the presence of salt. Because we were
empirically aware that these temperatures are so low that they are unattainable with
current instruments, we circumvented this by plotting the dependence of Tcloud on the
square-root of NaBr concentration (according to the ion activity coefficients in DebyeHückel theory). The least squares fit to experimentally obtained data for 0.1 M buffers
at pH=7.0 shown in Figure 4.14 (other buffers are in Figure 10.1 of the Appendix),
√
displays a linear dependence of Tcloud on cNaBr . By extrapolating the straight line
of the best fit to zero NaBr concentration, one can obtain the Tcloud for pure HEWL–
buffer solutions. Already from these plots it quickly becomes clear that phase stability
of HEWL evidently depends on the choice of buffer solution. However, the influence of
buffer identity becomes much clearer in Figures 4.15 and 4.16.
Especially the bars shown in Figure 4.15 are particularly staggering, since they show
significant differences between Tcloud values for buffers at an identical pH of 7.0, giving
rise to buffer-specific effects. When one compares Tcloud values at two different
concentrations, one can observe that the solutions more enriched with HEWL
molecules are slightly less stable, as the opacification of these solutions is reached at
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higher temperatures. This result is consistent with the already established course of
the HEWL phase diagram [23]. By examining these values in more detail, we noticed
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Figure 4.15: Tcloud values of 90 and 125 mg mL−1 (γ1 and γ2 , respectively) of HEWL in
pure (cNaBr = 0) 0.1 M buffers at pH=7.0.

that the phase stability of HEWL is the highest in cacodylate buffer. The Tcloud of
HEWL in cacodylate buffer is even slightly lower than for HEWL in acidic buffers,
such as acetate (pH=4.6), glycine and phosphate (both at pH=2.0), which is rather
surprising, since at such low pH values the net surface charge of HEWL is greatly
enhanced (+18) [57]. Consequently, one would expect that strong electrostatic
repulsion would be the predominating interaction between HEWL molecules in such
solutions, therefore delaying the self-association of proteins. At pH=7.0 the high
phase stability of HEWL in cacodylate buffer is soon followed by MOPS and ACES,
which provide very similar conditions for phase separation. Meanwhile, HEWL is
more prone to self-association in HEPES and particularly in phosphate buffer at
pH=7.0, which displays the highest Tcloud value.
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Figure 4.16: Tcloud values of 90 mg mL−1 (γ1 ) of HEWL in different pure (cNaBr = 0) 0.1
M buffers.

From the gathered data in Figures 4.15 and 4.16 one can also see that the phase stability
of HEWL decreases substantially as the pH of the solutions approaches the pI of HEWL
at ≈ 11.3 [179]. This trend is particularly noticeable for HEWL in glycine and phosphate
buffers that were investigated in both acidic and alkaline conditions (pH=2.0 and 9.0).
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The phase stability of HEWL reduces with rising pH due to decreased electrostatic
repulsion between HEWL molecules, since under basic conditions their surface charge
diminishes to around +7 [57]. Such experimental observations were already noticed by
others for other HEWL–buffer solutions [26, 85]. For this reason, we further focused on
the discrepancies in phase stability of HEWL solutions at pH=7.0, where buffers seem
to play an important role and go beyond their classical role of simply determining the
pH of the solution.

4.2.3

Phase separation of HEWL is accompanied by its selfassociation

In order to get a better insight into the events accompanying the cooling of selected
HEWL–buffer solutions at pH=7.0 and to confirm the Tcloud previously measured with
a UV-spectrophotometer, we monitored the phase stability of these solutions via
temperature dependent size measurements with the dynamic light scattering (DLS)
application of Litesizer 500.
Because these measurements are extremely
time-consuming, we could afford to measure individual HEWL–buffer solutions at
only one salt concentration and therefore chose 0.2 M NaBr. Figure 4.17 shows the
temperature dependence of the average size of HEWL molecules in different buffers.
At the beginning of the measurement all the solutions were transparent, even the 0.1
M phosphate solution with 125 mg mL−1 of HEWL that exhibits a lower initial
transmittance in comparison with other HEWL–buffer solutions. Upon cooling the
solutions their transmittance begins to gradually decrease, meanwhile the apparent
size of HEWL molecules slowly starts to grow. However, as the solution undergoes
phase transition one can notice the changes in both transmittance and particle size
become immense. At the Tcloud HEWL molecules start to self-associate and a major
increase in average size was observed, accompanied by an almost instantaneous drop
in solution transmittance. We noticed an identical trend for the influence of HEWL
concentration on the phase stability of HEWL–buffer solutions as with UV, since
solutions containing 125 mg mL−1 of HEWL were slightly less stable than those with
90 mg mL−1 .
Table 4.5: Comparison of Tcloud values of HEWL (at 90 and 125 mg mL−1 ) in 0.1 M buffers
with pH=7.0 and 0.2 M NaBr obtained spectrophotometrically and by DLS.

Buffer
MOPS
HEPES
ACES
Cacodylate
Phosphate

UV90 / °C

DLS90 / °C

UV125 / °C

DLS125 / °C

1.5
3.5
5.0
5.6
11.2

4
4
7
5
12

2.0
4.4
5.1
5.7
11.1

5
5
8
6
12

The comparison of Tcloud data obtained by both methods is shown in Table 4.5 for
both 90 and 125 mg mL−1 . One can see the values obtained by DLS are in relatively
good agreement with spectrophotometrically measured data, since the deviations are
mostly within the experimental errors of measuring a single Tcloud point (±1 °C for UV
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Figure 4.17: Average size of HEWL molecules (full lines) and the corresponding solution
transmittance T (dashed lines) in different 0.1 M buffers at pH=7.0 with 0.2 M NaBr
as a function of temperature. Labels 90 and 125 denote 90 and 125 mg mL−1 of HEWL,
respectively.

and ±1.5 °C for DLS). By looking at the Table 4.5 and Figure 4.17 in more detail, it is
worth noting the interestingly altered order of phase stability of HEWL–buffer solutions
containing 0.2 M NaBr when compared to salt-free HEWL–buffer solutions, pointing
towards a complex interplay of interactions between protein molecules on one side and
buffer and Br− ions on the other. One can notice that phosphate still provides the least
stable solution conditions for HEWL and MOPS remains among the most stable ones,
meanwhile other HEWL–buffer solutions are very close together. Figure 4.17 displays
that upon reaching phase transition of HEWL–buffer solutions the apparent size of
HEWL clusters is the smallest in ACES and MOPS buffers, where associates do not
exceed 200 nm. Meanwhile they reach almost 1 µm in HEPES and almost 3.5 µm in
phosphate buffer. Enormous clusters of over 100 µm were detected in cacodylate buffer,
which is rather surprising due to the overall stability provided by this buffer in salt-free
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HEWL–cacodylate solutions. However, it is important that one stays aware of the main
(probably only) purpose of these values, which is, to give a clear indication of when the
phase separation of HEWL–buffer solutions occurs. This is because once the solutions
undergo LLPS, density fluctuations become so high that trustworthy determination of
HEWL cluster sizes becomes virtually impossible.

4.2.4

Values of B22 and kD are correlated with the phase
stability of HEWL–buffer solutions

We continued by investigating the nature of interactions that are responsible for the
self-association of HEWL molecules, observed above. By measuring the DLS of HEWL–
buffer solutions with a 3D-DLS-SLS cross-correlation spectrometer, we were able to
obtain B22 and kD values of these solutions. Figure 4.18 shows a linear relationship
between HEWL diffusion coefficients and HEWL concentration for all buffers at pH=7.0
(plots for additional buffers are shown in Figure 10.2 of the Appendix).
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Figure 4.18: Least squares fit of the diffusion coefficient dependence on HEWL concentration
in different 0.1 M buffers at pH=7.0 from which respective kD values were obtained. Please
note that HEPES is displayed separately in the inset plot due to being partially fitted also in
the high concentration regime.

A similar trend is observed for the Debye plots in Figure 4.19 (plots for additional
buffers are shown in Figure 10.2 of the Appendix), with an exception of HEPES buffer.
HEPES is the only buffer that exhibits different slope signs when going from a dilute to
concentrated protein regime. We believe this nonlinear behaviour is due to multy-body
interactions. For this reason, in order to obtain B22 values, it was necessary to apply a
high-order virial expansion to the HEWL–HEPES solutions, similar to the one used by
Shi et al. to account for such interactions in solutions of monoclonal antibodies [122].
For the remaining HEWL–buffer solutions in Figures 4.18 and 4.19 the kD and B22 values
were calculated according to well established equations 1.9 and 4.3. Both parameters,
which are able to indicate the nature of interparticle interactions in protein solutions,
are summarized in Table 4.6 for all HEWL–buffer solutions at pH=7.0 (parameters for
other buffer solutions are in Table 10.1 of the Appendix).
The results in Table 4.6 (and also Table 10.1 of the Appendix) show that positive values
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Figure 4.19: Least squares fit of the Debye plot in different 0.1 M buffers at pH=7.0 from
which respective B22 values were obtained. Please note that HEPES is displayed separately
in the inset plot due to being partially fitted also in the high concentration regime.
Table 4.6: List of measured B22 and kD values of HEWL in 0.1 M buffers at pH=7.0.

Buffer

B22 / × 10−4 mol mL g−2

kD / mL g−1

MOPS
Cacodylate
ACES
HEPES
Phosphate

5.9 ± 0.2
3.1 ± 0.2
2.9 ± 0.4
2.0 ± 2.0
-1.2 ± 0.2

11.0 ± 2.0
12.0 ± 1.0
1.6 ± 0.1
13.5 ± 1.0
-7.1 ± 1.0

for both kD and B22 were obtained for all investigated buffers except phosphate at
pH=7.0, indicating towards the presence of repulsive interactions in all HEWL–buffer
solutions aside from phosphate at neutral conditions, where one can notice slightly
attractive interactions between HEWL molecules. As expected, most positive values
for both parameters, pointing towards the highest repulsion between HEWL molecules,
were obtained for HEWL–buffer solutions under acidic conditions (see Table 10.1 of
the Appendix) due to a significantly increased net surface charge of HEWL molecules
under such conditions. The only exception in the group of acidic buffers is phosphate
at pH=2.0, which exhibits slightly less positive values than other buffers at similar
conditions.
Based on the values in Table 4.6 one can quickly see that in spite of the same solution
pH value of 7.0 and even the similar chemical nature of some buffers (ACES, MOPS
and HEPES are all buffers based on sulfonic acid), they still seem to provide relatively
distinct environments for protein-protein interactions. In recent years, due to their
simplicity, measurements of kD often replace the time-consuming determination of
B22 . Numerous studies suggest towards their analogy [106, 118, 121, 173], however
some still favour B22 as a more reliable predictor of protein-protein interactions
[122, 180]. To uncover which parameter is more suitable and to investigate how B22
and kD coincide with the phase stability of HEWL–buffer solutions, we plotted the
Tcloud dependence of both parameters for all HEWL–buffer solutions at pH=7.0.
Figure 4.20 displays a linear correlation of both B22 and kD with the measured phase
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stability of HEWL–buffer solutions. The values of B22 show a smoother linear
relationship with Tcloud than does kD , for which HEPES seems to substantially deviate
from the observed trend. The equation that describes the relationship between B22
and Tcloud for HEWL–buffer solutions at pH=7.0 can be written as:
B22 = −0.1496 · Tcloud + 37.913
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Figure 4.20: Linear correlation between measured B22 (top) and kD (bottom) with Tcloud
values for 90 mg mL−1 of HEWL in 0.1 M buffers at pH=7.0. The straight line was obtained
as a best linear least squares fit to the experimental data.

We were very interested in whether we could use equation 4.5 to predict the B22 values
for the remaining HEWL–buffer solutions that were not taken under scrutiny. From
Table 4.7 one can observe that equation 4.5, despite its quite large uncertainty (≈ 37
%) serves as a reasonable predictor for three of five measured HEWL–buffer solutions.
Satisfying results were obtained for glycine and TRIS buffers in alkaline pH range and
for phosphate at pH=2.0. However, it considerably failed to foretell the B22 of more
stable HEWL–buffer solutions, such as acetate and glycine under acidic conditions.
In spite of everything, Figure 4.20 delivers a clear message that both B22 and kD values
are decreasing with increasing Tcloud , indicating towards an increase in the amount of
attractive interactions between HEWL molecules. This observation is consistent with
the expectation that more attractive interactions between protein molecules will result
in earlier destabilization (at higher temperature) of HEWL–buffer solutions as they
undergo cooling.
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Table 4.7: Comparison of B22 values predicted with equation 4.5 with actually measured
B22 values of different 0.1 M buffers.
Buffer
Glycine pH=2.0
Phosphate pH=2.0
Acetate pH=4.6
TRIS pH=8.8
Glycine pH=9.0

4.2.5

Predicted B22 / × 10−4 mol mL g−2
3.8 ± 1.0
4.0 ± 2.0
4.3 ± 2.0
0.8 ± 0.3
1.0 ± 0.4

Measured B22 / × 10−4 mol mL g−2
10.4 ± 1.0
5.5 ± 0.1
9.4 ± 0.3
2.4 ± 1.0
0.8 ± 0.2

Theoretical parameters are buffer-specific and
qualitatively predict HEWL–buffer coxistence curves

We wanted to resolve the role of different buffers at pH=7.0 on the phase stability of
HEWL–buffer solutions, so we made use of a simple model within the framework of
Wertheim’s TPT1. In addition, we were interested in how the theoretical parameters
of a simple model depend on buffer identity at pH=7.0 and whether we could, based
on them, construct the coexistence curves of investigated HEWL–buffer solutions. As
mentioned in section 4.1 (Methods and Materials) the model used consists of five
parameters, of which four were fixed for all HEWL–buffer solutions, as already shown
in Table 4.4. These include the protein diameter σ, the corresponding protein
molecular weight M2 , the square-well potential range ω, and M as the number of
equivalent binding sites on the spherical surface of the protein. The last parameter,
which was found to be buffer-identity specific, is the square-well potential depth ε.
Initially, we started the modelling of our HEWL–buffer solutions with the values of
parameters used in a previous study of our research group [86]. It turned out, only the
ε values had to be appropriately adjusted to obtain the best fit with the experimentally
obtained Tcloud values of different HEWL–buffer solutions at pH=7.0, extrapolated to
cNaBr = 0 for two HEWL concentrations (90 and 125 mg mL−1 ). The optimal values of
ε are shown in Table 4.8.
Table 4.8: The adjusted values of square-well potential depth in different 0.1 M buffers and
0.2 M ACES at pH=7.0, of which constructed coexistence curves provide the best fit with
experimentally obtained Tcloud values.

Buffer
Phosphate
HEPES
ACES
MOPS
Cacodylate
0.2 M ACES

ε/kB / K
2261
2143.5
2039
1999.5
1938
2073.5

During our modeling we noticed that the constructed coexistence curve of the phase
diagram is very sensitive to changes of the parameter σ. It is known that buffer
molecules can alter the apparent size of proteins, therefore we were curious whether
they could affect the actual size of HEWL in our aqueous solutions, as well [97]. To
gain information about the size of HEWL in investigated 0.1 M buffers at pH=7.0, we
extrapolated the measured diffusion coefficients in the low protein concentration
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regime to infinite dilution of HEWL. In this way, we could acquire the self-diffusion
coefficient of HEWL at infinite dilution D0 , which is needed to calculate the Rh values
of HEWL by using the Stokes-Einstein relation, described with equation 1.8. The
determined radii are gathered in Table 4.9.
Table 4.9: Hydrodynamic radius, Rh , of HEWL in different 0.1 M buffers at pH=7.0, based
on the extrapolation of diffusion coefficients of HEWL in the low concentration range to infinte
protein dilution.

Buffer
Cacodylate
ACES
Phosphate
MOPS
HEPES

Rh / nm
2.29
2.16
2.14
2.14
2.06

±
±
±
±
±

0.02
0.01
0.02
0.04
0.03

The values in Table 4.9 clearly show that buffer molecules in our HEWL–buffer
solutions do not substantially influence the size of HEWL, since one can observe
almost no differences between various buffer solutions. For this reason, we did not
change the initial value of the particle size parameter σ, as it already provided the
optimal fitting conditions to our experimental results. Hereafter, we were able to
construct the coexistence curves of all investigated HEWL–buffer solutions and thus
predict the LLPS part of the thermodynamic phase diagram of HEWL in different 0.1
M buffer solutions at pH=7.0.
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Figure 4.21: Comparison of constructed coexistence curves of the phase diagrams of HEWL
in different 0.1 M buffers at pH=7.0 with experimentally obtained Tcloud values extrapolated
to cNaBr = 0.

Figure 4.21 shows the calculated coexistence curves are in good agreement with the
two experimentally obtained Tcloud values for each pure HEWL–buffer solution at
pH=7.0. From these LLPS predictions for HEWL in selected buffers, we can now even
more clearly observe that the phase stability of HEWL is strongly dependent on the
identity of the buffer. In our opinion, it is the changeable square-well depth
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parameter, ε, that could explain this variability in phase stability of HEWL–buffer
solutions, since its unravelled buffer-specificity could reflect the influence of buffer
molecules on effective protein-protein interactions. To further determine how buffer
molecules affect the phase stability of aqueous HEWL solutions, we were interested in
whether the used buffers may act as a crowding agent. To verify this, we repeated the
measurements of phase stability of HEWL at both concentrations (90 and 125 mg
mL−1 ) in a more concentrated 0.2 M ACES buffer at pH=7.0.
During the
measurement, we noticed a slightly higher stability of each individual solution in the
case of HEWL in 0.2 M ACES, when compared to its stability in 0.1 M ACES at
identical concentrations of NaBr. At first glance, we abandoned the thought on the
effects of molecular crowding, as these results suggest competition between ACES and
Br− anions for binding to the positively charged surface of HEWL molecules, since an
increased amount of ACES anions (due to higher concentration) in 0.2 M solutions
could displace the binding of Br− anions to a greater extent. In general, the Br−
anions provide a much greater screening of electrostatic repulsive forces, meaning their
displacement could, in principle, increase the phase stability of HEWL in 0.2 M ACES
buffer solutions containing different concentrations of NaBr. Then we performed the
√
linear least squares fitting to the obtained Tcloud dependence on cNaBr for the 0.2 M
ACES buffer. The extrapolation of the best fit to infinite NaBr dilution for both
concentrations of HEWL is shown in Figure 4.22.
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By doing this, we were able to obtain the Tcloud of HEWL in pure 0.2 M ACES buffer
at both protein concentrations and compare them with the Tcloud values in pure 0.1 M
ACES buffer. In contrast to individual NaBr-containing solutions, we observed that
the phase stability of HEWL in pure 0.2 M ACES solutions is lower compared to that
in pure 0.1 M ACES solutions, which is clearly confirmed by the higher Tcloud values
in 0.2 M ACES solutions at both concentrations of HEWL (Figure 4.23). The
discrepancy in phase stability of HEWL in both ACES buffers is additionally
highlighted by the constructed coexistence curves in Figure 4.24. We believe that at
higher concentrations of ACES buffer, the portion of ACES anions bound to the
surface of HEWL is higher, giving rise to greater screening of repulsive protein-protein
interactions that consequently lead to reduced phase stability of HEWL in 0.2 M
ACES solution. This substantiates our presumption that besides Br− ions, buffer ions
are also prone to bind to the positively charged surface of HEWL and thus decrease
the repulsive interactions between protein molecules, permitting them to self-associate
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more readily, e.g. increasing the Tcloud (as shown in Figure 4.23).
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Figure 4.23: Comparison of determined Tcloud values of HEWL at γ1 = 90 mg mL−1 and
γ2 = 125 mg mL−1 in pure ACES buffers of different ionic strength at pH=7.0.
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Figure 4.24: Comparison of calculated LLPS curves of HEWL in ACES buffers of different
ionic strength.

As it was aforementioned, the square-well potential depth parameter, ε, was discovered
to be dependent on the choice of buffer (see Table 4.8). Based on the model and
the observed dependences of Tcloud on the concentration of NaBr, we propose that one
increases the effective interaction between proteins by adding NaBr to the solution
according to the following equation:
√
ε/kB = a csalt + b ,
(4.6)
where a is the so-called salt factor, which was already previously recognized by our
research group as an ion-specific parameter [84]. Meanwhile, csalt represents the
concentration of added salt and b denotes the energy between proteins in the absence
of salt ions. The latter parameter was of our particular interest, since it describes the
effective protein-protein interactions in pure buffer solutions, for which the upper
equation reduces to the following expression:
ε/kB = b .

(4.7)
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If the buffers are to modulate the phase stability of HEWL solutions, then we presume
that at such solution conditions (csalt = 0) the energy between proteins should be also
buffer dependent.
To ascertain this, we made use of our model and investigated whether the theoretical
parameter b is somewhat correlated with buffer identity. At first, we used the
Wertheim’s TPT1 to obtain ε values corresponding to the best description of
measured Tcloud in the individual HEWL–buffer solutions containing different amounts
√
of NaBr. Once the ε values were known, we plotted their dependence on the cNaBr
and carried out a linear least squares fit (according to equation 4.6). Figure 4.25
displays the application of equation 4.6 to all HEWL solutions in 0.1 M buffers at
pH=7.0. We obtained a relatively good fit with the theoretically obtained points,
which allowed us to quite accurately determine parameters a and b, which are shown
in Table 4.10.
Table 4.10: Salt factor, a, and square-well potential depth at infinite salt dilution, b, for 90
and 125 mg mL−1 of HEWL in different 0.1 M buffers at pH=7.0.

Buffer

a90 / K L1/2 mol−1/2

a125 / K L1/2 mol−1/2

Phosphate
HEPES
ACES
MOPS
Cacodylate

530 ± 30
650 ± 20
880 ± 50
930 ± 20
1110 ± 50

460 ± 5
610 ± 50
840 ± 50
850 ± 50
1070 ± 80

b90 / K
2250
2140
2040
1990
1940

±
±
±
±
±

10
10
20
10
20

b125 / K
2266 ± 2
2140 ± 30
2040 ± 30
2010 ± 20
1940 ± 40

From Table 4.10 it is evident that neither parameter a or b do not meaningfully differ
with the concentration of HEWL. On the other hand, both parameters seem to be highly
dependent on the choice of buffer solution. We have noticed that parameters b are
consistent with both experimental measurements, as well as predicted LLPS conditions
of HEWL, since the highest values of b, indicating strongest attractive forces between
proteins in the absence of salt, were obtained for phosphate that exhibited the lowest
phase stability of HEWL. While the lowest values of b, denoting strongest repulsion
between proteins in the absence of salt, were determined for cacodylate, in which HEWL
was shown to be least prone to phase separation. Although one would at first expect
the salt specific parameter a to be buffer independent, Table 4.10 shows an evident
correlation with parameter b, which is directly related to pure buffer solutions (csalt = 0).
As both parameters a and b appear to be independent of HEWL concentration, we
calculated the average parameters <a> and <b> from both HEWL concentrations in
Table 4.10 and investigated their mutual relationship.
Figure 4.26 clearly shows that as parameter <b> increases, the values of parameter
<a> decrease. In other words, an augmented amount of buffer ions on the surface of
HEWL reduces the influence of Br− on the value of ε/kB , which describes the energy
between two proteins. This result supports our view that competition between salt and
buffer anions for binding to the surface of HEWL molecules dictates the phase stability
of individual HEWL–buffer solutions at different concentrations of NaBr. To further
verify this observation, we also calculated the parameters a and b for HEWL in 0.2 M
ACES at pH=7.0 (Figure 10.3 of the Appendix) and compared them with the ones for
HEWL in 0.1 M ACES (Table 4.11).
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Figure 4.25: Least squares fit of theoretically obtained dependence of ε on
0.1 M buffers at pH=7.0 for two concentrations of HEWL.
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The comparison of parameter values in Table 4.11 further strengthens our belief that
in addition to salt, buffer ions also shade the repulsive interactions between protein
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Figure 4.26: Correlations between the average salt specific parameter <a> and the average
square-well potential depth at infinite salt dilution <b>.
Table 4.11: Comparison of salt-specific factor, a, and square-well potential depth at
infinite salt dilution, b, between ACES buffers of different concentration at pH=7.0 for two
concentrations of HEWL.
Buffer concentration / M

a90 / K L1/2 mol−1/2

a125 / K L1/2 mol−1/2

b90 / K

b125 / K

0.1
0.2

880 ± 50
770 ± 30

840 ± 50
730 ± 30

2040 ± 20
2070 ± 20

2040 ± 30
2080 ± 20

molecules. One can notice that as the concentration of ACES molecules increases,
parameter b also rises, indicating towards stronger attraction between HEWL molecules,
while at the same time the salt-specific parameter a decreases, since an additional
amount of Br− anions gets displaced by ACES anions. In our opinion, the picture
should be very similar for the rest of the buffers at pH=7.0, since they already produce
a certain amount of anions under such solution conditions (pKa below or close to 7
[181]), which is especially pronounced for phosphate buffer that yields HPO2−
and
4
−
H2 PO4 ions. Since the most probable binding sites for buffer anions are represented by
positively charged Arg, Lys and His residues on HEWL surface, the proposed HEWL–
buffer interactions are predominantly electrostatic. Therefore, the degree of affinity of
buffer ions to HEWL surface should be determined by their surface charge density, σq .
One would of course expect that a higher ion σq would lead to a greater binding affinity
towards the positive residues on HEWL surface.
To ascertain if there are any correlations between <b> and σq of buffer ions, we first
had to calculate the ion surface area, Aion , of respective buffers, using the Spartan14
software [174]. The obtained values are collected in Table 4.12.
Hereafter, we were able to determine the σq , with the well established relation:
σq =

q · e0
,
Aion

(4.8)

where q is the ion charge, e0 is the elementary charge and Aion is the aforementioned
ion surface area.
Figure 4.27 demonstrates that the correlation of the buffer dependent parameter <b>
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Table 4.12: Calculated surface area, Aion , of investigated buffer ions at pH=7.0. Note that
−
2
2
for phosphate anions an average size of both HPO2−
4 (88 Å ) and H2 PO4 (92 Å ) was taken
into account.

Buffer ion

Aion / Å2

HEPES−
MOPS−
ACES−
Cacodylate−
Phosphate−

254
222
179
122
90

2300

<b> / K

2200

2100

ACES−
MOPS−
HEPES−

2000

Cacodylate−
Phosphate−
Fit

1900
−0.4

−0.3

−0.2
σq / C m−2

−0.1

0

Figure 4.27: Correlations between the average square-well potential depth at infinite salt
dilution, <b>, and the surface charge density, σq , of participating buffer anions. The straight
line was obtained with a best linear least squares fit to the calculated data and serves to guide
the eye.

with σq is in good agreement with our hypothesis for the case of phosphate buffer,
since it has the most negative σq and at the same time the highest average energy of
attraction between HEWL molecules at infinite salt dilution. This result suggests
−
phosphate anions (HPO2−
4 slightly more than H2 PO4 due to more negative σq ) have
the highest tendency to bind to the surface of HEWL molecules through electrostatic
interactions. To compare the binding ability of phosphate ions with Br− , we
calculated also the σq of Br− . To acquire the surface area of Br− via classic expression
of 4πr2 , we took the crystallographic radius of Br− , which was 0.195 nm [182]. Then
σq of Br− was calculated to be -0.335 C m−2 , which is very close to the value obtained
−2
for HPO2−
4 with -0.363 C m , therefore pointing towards strong binding competition
between these ions. Due to much lower σq of the remaining buffer ions at pH=7.0, it is
very difficult to make any straightforward conclusions on their correlations between
<b> and σq . Nevertheless, the results still appear to be somewhat reasonable for
MOPS and ACES, which have already previously demonstrated very alike phase
stability of HEWL. On the other hand, much larger deviations are observed for
cacodylate and HEPES buffer ions, therefore we can not completely assure what is
their actual mechanism of stabilisation (in case of cacodylate) and destabilisation (in
case of HEPES) of HEWL. Their interactions do not necessarily involve interactions
with positively charged residues on the surface of HEWL, since it is also possible that
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cacodylate and HEPES bind to previously uncharged regions of HEWL and alter its
stability, as this was already observed for other combinations of buffers and proteins
[97]. Nevertheless, our proposed competition between buffer and salt anions was
already observed by Cugia et al. [98], who studied the electrophoretic mobility of
HEWL in different buffers at pH=7.15. In addition, Roberts et al. [99] also proved
that σq and electrostatic interactions play an important role in ion binding to the
surface of monoclonal antibodies. However, one must be aware that sometimes the
effects of buffers on the stability of proteins are rather unclear and thus, in many
studies, their actual role of (de)stabilisation remains elusive or simply overlooked
[96, 97]. We conclude that despite the fact that σq of Br− is much more negative than
the ones observed for ACES, MOPS, HEPES and cacodylate ions, these buffers have
still shown to play an important role in governing protein-protein interactions and
consequently altered the phase stability of HEWL–buffer solutions at pH=7.0.
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5

In vitro fibrillization of HEWL

The world population is still growing and almost every country throughout the world
is confronted with a substantial increase in proportion of seniors among their
inhabitants. Although cardiovascular diseases and cancer are still the main cause of
death, age-related neurodegenerative disorders present a growing threat to mankind.
As it was aforementioned in section 1.2.4, amyloid plaques that lead to pathological
conditions in neuronal cells are usually associated with the fibrillization of
disease-related proteins. Many studies have taken the formation of protein fibrils
under scrutiny, with investigations spanning over diverse solution conditions as
described in section 1.2.4. However, they are all performed in absence of an important
phenomena capable of occurring in biological solutions – buffer-specific effects. In this
part of our work we focused on the fibrillization of HEWL in aqueous solutions of
diverse buffers (glycine, phosphate, KCl-HCl, acetate, cacodylate, HEPES, TRIS) in
both acidic and alkaline environment. This type of protein aggregation is very
interesting as it can occur also due to the LLPS phenomenon. By implementing
circular dichroism (CD)-spectroscopy, UV-Vis and fluorescence measurements we have
managed to systematically identify the multiform influence of the buffers used on the
formation of amyloid fibrils in aqueous solutions of HEWL. The results in this chapter
are partially reproduced from our published article in Biomolecules: Sandi Brudar and
Barbara Hribar-Lee The Role of Buffers in Wild-Type HEWL Amyloid Fibril
Formation Mechanism [57] with some additional unpublished data. All supporting
findings are located in chapter 10 (Appendix).

5.1
5.1.1

Materials and Methods
Materials

HEWL, NaH2 PO4 ·2H2 O, glycine, KH2 PO4 , NaCl, NaOH, CH3 COOH and HCl were
purchased from Merck (Darmstadt, Germany). TRIS, cacodylic acid, thioflavin T,
Congo red, HEPES and polyethylene glycol (PEG) (Mw = 12,000 g mol−1 ) were
bought from Sigma-Aldrich (St. Louis, MI, USA). 8-anilinonaphthalene-1-sulfonic
acid ammonium salt (8,1-ANS NH4 -salt) was obtained from Fluka-Biochemika
(Buchs, Switzerland) and anhydrous Na2 HPO4 from Chem-Lab (Zedelgem, Belgium).
Membrane filters were purchased from Sartorius (Göttingen, Germany).

5 In vitro fibrillization of HEWL

74

5.1.2

Preparation of fibrils

The medium for HEWL fibril growth is represented by a range of diverse buffers noted
in Table 5.1. Therefore, before each experiment series we firstly prepared all necessary
buffer solutions with different ionic strength. Buffer pH was measured with an Iskra
pH meter (Ljubljana, Slovenia) equipped with a combined glass microelectrode of type
InLab 423 from Mettler Toledo (Schwerzenbach, Switzerland). The pH values were
determined and, if necessary, adjusted to a desired value with 1 M NaOH or HCl.
Afterwards they were filtered through 0.45 µm filter pores and stored at 4 °C prior
usage. HEWL was dissolved in chosen buffers to reach a final concentration of 14.3
mg mL−1 , which was determined spectrophotometrically with a Cary 100 Bio UV-Vis
spectrophotometer (Varian, Australia) by using the HEWL extinction coefficient of 2.64
mL mg−1 cm−1 at 280 nm and 25 °C [171]. We measured the pH of obtained HEWL–
buffer solutions and deviations from pure buffer solutions pH were always within ±0.1.
We then divided the HEWL–buffer solutions into two 1.5 mL eppendorf tubes (1 mL
filled) and sealed their caps tightly with several layers of parafilm tape. Hereafter, both
sample tubes were incubated at 37 °C, one under agitated and the other under static
conditions. Agitation was maintained by a Sanyo orbital incubator (Osaka, Japan) at
130 rpm for 7 days. Meanwhile, samples under static conditions were immersed into
a Huber thermostated water bath for 15 days (Offenburg, Germany). Fresh HEWL–
buffer solutions, serving as control samples, were prepared on the day of agitated sample
analysis.
Table 5.1: The composition of used 0.5 M buffers for investigating the fibrillization of HEWL.
Weighed chemicals were first thoroughly dissolved in approximately 0.25 L of milli-Q water.
Afterwards, the pH of solutions was adjusted with 1 M NaOH or 1 M HCl to obtain desired
values. The solutions were transferred into 0.5 L volumetric flasks and milli-Q water was
added up to the mark. Note that later some buffers were also used at 0.1 and 0.25 M ionic
strength, which means these masses were adequately adjusted.

Buffer

pH

Ingredients

Phosphate

2.0

29.421 g of Na2 HPO4 + 39.839 g of KH2 PO4

KCl-HCl

2.0

18.637 g of KCl

Glycine

2.0, 3.0, 9.0, 10.0

18.767 g of glycine

Acetate

4.5

250 mL of 1 M CH3 COOH + 8.87 mL of 10 M NaOH

Phosphate

7.0

16.382 g of NaH2 PO4 + 20.584 g of Na2 HPO4

Cacodylate

7.0

34.5 g of cacodylic acid

HEPES

7.0

59.574 g of HEPES

TRIS

7.0, 7.5, 8.0, 9.0

30.285 g of TRIS

5.1.3

CD spectroscopy

As it was explained in section 1.2.4 the amyloid fibrils in protein solutions
preferentially adopt the antiparallel β-sheet conformation and are thus detectable by
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CD measurements.
Investigations of secondary structure composition of
HEWL–buffer solutions were carried out in the far-UV range (190 to 260 nm) with a
Jasco J-1500 CD spectrometer (Tokio, Japan). Firstly, the corresponding buffer
solutions were diluted to 10 mM concentration to avoid their absorption in the far-UV
field. By using these buffers we subsequently diluted the HEWL–buffer solutions.
Fresh HEWL–buffer solutions were diluted to 0.3 mg mL−1 , meanwhile agitated and
static samples to 0.25 mg mL−1 . Samples were thoroughly mixed and transported in a
quartz cuvette with 0.1 cm path length. The step resolution was 1 nm with a
scanning speed of 20 nm min−1 and an 8 second data integration time. CD spectra
acquired in this way were presented as mean residue ellipticity [θ], which can be
obtained with the following equation:
[θ] =

θ · 0.001 · M0
,
γ·l

(5.1)

where θ represents the measured ellipticity in milli-degrees, l is the path length in cm
and γ denotes the protein concentration in mg mL−1 . Meanwhile, M0 represents mean
residue mass that can be expressed as M0 = M2 /(N − 1), where N is the number of
amino acids composing the protein (N=129 for HEWL) and M2 = 14.3 kDa for HEWL
[148, 183]. The calculated value of M0 for HEWL is 111.718 × 103 mg mol−1 . The
secondary structure content was estimated using the web server Beta Structure Selection
(BeStSel) [184].

5.1.4

Amyloidophilic dye measurements

There are two well established amyloidophilic dyes for in vitro detection of amyloid
fibrils, namely a benzothiazole salt thioflavin T (ThT) and an azo dye Congo red
(CR). ThT was first used for amyloid detection in tissues in 1959 and is nowadays
considered as the "golden standard" for amyloid detection in both in vitro and in vivo
conditions. Its greatest advantage compared to other amyloid specific dyes (e.g. CR)
is its capability to detect protein fibrillization in situ, as ThT does not disrupt the
pre-fibrillar structures nor disassembles the mature fibrils. As ThT is a fluorescent
dye one can exploit its photophysical changes upon binding to amyloid fibrils for their
unveiling. These changes are reflected in its excitation maximum shift from 385 nm
to 450 nm and its enhanced emission intensity at around 485 nm [64, 185]. For the
purpose of our study buffer solutions containing 100 µM HEWL were incubated for 5
min with 50 µM ThT and transported into a 1 cm four-side polished quartz cuvette.
After excitation at 450 nm fluorescence emission spectra were measured from 460 to 560
nm with a scanning speed of 100 nm min−1 on a PerkinElmer fluorescence spectrometer
LS55 (Massachusetts, USA). Measurements were performed in accumulation mode, thus
producing final emission spectra as an average of 25 scans.
On the other hand CR dye enables the detection of amyloid fibrils via absorption
spectroscopy measurements.
When dissolved in aqueous solutions CR has an
absorption maximum at 490 nm, however, binding to amyloid fibrils causes a red shift
in its maximum absorbance wavelength towards 540 nm and/or amplifies the sample
absorbance [65]. To confirm the presence of HEWL fibrils 10 µM CR aqueous
solutions were mixed with 20 µM fresh, static and agitated HEWL–buffer solutions at
1:1 (CR:protein) ratio. Upon mixing the solutions were incubated for 30 min at room
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temperature and transported into black-walled quartz cuvettes with a path length of 1
cm. Absorption spectra were collected from 700 to 360 nm on a Cary 100 Bio UV-Vis
spectrophotometer (Varian, Australia), with a scanning speed of 100 nm min−1 and a
resolution of 1 nm.
8,1-ANS NH4 salt (hereafter simply noted as ANS), another fluorescent, although
non-amyloidophilic dye, was used to predict the propensity for fresh HEWL
fibrillization in different buffers by uncovering the amount of exposed hydrophobic
patches on HEWL surface. The specific binding of ANS to such patches increases its
fluorescence intensity at 480 nm [186]. To ascertain the hydrophobic regions in fresh
HEWL–buffer solutions we prepared mixtures of 50 µM HEWL and 200 µM ANS and
transported them into a 1 cm four-side polished quartz cuvette. After sample
excitation at 380 nm fluorescence emission spectra were recorded from 400 to 600 nm
with a scanning speed of 100 nm min−1 again on a PerkinElmer fluorescence
spectrometer LS55 (Massachusetts, USA). Measurements were carried out in
accumulation mode with final emission spectra representing the average of 25
successive scans. For both ThT and ANS measurements corresponding buffer
baselines were subtracted from raw spectra.

5.1.5

Differential scanning calorimetry (DSC)

DSC is a thermoanalytical technique primarily used to study the thermodynamics of
conformational changes, stability and interactions of biological macromolecules. DSC
measures the exchanges of heat accompanying such processes. Obtained heat capacity
changes of thermally triggered protein denaturation provide a useful insight into changes
of protein primary structure, their hydration properties and also potential non-covalent
interactions of protein secondary and tertiary structure [187]. The measurement result
is a thermogram, which represents the dependence of ∆Cp (difference between the
partial molar heat capacity of (bio)macromolecule and partial molar heat capacity of
its native state) on temperature. We obtained our fresh HEWL thermograms using a
TA Instruments Nano DSC II (New Castle, USA). HEWL–buffer solutions were diluted
with suitable buffer solutions to a final HEWL concentration of 3 mg mL−1 . HEWL–
buffer and pure buffer solutions were thoroughly degassed for 15 min prior injection into
DSC cells. Thermally induced HEWL denaturation was performed within a heating
range from 20 to 95 °C with a heating rate of 2 °C min−1 . Acquired raw data was
analyzed with NanoAnalyze software, where appropriate buffer-buffer (baseline) scans
were subtracted from HEWL–buffer data. The final thermograms were normalized to
total HEWL concentration.

5.1.6

YASARA computational tool

As it was aforementioned the net surface charge of protein molecules plays an important
role in governing protein-protein interactions. In our HEWL–buffer solutions the net
surface charge of HEWL is determined by buffer pH values. To calculate its approximate
values we downloaded the HEWL PDB structure 1aki.pdb [148] and analyzed it with
YASARA [188]. YASARA is a molecular graphics program that enables modelling and
simulations of biomacromolecules. The surface charge analysis at different pH values

5.2 Results and discussion

77

(2.0, 3.0, 4.5, 7.0, 7.5, 8.0, 9.0 and 10.0) was performed using the AMBER14 force field
[189].

5.2
5.2.1

Results and discussion
Buffer identity affects HEWL native structure and
thermal stability

The fibrillization of HEWL in our study took place in acidic and alkaline conditions
(from pH=2.0 to 9.0), and since HEWL has its pI ≈11.3, the protein molecules were
positively charged in all buffer solutions [179]. Net surface protein charge can have a
substantial impact on protein-protein interactions, therefore its values for HEWL at all
pH values of used buffers were calculated with YASARA and are gathered in Table 5.2.
Table 5.2: Net surface charge of HEWL molecules as calculated with YASARA by using
AMBER14 force field with amino acids (AA) listed based on their charge at certain pH.

pH
2.0
3.0
4.5
7.0
7.5
8.0
9.0
10.0

Net charge
+18.0
+18.0
+8.0
+7.0
+7.0
+7.0
+7.0
+7.0

Positive

AA charge

11 Arg, 6 Lys, 1 His

11 Arg, 6 Lys

Negative
/
/
7 Asp, 2 Glu, 1 Leu

7 Asp, 2 Glu, 1 Leu

One can observe the net surface charge is highly positive (+18) in acidic conditions
(pH=2.0 and 3.0), and significantly drops to +8.0 already at pH=4.5. It further reduces
to +7 at neutral conditions and remains constant until pH=10.0, which is the highest
buffer pH we used. Beyond that pH the protein unfolds irreversibly.
We firstly analyzed fresh HEWL–buffer solutions for which we anticipated no
fibrillization of HEWL. Obtained CD spectra of HEWL in glycine (Figure 5.1) and all
other buffers (CD-spectra for other buffers are shown in Figure 10.4 of the Appendix)
confirmed our hypothesis, as no higher amount of β-sheet secondary structure can be
observed in any of investigated HEWL–buffer solutions.
With HEWL–glycine
solutions we were able to study HEWL conformational changes in both acidic and
basic conditions, as shown in Figure 5.1. Although no HEWL fibrils were formed it is
clear that the bands at 208 and 222 nm, characteristic for α-helix [183], slightly
differentiate with both, buffer pH and ionic strength.
We noticed a decrease in negative [θ] signal with rising glycine buffer ionic strength
that denotes a reduction in secondary structure content. This trend appeared to be
most prominent at pH=9.0. Such findings were also made by others using FTIR and CD
measurements, which demonstrated smaller amounts of secondary structure elements at
high buffer content [190]. To ascertain if these changes are influenced by buffer identity,
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Figure 5.1: CD spectra of fresh HEWL–glycine solutions at different glycine pH and ionic
strength (0.25 M–left and 0.5 M–right).

we compared the [θ] changes at 208 nm in glycine with other buffers at identical acidic
(KCl-HCl) and alkaline (TRIS) conditions seen in Figure 5.2.
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Figure 5.2: The comparison of [θ] values at 208 nm for glycine with those observed for
KCl-HCl with pH=2.0 (left) and TRIS with pH=9.0 (right) at two different ionic strengths.
The experimental error was estimated from two different sets of CD measurements to be 1.5
%.

The bands in Figure 5.2 for TRIS and KCl-HCl display much smaller changes in
secondary structure content due to increasing ionic strength, with KCl-HCl even
showing a slight rise in secondary structure content at 0.5 M concentration. These
findings point towards a lesser conformational stability of HEWL in glycine solutions.
In order to quantitatively substantiate our observations on HEWL secondary
structure content changes, we made use of an online server BeStSel [184]. This server
was specially designed to discern between parallel and antiparallel β-sheet structures,
with the latter being characteristic for amyloid fibrils. The estimated values of fresh
HEWL secondary structure composition in different buffers are given in Table 5.3.
From these data one can comprehend there are no major discrepancies in secondary
structure content of fresh HEWL in different buffer solutions. Nevertheless, when
examined in detail, it is evident that the proportion of individual structures changes
to some extent with both pH, ionic strength and, surprisingly, the identity of the
buffer. For example, if we look at the content of the fibrils relevant antiparallel
β-sheet, we can percieve that its proportion rises with increasing pH and buffer
concentration. Moreover, HEWL seems to contain slightly more antiparallel β-sheet in
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KCl-HCl and TRIS solutions than in glycine buffer at identical solution conditions
(ionic strength, pH and temperature).
Table 5.3: Estimated secondary structure content (%) of fresh HEWL in different buffer
solutions. The calculation error was estimated from two different sets of measurements to be
±2 %.
Buffer

α-Helix

Antiparallel β-sheet

Parallel β-sheet

β-Turn

0.25 M glycine, pH=2.0
0.5 M glycine, pH=2.0
0.25 M glycine, pH=3.0
0.5 M glycine, pH=3.0
0.25 M glycine, pH=9.0
0.5 M glycine, pH=9.0
0.25 M glycine, pH=10.0
0.5 M glycine, pH=10.0

29
24
28
23
30
28
31
28

8
12
9
15
10
11
12
14

3
3
2
4
1
4
1
2

11
16
10
13
11
15
13
18

0.1 M KCl-HCl, pH=2.0
0.25 M KCl-HCl, pH=2.0
0.5 M KCl-HCl, pH=2.0

24
24
23

11
15
12

3
3
2

16
15
15

0.5 M Phosphate, pH=2.0
0.5 M Phosphate, pH=7.0

30
25

7
11

2
4

15
16

0.25 M TRIS, pH=7.0
0.5 M TRIS, pH=7.0
0.25 M TRIS, pH=7.5
0.5 M TRIS, pH=7.5
0.25 M TRIS, pH=8.0
0.5 M TRIS, pH=8.0
0.25 M TRIS, pH=9.0
0.5 M TRIS, pH=9.0

28
24
29
25
29
25
30
31

10
12
10
9
14
10
14
13

1
5
1
4
3
5
0
2

11
14
13
16
14
15
14
17

0.25 M cacodylate, pH=7.0
0.5 M cacodylate, pH=7.0

24
27

13
15

5
2

16
16

Another important aspect that determines a protein’s propensity for fibrillization is
the hydrophobicity of its surface. To ascertain the extent of hydrophobicity of HEWL
surface, we measured the emission fluorescence of ANS, an extrinsic dye, of which
fluorescence properties are highly dependent on binding to proteins. The accepted
binding mechanism mostly involves interactions with hydrophobic protein regions and
also electrostatic ones. This changes the polarity and viscosity of the local environment
and increases the quantum yield, as well as induces an additional blue shift of its
emission maximum. [186].
The measured emission spectra for ANS in fresh HEWL–glycine and HEWL–TRIS
solutions are displayed in Figure 5.3. We can notice a substantial decrease in
fluorescence intensity as the concentration of buffer increases. Alike observations,
during fluorescence measurements, were also noticed by others [191]. The influence of
buffer pH on ANS fluorescence in HEWL–buffer solutions seems rather complicated,
because one can not easily decipher the pH dependence of HEWL surface
hydrophobicity. A possible explanation for this could lie in the high ionic strength of
investigated solutions, since the ionic environment can considerably interfere
hydrophobic interactions between ANS and protein surface [186]. Still, one can
observe that ANS fluorescence of fresh HEWL–buffer solutions is dependent on buffer
identity, as it is apparently higher in HEWL–glycine solutions when compared to
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Figure 5.3: The fluorescence emission spectra of ANS in fresh HEWL–glycine solutions of
different ionic strength, and at different pH values (left), and the comparison of emission
spectra of ANS in fresh HEWL–glycine and HEWL–TRIS solutions of different ionic strength
at pH=9.0 (right).

HEWL dissolved in TRIS at identical pH and ionic strength (right plot in Figure 5.3).
Later on, we did not use ANS to analyze agitated and static HEWL–buffer solutions,
due to its non-specific binding to hydrophobic patches, meaning, one could besides
fibrils detect also amorphous aggregates [186].
To further examine the hydrophobicity of HEWL surface we employed the DSC
method. It is usually used to ascertain the thermal stability of proteins and serves as
a structural "fingerprint" that enables insight into conformational changes of proteins.
However, the process of protein denaturation is unavoidably associated with a
disruption of several forces and bonds, including hydrogen bonds and hydrophobic
interactions. One can thus indirectly evaluate the hydrophobicity of a protein with
investigating changes in the heat capacity during protein denaturation [187]. We
performed the thermal denaturation of HEWL in all investigated buffer solutions and
thus obtained thermograms, which are displayed in Figure 5.4. From Figure 5.4 one
can clearly see fresh HEWL molecules in 0.25 M and 0.5 M glycine buffer at pH=2.0
exhibit a greatly diminished conformational stability in comparison with glycine at
higher pH values, as well with other buffers (bottom plots in Figure 5.4). The melting
temperature (Tm ) of fresh HEWL at these highly acidic conditions is reached almost
20 °C lower than for fresh HEWL in other buffers, where it denatures within an
interval of 6 °C in all cases. The conformational stability of HEWL does not seem to
drastically alter with changes in ionic strength for any buffer solution. Most
remarkably, HEWL at identical solution conditions (pH and ionic strength) denatures
way sooner in glycine than in KCl-HCl buffer, thus indicating towards buffer-specific
effects. Buffers are already known to influence the conformational stability of
proteins, which is mostly due to binding of buffer ions to protein surface [96, 97]. In
our case, at pH=2.0, HEWL adopts a highly positively charged surface (≈+18), whilst
glycine molecules with a pKa of 2.34 [1] form glycinium cations. These cations have
the lowest propensity for binding to HEWL surface. In this case this seems to
manifest itself in destabilization of HEWL structure when one increases the ionic
strength or/and raises the temperature of glycine buffer solutions. Such effects were
not produced by any of the remaining buffer solutions studied.
From the measurements of fresh HEWL–buffer solutions we proposed that

5.2 Results and discussion
60

60

pH=2.0
pH=3.0
pH=9.0
pH=10.0

50
∆Cp / kJ mol-1 K-1

81

50

40

40

30

30

20

20

10

10

0

0
30

70

40

50

60
70
T / °C

80

90

50

30
70

0.25 M TRIS pH=7.0
0.25 M TRIS pH=7.5
0.25 M TRIS pH=8.0
0.25 M TRIS pH=9.0
0.5 M TRIS pH=7.0
0.5 M TRIS pH=7.5
0.5 M TRIS pH=8.0
0.5 M TRIS pH=9.0

60
∆Cp / kJ mol-1 K-1

pH=2.0
pH=3.0
pH=9.0
pH=10.0

50
40

30

30

20

20

10

10

0

50

60
70
T / °C

80

90

80

90

0.1 M KCl-HCl pH=2.0
0.25 M KCl-HCl pH=2.0
0.5 M KCl-HCl pH=2.0
0.5 M Acetate pH=4.5
0.25 M Cacodylate pH=7.0
0.5 M Cacodylate pH=7.0
0.5 M Phosphate pH=7.0
0.5 M HEPES pH=7.5

60

40

40

0
30

40

50

60
70
T / °C

80

90

30

40

50

60
70
T / °C

Figure 5.4: The comparison of thermograms of fresh HEWL in glycine buffer at different
ionic strength (0.25 M–top left and 0.5 M–top right) with thermograms of fresh HEWL in
other buffers (bottom graphs).

HEWL–glycine solutions would be most prone to fibrillization. Our next step was the
investigation of fibrillization of HEWL in different buffer solutions, which will be
discussed in the successive section.

5.2.2

HEWL fibrillizes only under specific solution conditions

A lot of amyloid studies are carried out on model proteins, such as HEWL and HSA,
for which amyloid fibril growth conditions are well established, although many of
them are sometimes performed at entirely non-physiological conditions (e.g. rapid
heating, additions of ethanol, amyloid "seeds" and SDS) [56, 58, 192]. Especially
thorough heating at low pH to provoke acidic hydrolysis of proteins that produces
protein fragments, sometimes even simple peptide segments with high tendency for
amyloid formation, is very frequently used. In our study we wanted to contribute to
the knowledge on mechanisms of protein fibrillization in nature. For this reason our
amyloid growth conditions were set to 37 °C, where it was recently shown HEWL can
fibrillize at pH=2.0 [56]. When the incubation time ended, agitated, static and fresh
HEWL–buffer solutions were analyzed for the presence of amyloid fibrils by
amyloidophilic dyes ThT and CR. In addition, to get a better insight into the
organisation of HEWL secondary structure, CD measurements were carried out for all
samples.
After ThT is introduced into solutions comprising of amyloid aggregates, a one-step
parallel mechanism of its binding onto two ThT binding sites on amyloid fibrils is
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Figure 5.5: The fluorescence emission intensity of ThT at 485 nm for control (C), static (S)
and agitated (A) samples of HEWL in 0.5 M glycine buffer solutions at different pH (top),
and its comparison with other 0.5 M buffers at pH=2.0 (bottom left) and pH=9.0 (bottom
right). Note that the intensity scale is logarithmic.

proposed [64]. Hence, the rotation around a single C–C bond, connecting its
benzothiazole and aniline rings, is suppressed upon excitation, which results in
enhanced ThT fluorescence at 485 nm [64]. The measured ThT emission intensity at
485 nm in all HEWL–buffer solutions shows slight changes for all static and agitated
samples when compared to control ones, which can be seen in Figures 5.5 and 5.8
(other buffers are displayed in Figure 10.5 of the Appendix). However, more dramatic
changes in emission intensity between samples, that point towards HEWL
fibrillization, can only be observed for agitated samples at pH=2.0 (Figure 5.5).
Nevertheless, it is clear that neither agitated conditions at pH=2.0 were sufficient to
ensure growth of HEWL fibrils in general, since they were not detected at lower
concentrations of glycine buffer (0.25 M in Figure 5.8), nor in 0.5 M phosphate buffer
(Figure 5.5) also at pH=2.0. One should also pay particular attention to the fact that
the ThT emission intensity for control HEWL samples is higher in alkaline conditions
than in acidic ones, due to higher binding affinities with increasing pH. However, the
ThT binding capacity is unaffected by solution pH [185]. From the measurements of
ThT we proposed that amyloid fibrils of HEWL can only form under agitated
conditions at pH=2.0, and only in certain buffers (glycine and KCl-HCl) with
sufficient ionic strength; 0.5 M for glycine and at least 0.25 M for KCl-HCl buffer.
We further substantiated our results by measuring the CR absorption spectra of
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Figure 5.6: Congo red absorption spectra of HEWL in acidic (top left) and alkaline (top
right) range of 0.5 M glycine buffer solutions, and the comparison of congo red absorption
spectra of HEWL in glycine solutions with other buffers at pH=2.0 (bottom left) and pH=9.0
(bottom right). (C), (S) and (A) denote control, static and agitated samples, respectively.

HEWL–buffer solutions. To date, the exact mechanism of CR binding to amyloid
fibrils is still unknown, but is undoubtedly connected with the nature of protein
secondary structure, preferentially binding to the cross-β sheet structure
(protofilaments directed perpendicular to fibril axis) of fibrils. Upon binding to fibrils
one can observe a red shift in the absorption maximum of CR from 490 towards 540
nm and/or an increased sample absorbance [65]. By measuring our HEWL–glycine
solutions at different pH and ionic strength we ascertained clear alterations in peak
intensity, position (red shift) and shape compared with control HEWL–glycine
solutions in acidic conditions. Figure 5.6 shows a greatly enhanced CR absorbance for
the agitated HEWL–glycine solution at pH=2.0 and 0.5 M ionic strength. At only
slightly less acidic conditions, at pH=3.0, there is already almost no discrepancies
between intensities of samples with diverse incubation, thus denoting no fibrils were
present in these solutions. In the basic range of glycine (top right plot of Figure 5.6)
also no fibrils were detected, since no major deviations from fresh control
HEWL–glycine solutions were found. One should not be misled to fibrillization of
HEWL by the high CR absorbance in alkaline conditions, which occurs due to
different chemical forms of CR dye. In acidic conditions, below pH=5.0, CR is in a
blue coloured chinone form, meanwhile it adopts a red coloured sulphonazo form
above pH=5.0 [65].
To identify possible buffer-specific effects we compared the absorption spectra of CR
in HEWL–glycine solutions with other buffers at identical solution conditions (pH and
ionic strength), namely phosphate and KCl-HCl at pH=2.0 and TRIS at pH=9.0
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(Figure 5.6 and also Figure 10.6 of the Appendix). Figure 5.6 indicates that under
alkaline conditions no significant differences between HEWL samples in different
buffers are present, as no amyloid fibrils were formed in neither glycine nor TRIS
solutions. On the other hand, as already indicated by ThT measurements, one can
notice clear differences between different buffers at pH=2.0. HEWL fibrillizes in
glycine and KCl-HCl solutions of sufficient ionic strength, but no fibrils were detected
in the phosphate buffer at identical pH. It is noteworthy that in glycine no fibrils were
observed below 0.5 M concentration, meanwhile a substantial amount of fibrils was
detected in KCl-HCl already at 0.25 M ionic strength (see Figure 10.6 of the
Appendix), proposing to a certain level of stabilization of HEWL in glycine buffer.
To obtain information on structural reorganization of HEWL molecules undergoing
fibrillization and verify the findings obtained with amyloidophilic ThT and CR dyes,
we measured the CD spectra of HEWL in all buffer solutions and subsequently used
the BeStSel software for their quantitative analysis.
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Figure 5.7: The comparison of CD spectra of control (C), static (S) and agitated (A) 0.5 M
HEWL–glycine solutions at pH=2.0 with HEWL–phosphate and HEWL–KCl-HCl solutions
at identical solution conditions.

Despite some little differences present among the CD spectra of samples in all buffers
(Figures 10.7 and 10.8 of the Appendix), meaningful alterations in secondary
structure, which uphold the results from ThT and CR binding assays, occur only in
agitated solutions at pH=2.0 (Figure 5.7). From the CD spectra of agitated
HEWL–glycine and HEWL–KCl-HCl solutions of high enough ionic strength at
pH=2.0 one can observe a complete absence of the negative band at 208 nm,
characteristic for the α-helix structure. HEWL molecules in these solutions undergo a
major structural transformation, as they exhibit a pronounced negative and positive
band at around 220 and 200 nm, respectively. Both bands are characteristic for the
β-sheet secondary structure of proteins. With the use of BeStSel software we were
able to estimate the amount of antiparallel β-sheets, which predominate in amyloid
fibrils. Based on our calculations, the agitated HEWL in 0.5 M glycine buffer at
pH=2.0 contains 87 % of antiparallel β-sheet and over 90 % of antiparallel β-sheet in
KCl-HCl buffer at identical conditions (Table 5.4). No markedly changes in the
secondary structure composition of HEWL were observed in phosphate buffer at
pH=2.0, thus ultimately confirming no fibrils were formed in these solutions
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(secondary structure content of HEWL in other buffers is gathered in Tables 10.2 to
10.4 of the Appendix).
Table 5.4: Estimated secondary structure content (%) of control (C), static (S) and agitated
(A) HEWL in different buffers at pH=2.0 at different ionic strength. The error estimated
from two different sets of measurements was estimated to be ±2 %.
Solution
0.5 M glycine (C)
0.5 M glycine (S)
0.5 M glycine (A)
0.25 M glycine (C)
0.25 M glycine (S)
0.25 M glycine (A)
0.1 M KCl-HCl (C)
0.1 M KCl-HCl (S)
0.1 M KCl-HCl (A)
0.25 M KCl-HCl (C)
0.25 M KCl-HCl (S)
0.25 M KCl-HCl (A)
0.5 M KCl-HCl (C)
0.5 M KCl-HCl (S)
0.5 M KCl-HCl (A)
0.5 M phosphate (C)
0.5 M phosphate (S)
0.5 M phosphate (A)

α-Helix
24
23
2
29
28
33
24
22
28
24
21
0
23
19
0
30
28
30

Antiparallel β-sheet
12
10
87
8
4
15
11
13
18
15
12
99
12
18
93
7
6
6

Parallel β-sheet
3
5
0
3
6
0
3
3
10
3
5
0
2
5
0
2
3
2

β-Turn
16
15
11
11
12
12
16
15
11
15
16
1
15
14
7
15
16
15

From all the investigated HEWL–buffer solutions it is evident that HEWL fibrillizes
only under agitated conditions at pH=2.0 in certain buffers and at a high enough buffer
concentration. Our findings confirm the results of previous studies that emphasize buffer
pH as an important factor to provide solution conditions favourable for amyloid growth.
In our case this was explicitly shown in 0.5 M glycine solutions, where no fibrillization
took place in alkaline (pH=9.0 and 10.0) nor in some acidic (pH=3.0) conditions.
On the other hand at pH=2.0, we obtained very viscous, gel-like, turbid solutions
which were difficult to transport (pipette tips clogging) and consisted of different
amounts of HEWL amyloid fibrils, whereas other solutions were fluent and completely
transparent.
In such acidic conditions HEWL is subjected to a very harsh
environment, which can affect the native conformation of HEWL. Such conditions can
lead to partial unfolding of amyloidogenic proteins (including HEWL), which has
already been suggested as an important step in the fibrillization process [52, 56, 192].
Despite these favourable conditions we demonstrated that without mechanical
agitation for a certain period of time amyloid fibrils could not arise, thus highlighting
not just the effects of thermodynamic conditions but also the kinetics of the process.
One has to bear in mind that HEWL molecules at pH=2.0 carry a net surface charge
of approximately +18. Consequently, strong repulsive interactions between protein
molecules arise in such solutions and prevent straightforward self-association
phenomena. The described mechanical agitation is one, possibly the most natural,
way of surpassing this energy barrier towards fibrillization of HEWL. Constant
solution shaking provides more readily formed specific contacts between protein
molecules, which are crucial especially in the initial phase of forming oligomers.

86

5 In vitro fibrillization of HEWL

Another feature of agitation was reorganization in the growth phase of fibrillization,
where extensive motion disassembles long mature fibrils into smaller fragments. The
free ends on such fragments enable faster association of free monomers, necessary for
fibrillization [193]. Other possibilities of overcoming the mentioned kinetic limitations
involve additions of salt that provide counterions to effectively screen the positively
charged protein surface, or raising the temperature at which amyloid growth is carried
out [52, 194]. Despite of all above, our results indicate that solely solution pH and
agitation do not assure in vitro fibrillization of proteins; although HEWL fibrillized in
0.5 M glycine buffer at pH=2.0, there was no sign of amyloid fibrils in phosphate
buffer at identical conditions. Our finding reveals that buffer-specific effects could also
play a significant role in in vitro fibrillization of proteins. It has already been noticed
that some buffers have the ability to accumulate on protein surface and decrease their
colloidal stability. Phosphate around physiological pH is known for both its ability to
increase the conformational stability of proteins via binding to the native state of
proteins, and also to decrease the colloidal stability via charge neutralization [97]. At
pH=2.0 it would seem that it is unable to sufficiently lower the colloidal stability of
HEWL, due to highly protonating conditions. Yet, at the same time it provides
reasonable stability for the native state, thus preventing fibrillization. Other buffers
known for their stabilizing effects are also TRIS and HEPES that too managed to
prevent HEWL from fibrillizing in our study. TRIS is mostly recognized for its
beneficial effects on the conformational stability of proteins [97, 195]. Meanwhile,
HEPES in some studies exhibited another feature, which is in close relation with
colloidal stability; the interfacial stability of proteins [97]. Buffer ions can alter the
interfacial stability of proteins by interacting with the protein surface and therefore
act as an active shield against damage caused to native protein structure by sample
agitation, as such perturbations could also influence the fibrillization process
[97, 190, 196].
It is important to stress that there are numerous cases where buffer-specific effects can
(de)stabilize proteins in a way where no specific mechanism can be addressed [97].
Furthermore, buffer-specific effects tend to be system-dependent, which we also found
during our investigation. For example, we tried to fibrillize HSA under the same
conditions that lead to amyloid fibrils of HEWL, and although some initial α-helix
structure was lost, eventually no fibrils were detected in both 0.5 M glycine and
KCl-HCl buffers at pH=2.0 (results are not shown). At such acidic conditions HSA
(pI ≈ 4.7 [197]) carries an extremely positive net surface charge of +94 (calculated on
the 4s1y.pdb structure [198] with YASARA, as described in section 5.1.6). This leads
to a much greater electrostatic repulsion between HSA molecules than in the case of
HEWL, as well as offers additional binding sites for buffer species capable of
preserving the native structure of HSA, therefore preventing its fibrillization.

5.2.3

Screening the surface charge of HEWL promotes
fibrillization

While studying the growth of amyloid fibrils of HEWL in different buffers, we noticed
that the presence of fibrils could also be influenced by buffer concentration. Fibrils were
formed in 0.5 M glycine solutions, but not in its 0.25 M solutions. Meanwhile in KClHCl buffers, fibrils formed at 0.5 M and even 0.25 M buffer concentration. In order to
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investigate the importance of electrostatic screening, we decided to facilitate the growth
of HEWL fibrils by increasing the protein surface charge screening while keeping the
same total ionic strength of the buffer solution. To begin with, we focused on the 0.25
M glycine solution at pH=2.0 and gradually replaced some of the buffer component
with a simple NaCl salt. The final concentrations of NaCl in the buffer solution were
10, 30, 50 and 70 mM. After the incubation time, HEWL–NaCl–glycine solutions were
again investigated with ThT and CR binding assays, as well as CD measurements. For
the sake of clarity, only results with 50 mM NaCl will be presented here (results of
other additions of NaCl are in Figure 10.9 of the Appendix). The obtained results
show that NaCl induced fibrillization of HEWL in agitated samples at pH=2.0 at all
concentrations studied (Figure 5.8, and Figure 10.9 of the Appendix).
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Figure 5.8: ThT fluorescence emission intensity (top left), Congo red absorption spectra
(top right) and CD spectra (bottom) of control, static and agitated samples of HEWL,
compared in glycine solutions (I=0.25 M) with and without 50 mM NaCl. Note that the scale
for ThT intensity is logarithmic.

The ThT fluorescence emission intensity at 485 nm for the agitated sample at pH=2.0
(Figure 5.8) is substantially higher for the HEWL sample containing 50 mM NaCl,
indicating HEWL fibrillization. The CR absorption spectra confirmed our findings from
the ThT binding, since one can observe a greatly enhanced peak with a distinct red
shift of its absorption maximum for the agitated sample with 50 mM NaCl. To collect
additional quantitative data we again measured the CD spectra, which confirm our
observations with both binding assays. Solely the agitated samples at all concentrations
of NaCl exhibit the characteristic bands for β-sheet structure. The extent of fibrils
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formed is increasing with NaCl concentration, as suggested by the rising proportion of
antiparallel β-sheets in the secondary structure of HEWL (Table 5.5).
Table 5.5: Estimated secondary structure content (%) of control (C), static (S) and agitated
(A) HEWL samples in glycine solutions (I=0.25 M) with different concentrations of NaCl at
pH=2.0 . The error estimated from two different sets of measurements was estimated to be
±2 %.
Solution
10 mM NaCl:
(C)
(S)
(A)
30 mM NaCl:
(C)
(S)
(A)
50 mM NaCl:
(C)
(S)
(A)
70 mM NaCl:
(C)
(S)
(A)

α-Helix

Antiparallel β-sheet

Parallel β-sheet

β-Turn

24
20
18

11
14
18

3
4
16

16
16
10

22
20
9

11
15
24

4
3
17

16
16
10

24
22
8

9
13
27

2
3
16

16
16
12

26
22
5

12
12
31

2
4
13

15
16
12

From Table 5.5 one can notice the amount of antiparallel β-sheets is much smaller
than the one observed for the salt-free agitated HEWL in 0.5 M glycine buffer
solution (see Table 5.4). We noticed that at 70 mM NaCl there is only around 35 % of
the total amount of antiparallel β-sheet structure estimated in agitated 0.5 M glycine
solution at pH=2.0 (see Table 5.4). Nevertheless, this experiment demonstrated how
the electrostatic interactions and additions of simple electrolytes, such as NaCl, can
modulate the formation of HEWL fibrils. When a sufficient concentration of
electrolyte is present, the electrostatic repulsive forces can be effectively shaded, thus
reducing the colloidal stability of the protein solution [93]. The net effect of salt ions
is usually governed by the competition between ion adsorption on the protein surface
and exclusion forces due to the ion preference for hydration [7]. This phenomenon was
previously observed for KCl-HCl buffer, that also consists mostly of Cl− anions. These
are slighly chaotropic and can preferentially bind to chaotropic Lys, Arg and His
residues, thus decreasing the positive surface charge of HEWL [7, 82]. Our results
suggest, the effective charge density, dictated by the amount of condensed counterions
on protein surface, can have a powerful impact on interparticle interactions that
participate in the formation of amyloid assemblies.
We further decided to examine any other possible effects of NaCl, besides electrostatic
screening, on the protein conformation. Therefore, we performed an identical amyloid
growth procedure with the presence of NaCl in glycine and TRIS buffer at pH=9.0
(Figure 5.9). From the thorough analysis of glycine and TRIS solutions displayed
in Figure 5.9, it is easy to see there are no meaningful differences between samples
of diverse incubation. The fluorescence emission intensity of ThT is very low and
similar for all samples in glycine and TRIS buffer. Even lesser discrepancies between
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HEWL samples are observed from the CR binding assay, whilst CD spectra display only
minor changes in secondary structure content. From all the measurements in alkaline
conditions we found no additional effect of NaCl as it did not promote fibrillization of
HEWL in alkaline conditions. This finding supports the observations from the previous
section and emphasizes the importance of the partial unfolding of HEWL at highly
acidic conditions (pH=2.0) in the initial stage of fibrillization, as well as points out an
increased stabilization of HEWL by TRIS buffer.
We wanted to further test the protective role of TRIS buffer by employing an already
established technique of "amyloid-seeding" [56]. For this reason, different amounts of
HEWL fibril "seeds" (5, 10 and 20 % v/v) produced in 0.5 M glycine buffer at pH=2.0
were added to HEWL samples in 0.5 M TRIS at pH=7.0. Hereafter, the incubation
periods of agitated and static samples were identical as already described. To our
surprise no fibrils were produced in agitated HEWL samples in TRIS solutions at any
amount of glycine fibrils added. Only a gradual decrease in the proportion of
secondary structure with increasing seed concentration was observed with no increase
in β-sheet structure present (see CD spectra in Figure 10.10 of the Appendix), thus
further confirming the stabilizing ability of TRIS buffer.
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Figure 5.9: ThT fluorescence emission intensity (top left), Congo red absorption spectra
(top right) and CD spectra (bottom) of control, static and agitated samples of HEWL,
compared between glycine and TRIS solutions (both I=0.25 M) containing 50 mM NaCl.
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5.2.4

Binding of PEG arrests HEWL fibrillization

A variety of additives can be used to (de)stabilize protein solutions, govern protein
aggregation or merely provide physiological osmolality. These include salts, polymers,
amino acids, sugars and surfactants. Besides buffers and salts, that we have already
discussed, PEG is one of the most common molecules in protein solutions. Although
PEG is an inert polymer it has been shown it can bind to the surface of proteins and
have distinct effects on interparticle interactions in protein formulations [199, 200]. It is
of global interest to successfully prevent the in vivo fibrillization of proteins, therefore
we also included this aspect in our fibrillization study. We chose to investigate the
inhibitory capacity of PEG12000 in order to stabilize the native HEWL molecules and
prevent their self-association into amyloid aggregates. Different amounts of PEG12000
were added to 0.5 M HEWL–glycine solutions at pH=2.0, to obtain final concentrations
of 20, 40, 60 and 80 mg mL−1 of PEG12000. The 0.5 M HEWL–glycine solution was
chosen because it alone produced a substantial amount of HEWL fibrils.
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Figure 5.10: ThT fluorescence emission intensity (top left), Congo red absorption spectra
(top right) and CD spectra (bottom) of control (C) and agitated (A) samples of HEWL in
0.5 M glycine solutions containing different concentrations of PEG12000. Note that the scale
of ThT intensity is logarithmic.

Figure 5.10 indicates that by establishing a 20 mg mL−1 PEG12000 concentration we
can not suppress HEWL fibrillization. One can clearly see that despite adding 20 mg
mL−1 of PEG12000 the ThT emission fluorescence intensity at 485 nm insignificantly
decreases for the agitated HEWL sample, meaning the fibrils still managed to form.
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For the agitated HEWL sample containing 20 mg mL−1 PEG12000 this is further
confirmed by the CR dye and by the measured CD spectra. The absorption peak for
CR experiences a distinctive red shift and a major increase in peak absorbance
compared to the control sample. Meanwhile, the CD spectra still show a substantial
amount of β-sheet structure. Nevertheless, the solution conditions for the growth of
HEWL fibrils seem to change at 40 mg mL−1 PEG12000. In this case a considerable
drop in ThT emission intensity occurs for the agitated HEWL sample, with almost no
difference from the control sample. In addition, the CR binding assay also shows no
difference among samples of diverse incubation, thus suggesting PEG12000 at 40 mg
mL−1 arrested the fibrillization of HEWL. The acquired CD spectra demonstrate only
a minor decrease in the α-helix content with no characteristic bands for the β-sheet
structure, indicating the absence of amyloid fibrils. Additional results clearly show
that by further increasing the concentration of PEG12000 the probability for HEWL
fibrillization gradually decreases (Figure 10.11 and Table 10.5 of the Appendix). It is
important to note that additions of PEG increase the viscosity of protein solutions.
Solutions containing 40 mg mL−1 PEG can experience approximately three times
higher viscosities than buffer solutions without PEG [201]. This could, in principle,
have a certain effect on the kinetics of fibrillization, as well as on binding of ThT and
CR dyes, but the CD spectra of solutions containing a sufficient quantity of
PEG12000 evidently display no significant changes in HEWL structure, thus
confirming its stabilizing nature.
Up to date, especially small molecules, such as 4-amino-phenol and also 2-amino-4chlorophenol were reported to prevent the formation of human lysozyme and also HEWL
fibrils [62]. On the other hand PEG is generally an inert crowding agent, although
evidence of its ability to bind to proteins and alter their conformational stability has
increased in recent years [52, 200]. Contrary to several reports where crowding agents
promote protein aggregation, we observed no such effects on the native structure of
HEWL. Quite the contrary, PEG, at sufficient concentration (40 mg mL−1 ) managed
to inhibit the formation of HEWL fibrils in our buffer solutions. Similar observations
were reported by Liang and coworkers that have shown that crowding the medium with
100 g L−1 of bovine serum albumin (BSA) prevented HEWL from fibrillizing under
acidic conditions and also preserved a part of its activity [202]. Our findings provide
additional evidence that crowding agents can stabilize proteins in the initial phase and
prevent protein molecules from associating into oligomers, responsible for subsequent
fibrillization.
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6 Different aspects of stability of
T4 lysozyme variants
The amino acid sequence was found to be the most important factor, which governs
the propensity of proteins towards aggregation. Proteins have a complex structure that
is at an optimal level as long as they remain in their native form. For this reason,
it is of great interest to ascertain, if by substituting a single amino acid (single point
mutation), one could significantly alter the interparticle interactions in aqueous protein
solutions, and consequently affect their phase stability, as well as preferential structure
in solutions. For example, in γ-D crystallin solutions it has been already shown that
substituting proline with valine at position 23 can alter the phase diagram of this
protein [28]. In our work, however, we were more interested in the effects of a single
point mutation on the stability of T4 WT* lysozyme solution. This type of lysozyme
was of particular interest to us, as according to our knowledge its phase diagram is still
unknown. To investigate the influence of a single point mutation on the phase stability
of T4 lysozyme solutions, two plasmids bearing the gene for the expression of T4 WT*
lysozyme and T4 L99I* lysozyme were bought from the Addgene plasmid repository.
The T4 L99I* is a single point mutant of the WT* T4 variant that has its leucine
replaced by isoleucine at position 99. Both T4 lysozymes were synthesized with the use
of recombinant DNA technology with the expression of both T4 lysozymes taking place
in Escherichia coli cells. The proteins were subsequently isolated and purified using
ion exchange chromatography. Finally, we characterized the secondary structure and
conformational stability of both T4 lysozymes in 20 mM phosphate buffer at pH=7.5
using two complementary techniques: CD and DSC. An attempt was also made to
ascertain the phase stability of T4 WT* lysozyme in 0.1 M MOPS buffer at pH=7.0.

6.1
6.1.1

Materials and Methods
Materials

Plasmid DNA containing genes for T4 WT* and T4 L99I* lysozyme were purchased
from Addgene (Massachusetts, USA). Yeast extract was from Biolife (Milano, Italy).
Peptone from casein, agar, IPTG, MOPS and TRIS were bought from Sigma-Aldrich
(St. Louis, MI, USA). NaCl, HCl, NaH2 PO4 ·2H2 O, CH3 COOH and NaBr were obtained
from Merck (Darmstadt, Germany). Ampicilin sodium salt and IPTG were purchased
from Thermo Fisher Scientific (Massachusetts, USA). Spectra/Por membrane dialysis
tubes from Spectrum (New Jersey, USA) and anhydrous Na2 HPO4 from Chem-Lab
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(Zedelgem, Belgium).

6.1.2

Preparation of Luria-Bertani medium and agar plates

Liquid Luria-Bertani (LB) medium was prepared without the presence of antibiotics.
To prepare 400 mL of LB medium, we dissolved 4 g of peptone from casein, 2 g of
yeast extract and 4 g of NaCl into 400 mL of milli-Q water. The LB medium was
subsequently sterilized in a Tuttnauer 2840 EL autoclave (New York, USA) at 121 °C
for 15 minutes. LB medium was then stored at room temperature for at most 2 weeks
prior use.
In order to prepare solid agar plates, we prepared the same amount of LB medium and
added 8 g of agar and autoclaved as before. Once the LB-agar medium had cooled
down to about 50 °C we added 400 µL of ampicilin with a stock concentration of 100
mg mL−1 to obtain a final ampicilin concentration of 100 µg mL−1 . The antibiotic
containing LB-agar medium was thoroughly mixed and cast into sterile Petri dishes up
to a height of 0.8 to 1 cm under sterile conditions. They were left to cool down under
sterile conditions and then stored in the refrigerator for up to 1 week before use.

6.1.3

Preparation of laboratory equipment

All laboratory equipment intended for handling bacterial cell cultures prior obtaining
isolated T4 proteins had been sterilized in our Tuttnauer 2840 EL autoclave. All
glassware, plastic pipette tips and toothpicks were sterilized at 121 °C for 15 minutes.
Equipment containing already used cell cultures was disinfected using Ecocid S (Krka,
Slovenia) or autoclaved at 121 °C for 30 minutes, thoroughly cleaned with detergent
and autoclaved again according to the above mentioned procedure.

6.1.4

Production of T4 lysoyzme variants

The following T4 lysozyme studies served as a framework for the expression of T4
WT* and T4 L99I* lysozyme, which were further optimized and adapted to our needs:
[203–205].
6.1.4.1

Transformation of plasmid DNA into E. coli cells

The plasmids arrived stored in a bacterial stab and were transported on ice to the
National Institute of Chemistry in Ljubljana, Slovenia. There dr. Andreja Majerle
performed the amplification, purification and verification of the plasmid DNA. Once
we received the isolated plasmid DNA, carrying genetic information for both T4
lysozymes, in the shape of a pHS1403 expression vector, we proceeded with optimizing
the procedure of expression of proteins, as follows. The first step involved the
transformation of plasmid DNA into chemically competent E. coli cells, strain
BL21(DE3). These cells were previously treated with CaCl2 , which allows more
efficient binding of plasmid DNA to the cell membrane surface. The plasmid DNA
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then enters the cell interior via heat shock, which creates temporary pores in the cell
membrane. To accomplish this step we established sterile conditions with a Bunsen
burner and pipetted 1 µL of plasmid DNA into 100 µL of competent cells held in
eppendorf tubes. The pipette tips were rinsed very gently by pipetting the mixture up
and down and then the sample tubes were transferred on ice for 30 minutes. In the
meantime, we prepared the LB-agar plates with the corresponding antibiotic
ampicillin by incubating them at 37 °C to avoid any later shock for bacterial cells. We
prepared the water bath at approximately 42 °C and after the expired incubation on
ice, immersed the tubes containing bacterial cells and plasmid DNA into the bath for
about 45 seconds. Afterwards, they were subsequently put back on ice for another 2
minutes. Then we again established the sterile environment with a Bunsen burner and
added additional 800 µL of LB medium, without any antibotic. The eppendorf tubes
were then placed in the Sanyo orbital incubator (Osaka, Japan) at 37 °C and 130 rpm
for approximately 45 minutes. Once the incubation has ended, we again set up sterile
conditions and transferred 100 µL of cell rich solution to the centre of the agar plate.
We submerged the glass Drigalski spatula in 70 % ethanol and pushed it into the
burner flame. One has to make sure the Drigalski spatula is not too hot (to avoid
killing the cells) before streaking the droplet of transfected cells to obtain single
bacterial colonies (Figure 6.1) after an overnight incubation in a Binder B28 incubator
(Tuttlingen, Germany) at 37 °C.

Figure 6.1: Plate showing single colonies of E. coli, containing plasmid DNA for T4 WT*
lysozyme.

6.1.4.2

Culture inoculation

In microbiology, inoculation is usually defined as the procedure where one introduces
microorganisms (in our case bacteria) into a nutrient medium where they will be able
to grow and reproduce [206]. Once we obtained single E. coli colonies, we picked one of
them with a sterile toothpick and inoculated 30 mL of LB medium supplemented with
ampicilin at 100 µg mL−1 in a 250 mL baffled Erlenmayer flask. The 30 mL cell cultures
were then aerated by shaking with the Sanyo orbital incubator at 37 °C and 130 rpm for
around 18 hours. 30 mL of inoculum was sufficient to carry out the subsequent protein
expression in 4 baffled Erlenmayer flasks. Later, however, the process was optimized
and transferred to a larger scale to express proteins in 8 and even 14 bottles, when we
had to prepare 3 parallels of 30 mL inoculum of the same bacterial colony.
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Expression of proteins

After an overnight shaking we could quickly recognize a successful inoculation, since
the medium was foamy and turbid. Then we first prepared an adequate amount of
bottles containing 400 mL of LB medium (400 mL of LB medium per 1 flask intended
for protein expression). We subsequently supplemented them with 400 µL of ampicilin
with a concentration of 100 mg mL−1 to obtain LB medium with 100 µg mL−1 of
ampicilin (LBA medium). Such prepared nutrient medium was then poured under
sterile conditions into the planned amount of baffled Erlenmayer flasks with a volume
of 2 L.
In the next step we prepared the inoculum by centrifuging it with an Eppendorf
5810R centrifuge (Hamburg, Germany) for 5 minutes at 3000 rpm and 4 °C. After the
centrifugation supernatants were discarded and remaining cells resuspended with
around 1.5 to 2 mL of LBA medium. By pipetting we ensured the inoculum was
homogeneous and then inoculated each Erlenmayer flask containing 400 mL of LBA
medium with 300 µL of this inoculum concentrate. The cultures in Erlenmayer flasks
were then grown with aeration at 37 °C in a Kambič IS-200K shaker (Semič, Slovenia)
and in a VWR 5000IR orbital shaker (West Chester, USA) to an optical density (OD)
of 1.0 to 1.3 at 600 nm, which was measured using NanoDrop 2000c
spectrophotometer (Massachusetts, USA). At this point 1.5 mL samples were taken
for SDS-PAGE to determine whether expression of our proteins takes place in the
soluble (cytoplasm) or insoluble (inclusion bodies) fraction (performed only once
during test expression).
Then expression of proteins was induced by adding 400 µL of 1 M isopropyl β-D-1thiogalactopyranoside (IPTG) and cell cultures were aearated with shaking at 37 °C
for an additional 2 hours. The latter time was proved to be optimal for T4 lysozyme
expression, since we at first performed a classic overnight expression at 25 °C, but
noticed this leads to much lower yields due to cell lysis by T4 lysozyme. Already an
incubation of 3 hours resulted in detectable amounts of protein loss. After the expired
expression period we again took 1.5 mL samples for SDS-PAGE analysis (performed
only once during test expression). Cells were then harvested by centrifugation with a
Sorvall RC6+ centrifuge (Massachusetts, USA) for 15 minutes at 6000 × g and 4 °C.
Supernatants were discarded and pelleted cells were resuspended with 50 mM TRISHCl buffer at pH=7.5 to a total volume of around 40 mL (cell pellets from 4 centrifuge
tubes). The resuspended cells were stored at -80 °C for up to 1 week prior isolation
and purification of proteins.
To elucidate where expression of T4 lysozyme variants took place, we first centrifuged
the intermediate samples with a microcentrifuge for 5 minutes at 14100 × g. The
supernatant was discarded and the cells were resuspended in milli-Q water and
subsequently sonicated using the Hielscher UP100H ultrasonic processor (Teltow,
Germany).
By visualizing the soluble and insoluble fraction of samples with
SDS-PAGE (staining with Coomassie Brilliant Blue (CBB) is described in section
10.1.3 of the Appendix), we found out that T4 WT* and T4 L99I* were mostly
expressed in the soluble fraction, which usually means higher expression yield and a
more straightforward isolation, but less pure proteins (see Figure 6.2).
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Figure 6.2: SDS-PAGE gel of test expression of T4 WT* lysozyme (similar gel was obtained
for L99I*) stained with CBB. Column A denotes the protein ladder, column B is the whole
fraction prior induction, column C is the soluble fraction prior induction, column D is
the insoluble fraction prior induction, column E the same protein ladder for more legibility,
column F is the whole fraction after expression of 2 hours, column G represents the soluble
fraction after expression of 2 hours and column H is the insoluble fraction after expression
of 2 hours. Samples were loaded to contain approximately 5 µg of protein.

6.1.4.4

Isolation and purification of proteins

The resuspended cells were carefully thawed while stirring in cold water. Once thawed,
they were kept on ice at all times during the procedure. The samples were transported to
the cold room where cell lysis was performed by sonication with the Hielscher UP100H
ultrasonic processor in cycles of 3 minutes. Between 5 to 8 series of cycles were sufficient
to efficiently disrupt the cells. Then the samples were centrifuged with an Eppendorf
5810R centrifuge for 15 min at 15000 × g and 4 °C to remove cell debris. We carefully
collected the supernatant and transferred it into conditioned Spectra/Por membrane
dialysis tubes with a 12 - 14 kDa molecular weight cut-off (New Jersey, USA). The
cell lysate was dialyzed against 20 mM phosphate buffer at pH=7.5 with three buffer
exchanges. The first change of buffer took place after 90 minutes, the second one after
3 hours and the last one was performed after 6 hours, and then left overnight in the
cold room with light solution stirring.
After extensive dialysis the sample was centrifuged with an Eppendorf 5810R centrifuge
for 10 minutes at 15000 × g and 4 °C. Again, we carefully collected the supernatant
and filtered it twice. First, the supernatant was pushed through a Sartorius filter
(Göttingen, Germany) with 0.45 µm filter pores and secondly through a filter with
smaller 0.2 µm pores. The filtered sample was transported back to the cold room,
where it was prepared for ion-exchange chromatography (IEX). In the first phase of T4
lysozyme purification we used a weak cation exchanger in the form of a GE Healthcare 5
mL HiTrap CM FF column (Chicago, USA), which uses carboxymethyl (CM) Sepharose
as a stationary phase. The column was installed on the VWR multichannel PP4048
peristaltic pump (West Chester, USA) and first washed with 25 mL (5 nominal volumes
of the column) of milli-Q water at a constant flow of around 2.5 mL min−1 , followed
by conditioning with 30 mL of 20 mM phosphate buffer at pH=7.5 (binding buffer) at
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the same flow rate. Protein-containing samples were applied to the column in 2 to 7
portions (depending on initial amount of sample) to avoid column breakthrough. To
be on the safe side, we always collected the unbound fraction and finally also loaded it
onto the column to slightly increase protein yield. After each sample loading the column
was thoroughly washed with 30 mL of binding buffer and the produced flow-through
fraction was collected as well. In the meantime, we prepared the Äkta fast protein liquid
chromatography (FPLC) system (Chicago, USA) by conditioning it with binding buffer
and washing the corresponding high-precision pumps with binding and elution buffer,
respectively. The buffer used for protein elution was 20 mM phosphate at pH=7.5
with 1 M NaCl. The column was then installed on the conditioned FPLC system and
the T4 lysozyme was eluted from the CM FF column by gradually increasing ionic
strength via NaCl gradient at a flow rate of 2.5 mL min−1 (gradient set to reach 100
% NaCl after 20 minutes) as seen in Figure 6.4. The protein was collected in several
fractions with a volume of 1.2 mL, which were later joined to form a homogeneous
solution. After each elution around 8 mL of 100 % elution buffer was pumped through
the CM FF column to remove any strongly bound molecules from the column. The
column was then conditioned with 30 mL of binding buffer prior further loading of
protein onto the column. Small samples of protein solution, as well as bound and flowthrough fractions were taken to investigate the quality of the purification process by
SDS-PAGE. The remaining bound and flow-through fraction were discarded, while the
partially purified protein solution was again transferred into a conditioned Spectra/Por
membrane dialysis tube and dialyzed under the same protocol as before against 20
mM phosphate buffer at pH=7.5. Prior dialysis a 2 µL aliquot was taken from the
homogeneous protein solution to determine the concentration of the isolated protein
with NanoDrop 2000c. The extinction coefficient used to calculate the concentration of
both T4 WT* and T4 L99I* lysozyme was determined to be 1.368 mL mg−1 cm−1 at
280 nm using the ProtParam tool on the ExPASy online portal [207].
The following morning, after dialysis, the sample was again filtered through the same
type of Sartorius filters as before, since some small fraction of white precipitate always
appeared after this step. Afterwards, the filtered protein sample was loaded onto a
GE Healthcare 5 mL HiTrap HP SP column, which uses a high performance (HP)
sulphopropyl (SP) Sepharose resin and is thus a strong cation exchanger. The whole
procedure of loading and eluting the sample was very similar to the one for CM FF
column, except that the flow rate was decreased to 2 mL min−1 and the NaCl gradient
was set to reach 100 % in 15 minutes (Figure 6.4). Small aliquots of final protein
solution, unbound and flow-through fractions were again stored at -20 °C for SDSPAGE analysis. Protein expressions from around 3.2 L of cell culture usually yielded
between 50 and 100 mg of T4 WT* and T4 L99I* lysozyme. The final protein solution
was divided into aliquots of 500 µL and frozen at -80 °C until use. At the end of each
expression of T4 WT* and L99I* lysozyme, we regularly carried out a quick checkup on the purity of produced proteins with SDS-PAGE. When performing the final
elution on the HP SP column we always observed a small peak (denominated as a tail
peak) that was located just after the main T4 lysozyme peak (see Figure 6.4). This
part of the protein sample was always collected separately from the main T4 lysozyme
solution and was also visualized by SDS-PAGE, as seen in Figure 6.3. The tail peak
still contains a substantial amount of T4 lysozyme, but also a significant amount of
impurities, therefore it was never joined with the main solution of both T4 lysozymes
and only pure T4 lysozyme samples were subject to further analysis.
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Figure 6.3: SDS-PAGE gel of optimized expression of T4 WT* lysozyme (similar gel was
obtained for L99I*) stained with CBB. Column 1 denotes the flow-through fraction after
first loading in IEX1, lane column 2 is the unbound fraction after two loadings in IEX1,
column 3 is the flow-through fraction after the second loading in IEX1, column 4 is the T4
WT* protein after IEX1, column 5 represents the protein ladder that serves as a size marker,
column 6 denotes the unbound fraction after two loadings in IEX2, column 7 is the flowthrough fraction after two loadings in IEX2, column 8 represents the tail peak after IEX2
and column 9 is the purified T4 WT* lysozyme. Protein samples were loaded to contain
approximately 5 µg of protein.

Figure 6.4: Ion-exchange chromatography for T4 WT* and L99I* lysozyme by using 5 mL
CM FF and HP SP columns.
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Cloud point measurement

The T4 WT* protein aliquots were slowly thawed in cold water and eventually reached
room temperature. The aliquots were subsequently joined and prepared for dialysis
in a conditioned Spectra/Por membrane dialysis tube. The dialysis took place for 26
hours against 0.1 M MOPS buffer at pH=7.0, which was prepared as in section 4.1.2.
The dialysis buffer was changed five times (after 1, 2, 3, 5 and 7 hours) to achieve
a complete exchange of the 20 mM phosphate buffer. After dialysis the T4 WT*
lysozyme was concentrated using 15 mL Amicon® Ultra-15 centrifugal units at 5000
rpm and 4 °C. The conditions suitable for Tcloud measurement of T4 lysozyme were
unknown at that time, therefore we decided to perform it at 90 mg mL−1 of protein,
as previously for HEWL, and at 0.30, 0.25 and 0.2 M NaBr. When with sufficient
centrifugation the T4 WT* concentration reached 180 mg mL−1 , the T4 WT*–MOPS
solution was filtered through 0.45 µm filter pores (Sartorius) to remove dust and any
remaining impurities. The concentration was once again confirmed with both Cary 100
Bio UV-Vis spectrophotometer and NanoDrop 2000c. The NaBr–MOPS solutions were
prepared as described in section 4.1.2. Measurement of Tcloud was then performed as
explained in section 4.1.4.1. Meanwhile the total yield of T4 L99I* was not sufficient
to allow us the cloud point measurements.

6.1.6

Conformational stability of T4 lysozyme variants

Protein samples were first transferred into pre-conditioned 5 mL Float-A-Lyzer® dialysis
tubes with a 3500 Da molecular weight cut-off and thoroughly dialyzed against 20 mM
phosphate buffer at pH=7.5 to remove remaining NaCl from chromatographic elution.
The buffer was exchanged 3 times. After dialysis protein concentration was determined
with both Cary 100 Bio UV-Vis spectrophotometer and NanoDrop 2000c to be 2.4 and
11 mg mL−1 for the T4 L99I* and T4 WT* lysozyme, respectively. Therefore, the
concentration of T4 L99I* was already suitable for DSC measurement, meanwhile the
T4 WT* had to be diluted to an equal concentration with 20 mM phosphate buffer
at pH=7.5. Both protein samples had to be additionally diluted to 0.3 mg mL−1 for
acquiring their CD spectra.

6.1.7

CD spectroscopy

We investigated the influence of a single point mutation on both secondary structure
of T4 WT* lysozyme, as well as its conformational stability. Measurements were
performed in the the far-UV range (190 to 260 nm) with a Jasco J-1500 CD
spectrometer. Samples were measured in quartz cuvettes with a path length of 0.1
cm. The step resolution was 1 nm with a scanning speed of 20 nm min−1 and an 8
second data integration time. Thermal denaturation ("melting") of T4 WT* and
L99I* lysozyme was also performed in 0.1 cm cuvettes at a wavelength of 222 nm,
with the heating rate set to 2 °C min−1 . Recorded CD data were presented as mean
residue ellipticity [θ], which can be obtained from equation 5.1, for which M0 was
calculated to be 114.110 × 103 mg mol−1 . We also estimated the secondary structure
content by using the online server BeStSel [184].

6.2 Results and discussion
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Differential scanning calorimetry

By means of DSC we determined the influence of a single point mutation on the
conformational stability of T4 WT* lysozyme. Thermograms of T4 WT* and T4
L99I* lysozyme were obtained with a TA Instruments Nano DSC II. Protein solutions
and the corresponding pure buffer solution were thoroughly degassed for 15 min prior
injection into DSC cells. Thermally induced denaturation of T4 WT* and L99I*
lysozyme was performed within a heating range from 20 to 95 °C with a heating rate
of 2 °C min−1 . Under identical measurement conditions we also performed adequate
buffer-buffer scans of 20 mM phosphate buffer at pH=7.5. Acquired raw data was
then analyzed with NanoAnalyze software, where appropriate buffer-buffer (baseline)
scans were subtracted from both T4 lysozyme data. The final thermograms were
normalized to total protein concentration, which was, as stated above, 2.4 mg mL−1
for both T4 lysozymes.

6.2
6.2.1

Results and discussion
L99I* mutation does not significantly
secondary structure of T4 WT* lysozyme

affect

the

T4 lysozyme is a relatively small globular protein, comprising of 164 amino acid
residues, with a molecular weight of approximately 18.6 kDa [208]. It is produced by
the most well studied member of tailed phages, the Enterobacteria phage T4, also
known as Escherichia virus T4 [209]. As the name summarizes, the lysozyme
produced by phage T4 breaks down bacterial cell walls. It achieves this in an identical
manner as does HEWL, since both catalyze the hydrolysis of β-1,4 linkages between
N-acetylglucosamine and N-acetylmuramic acid in peptidoglycan, a carbohydrate of
bacterial cell wall. Although, T4 lysozyme was reported to be more effective at
destroying bacteria [52, 209]. To date, T4 lysozyme has served as one of the most
important protein models for studying the factors that affect the structure and
stability of proteins [208]. Many mutant variants of T4 lysozyme have been found to
produce isomorphous crystals [203], thus facilitating the ability to investigate more
closely the structural and stability effects of numerous amino acid substitutions, as
well as insertions in this protein (a major review on T4 lysozyme mutants is given in
[208]).
Point mutations that stabilize the T4 lysozyme structure and thus increase its Tm for
3 to 4 °C are exceptional, meanwhile there are a number of structure destabilizing
substitutions at positions, which can decrease Tm up to 20 °C [208]. One of such
positions, subject to extensive study, in the amino acid sequence of T4 lysozyme is site
99, which is located in the interior of the protein and occupied by leucine (Leu). The
most renown mutant at this site is the substitution of Leu with a smaller alanine residue
(Ala), which creates an unusually large cavity (150 Å3 ), as the nearby protein structure
remains relatively rigid and does not collapse in the cavity area. This causes a major
destabilization of T4 lysozyme structure that results in almost 16 °C lower Tm .
For our investigation of the influence of differences in the amino acid sequence on
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interparticle interactions and thus the phase stability and structure of protein solutions,
we chose a pseudo-wild type (WT*) T4 lysozyme in which the two naturally occurring
cysteines (Cys) at positions 54 and 97 have been replaced by threonine (Thr) and
Ala, respectively. The mutation in question involves a hydrophobic replacement of
Leu with isoleucine (Ile) at position 99. At first glance there is not much observable
difference between the structures of respective amino acids, since they contain the same
carboxyl and amino functional groups and are of similar size (see Figure 6.5). Because
their methyl groups are at different positions and as such causing an altered side chain
layout, the two residues are denoted as structural isomers. Nevertheless, it was shown
by Eriksson et al. that even similar hydrophobic substitutions can have diverse (severe
and mild) structural and thermodynamic consequences [210].
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Figure 6.5: Comparison of the structure of two structural isomers: leucine and isoleucine.

To ascertain whether this point mutation has any influence on the organization of
secondary structure of T4 WT* lysozyme, we measured the CD spectra of both T4
lysozyme variants in 20 mM phosphate buffer at pH=7.5. Figure 6.6 demonstrates only
a minor discrepancy in the apparent CD signal that denotes insignificant changes of the
secondary structure content.
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Figure 6.6: CD spectra of native T4 WT* and T4 L99I* lysozyme in 20 mM phosphate
buffer at pH=7.5.

In spite of this observation we still made use of the online BeStSel tool [184] to determine
the actual secondary structure composition of both T4 lysozymes. Table 6.1 confirms
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the initial finding that the secondary structure was not significantly influenced by this
replacement, since the decreased α-helix content for T4 L99I* lysozyme is still within
the experimental error (± 1 %). The secondary structure content, however, provides
interesting data, showing that T4 WT* lysozyme contains around 30 % more α-helix
secondary structure than does HEWL under same solution conditions. This is clearly
reflected in their corresponding CD spectra, as T4 WT* exhibits a more pronounced
peak at 222 nm, meanwhile HEWL has its minimum at 208 nm, which is the second
characteristic position for α-helices (Figure 6.7).
Table 6.1: Estimated secondary structure content (%) of different T4 lysozyme variants in
20 mM phosphate buffer at pH=7.5. The calculation error was estimated from two different
sets of measurements to be ±1 %

Protein

α-Helix

Antiparallel β-sheet

Parallel β-sheet

β-Turn

T4 WT*
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55.0

0.0
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Figure 6.7: Comparison of CD spectra of native T4 WT* lysozyme and HEWL in 20 mM
phosphate buffer at pH=7.5.

6.2.2

T4 WT* lysoyzme exhibits greater phase stability than
HEWL

To our knowledge, there are currently still no established conditions for measuring the
cloud point temperature of T4 lysozyme. It has been reported that despite their
completely different amino acid sequence HEWL and T4 lysozyme share a similar
two-domain folding pattern [211]. For this reason we decided to perform the Tcloud
measurement at conditions that were previously used for HEWL. Since these
measurements require a large amount of protein (90 mg mL−1 in each solution), we
only had one opportunity to measure Tcloud . We chose a 0.1 M MOPS buffer at
pH=7.0, with a medium-range content of NaBr (0.3, 0.25 and 0.2 M) to avoid protein
precipitation and at the same time achieve phase separation.
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Figure 6.8 shows that cooling of the investigated solutions even as low as -6 °C failed
to initiate phase separation in any of the measured T4 WT* solutions, as one can
notice no meaningful changes in their absorbance during cooling. The samples remained
transparent and proteins completely intact (measured by CD), which suggests the phase
stability of T4 WT* lysozyme is significantly higher than the one for HEWL at identical
solution conditions. We calculated the net surface charge of T4 WT* lysozyme at
pH=7.0 (using 1l63.pdb structure [212] with YASARA, as described in section 5.1.6)
and found it to be +8, which is only slightly higher than for HEWL (+7) at identical
conditions. We consider that this difference in net surface charge is not large enough
to significantly affect the observed differences in phase stability of the two lysozymes.
It was aforementioned that T4 WT* lysozyme comprises of a higher amount of αhelices than HEWL. In principle, due to stronger intramolecular hydrogen bonds in
α-helices, compared to intermolecular ones in β-sheets, one could infer to higher T4
WT* stability, but since there is no simple relationship between the secondary structure
content and the phase stability of proteins, it is impossible to explain why T4 WT*
lysozyme solutions are more stable than those of HEWL, without performing additional
research. At the end of our study, the outbreak of a virus unfortunately led to an
epidemiological emergency that prevented both the optimization of conditions in the
solution of T4 WT*, as well as the synthesis of a sufficient amount of T4 L99I* lysozyme
to perform similar experiments on it. Nevertheless, we believe that with additional
protein synthesis and further optimization of solution conditions the tendency of T4
lysozyme for phase separation will be soon surely resolved.
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Figure 6.8: Measurement of Tcloud of T4 WT* lysozyme in 0.1 M MOPS buffer at pH=7.0
with different additions of NaBr.

6.2.3

L99I* mutation decreases conformational stability of T4
WT* lysozyme

Changes in the protein amino acid sequence are known for their influence on the
conformational stability of proteins [208, 210]. In our study, we used CD spectra of
protein melting and DSC thermograms as two complementary techniques to ascertain
the conformational stability of both T4 lysozymes. The so-called melting of both
proteins was first performed with DSC and the results are displayed in Figure 6.9.
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From the obtained thermograms one can clearly comprehend the T4 WT* lysozyme is
conformationally more stable than its corresponding point mutant. By integrating the
thermograms with NanoAnalyze software, we obtained only one major transition peak
for each protein with a Tm of 55.0 °C for T4 WT*, meanwhile the structure of T4
L99I* has unfolded already at 50.7 °C, giving a total ∆Tm ≈ 4.3 °C.
Although protein unfolding or denaturation cannot be completely captured by
measuring the Tm , the temperature of melting transition is still a reliable indicator of
the conformational stability of proteins. The thermogram for L99I* exhibits an
additional small peak prior the major disruption of protein structure, which could be
a consequence of non-specific interactions or already a small heat effect, suggesting
towards the onset of protein unfolding. To verify our finding we carried out a similar
thermal denaturation of both T4 lysozymes with a CD spectrometer and
simultaneously monitored the characteristic signal for the α-helix at 222 nm. Figure
6.10 quantitatively and qualitatively supports the results obtained by DSC. One can
see that T4 L99I* starts to lose its α-helical structure at more than 4 °C lower
temperature as does the pseudo-wild type protein.
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Figure 6.9: Comparison of thermograms of T4 WT* and T4 L99I* lysozyme in 20 mM
phosphate at pH=7.5.

After the measurement we cooled down both protein solutions to 25 °C and measured
their CD spectra to ascertain the extent of their denaturation. Figure 6.11 shows the
native secondary structure of both proteins is irreversibly lost, with a slightly higher CD
signal (more negative) for the T4 WT* lysozyme (see inset of Figure 6.11), suggesting
to only a slightly higher proportion of preserved initial protein structure. To gain a
more quantitative insight into the extent of thermal denaturation, we analyzed the raw
CD spectra of denatured proteins with BeStSel. Table 6.2 sums up the observations
seen in CD spectra, since one can notice almost all α-helical structure was lost for both
T4 lysozymes. The pseudo-wild type protein exhibited only a scarcely greater ability
to maintain its native structure when compared with its investigated mutant. Both
proteins also showed a drastic increase in their antiparallel β-sheet content, although
both with a clearly missing major positive peak at 200 nm, which would denote their
possible fibrillization.
We find it impressive that a substitution of a single amino acid residue with an
alternative amino acid with an identical atomic composition and similar properties
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Figure 6.10: Comparison of melting curves of T4 WT* and T4 L99I* lysozyme in 20 mM
phosphate at pH=7.5 at 222 nm.
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Figure 6.11: Comparison of CD spectra of native and denatured samples of T4 WT* and
T4 L99I* lysozyme in 20 mM phosphate at pH=7.5.
Table 6.2: Estimated secondary structure content (%) of different T4 lysozyme variants in
20 mM phosphate buffer at pH=7.5 after being heated to 90 °C. The calculation error was
estimated from two different sets of measurements to be ±1 %

Protein

α-Helix

Antiparallel β-sheet

Parallel β-sheet

β-Turn

T4 WT*
T4 L99I*

8.0
6.0

35.0
36.0

0.0
0.0

14.0
14.0

can cause such pronounced changes in a protein’s conformational stability. Our results
of ∆Tm ≈ 4.3 °C are consistent with the in-depth analysis of this T4 lysozyme mutant
made by Eriksson et al. almost 30 years ago, in which they reported a ∆Tm ≈ 4.0 °C
[210]. Based on crystallographic structure data, they believe that for the case of L99I*
mutant it simply comes down to the altered shape of the introduced amino acid
residue, which appears to be responsible for causing unnatural tension in the protein
interior and thus causes less favourable interparticle interactions that lead to poorer
conformational stability. In manifold stability studies of T4 lysozyme mutants it was
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found that the protein is, in general, very tolerant towards changes in its amino acid
sequence [203, 208, 210]. Superior stability was maintained especially when mutations
involved the replacement of some surface residues. The latter are fully or at least
partially exposed to solvent molecules, meaning they will most probably remain
solvated even if the protein unfolds. Consequently, these residues retain similar
interactions with their environment despite the protein lost its natural shape. By
substituting such a residue, one makes little or no change to the stability of the
original protein [208]. Therefore, much larger alterations in protein stability are
expected when mutations are present within the protein core. Leu at position 99 is
one of such sites and its replacement with Ile clearly introduces some local disorder
and changes in hydrophobic interactions with nearby residues, leading to earlier
protein unfolding. However, in order to fully identify the interactions behind the
observed changes in stability, one would require an extensive study under atomistic
detail.
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7 Simulations of protein-protein
interactions of globular proteins

In order to better understand the mechanism of protein aggregation, a great deal of
information is often needed about the initial phase of protein self-association. In such
cases, MD simulations can be a very convenient alternative to uncover the details of
initial contacts, or better yet, serve as an exquisite complementary tool to
experimental observations.
In spite of the rapid development of computer
infrastructure and algorithms that jointly increase comptutational power, the
atomistic studies of very detailed biological systems remain elusive. Nowadays, most
atomistic MD simulations are performed with peptides, protein dimers or smaller
complexes, and sometimes only with an implicit solvent model. There is only a small
amount of simulation studies that consider the crowded environment, which is present
e.g. in living cells [213]. In recent years an increasing number of studies suggest that
the so-called condensation diseases emerge as direct consequences of the LLPS
phenomenon, which occurs in living cells as well as in vitro protein solutions
[44, 46, 47]. Since simulations of such comprehensive systems are currently unfeasible,
we must resort to the studying of interparticle interactions, responsible for LLPS in
protein solutions, that can substantially improve our ability to understand and control
such processes. For this reason, we used atomistic MD simulations to obtain a
microscopic view of the phase stability of three small-enough globular proteins,
namely HEWL, human lens γ-D crystallin and T4 WT* lysozyme. With an extensive
analysis of several properties of protein solutions and changes in their structure over
time, focusing especially on the initial phase of protein self-association, we were able
to uncover both individual amino acid residues and pairs of amino acids responsible
for the formation of initial contacts in the self-association of investigated proteins.
The results in this chapter are a part of our (Sandi Brudar, Jure Gujt, Eckhard Spohr
and Barbara Hribar-Lee) yet unpublished article on the studying of mechanism of
self-assocation of globular proteins in aqueous solutions via molecular dynamics
computer simulations, which was still under preparation at the time of writing this
thesis. Any supporting information to the main results is located in chapter 10
(Appendix).
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Simulation properties
Investigated proteins

We carried out MD computer simulations of aqueous solutions of three different globular
proteins, which were small-enough to simulate at high concentrations needed for phase
separation studies. LLPS conditions have already been experimentally determined for
two of the simulated proteins, HEWL and γ-D crystallin [24, 26]. For this reason, we
simulated these two proteins within and outside the experimentally established LLPS
conditions, unfortunately excluding buffer molecules, as such systems would be too big
to handle. Although, the phase separation conditions for T4 WT* lysozyme are still
unknown and its amino acid sequence almost entirely differs from HEWL, the threedimensional structures of these two proteins share a similar two-domain folding pattern
[211]. On this basis, T4 WT* lysozyme was simulated under the same conditions as
HEWL. The proteins investigated in this work contain between 129 (HEWL) and 173
(γ-D crystallin) amino acids. Their crystal structures have been obtained from the
Protein Data Bank (PDB) and are 1aki.pdb, 1l63.pdb and 1hk0.pdb for HEWL, T4
WT* and γ-D crystallin, respectively [148, 212, 214].

HEWL
Elongated: 3.70 nm
Lateral: 3.06 nm
M2= 14.3 kDa

T4 WT* lysozyme
Elongated: 4.74 nm
Lateral: 2.96 nm
M2= 18.6 kDa

γ-D crystallin
Elongated: 5.15 nm
Lateral: 3.20 nm
M2= 20.6 kDa

Figure 7.1: Three-dimensional structure of investigated proteins with indicated molecular
weights M2 and their approximate dimensions. Bead colours represent the secondary structure
elements: purple: α-helices, blue: 310 -helices, yellow and tan: β-sheets, cyan: β-turns and
white for random coils. The structures were visualized with VMD [178].

In spite of their similar globular shape and only minor size discrepancy, they clearly
differ in their secondary structure content that is indicated by different colouring in
Figure 7.1, as well as in their surface amino acid characteristics shown in Table 7.1.
Nevertheless, all investigated proteins share one surface similarity – their surface is
enriched with positively charged Arg residues, as arginine appears among the top three
amino acids for all proteins.
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Table 7.1: Sorted list of amino acids based on their abundance on the surface of simulated
proteins. The values beside the residue abbreviations denote the number of certain residues
located on the protein surface.

HEWL
ASN 14
ARG 11
GLY 10
SER 7
LYS 6
THR 6
ASP 6
ALA 4
VAL 3
CYS 3
LEU 3
TYR 3
ILE 2
GLU 2
TRP 2
GLN 2
PRO 2
HIS 1
Total = 87

7.1.2

T4 WT*
LYS 13
ARG 11
ASN 10
ASP 10
GLU 8
THR 8
ALA 8
GLY 7
LEU 5
SER 5
GLN 5
TYR 4
VAL 4
MET 3
PHE 3
PRO 3
ILE 2
TRP 2
HIS 1
Total = 112

γ-D crystallin
ARG 22
ASP 12
SER 12
GLY 11
GLU 10
GLN 8
TYR 8
ASN 7
HIS 5
PRO 4
LEU 4
PHE 3
MET 3
THR 2
ILE 2
CYS 1
LYS 1

Total = 115

Simulation model and procedure

In our all-atom MD simulations the OPLS force field was employed to describe the
simulated protein molecules [215]. The chosen force field prescribes the interaction
potential between atoms and allows us to calculate the potential energy of the simulated
system and also the forces between participating particles. The equation that embraces
both intra- and intermoleculer interactions within a system can be written as:
u(~r1 , ~r2 , . . . , ~rN ) = ubonds + uangles + udihedrals + unonbonded ,

(7.1)

where u(~r1 , ~r2 , . . . , ~rN ) is the interaction potential as a function of the positions of
all particles. Meanwhile, ubonds , uangles , udihedrals and unonbonded represent the so-called
energetic penalties due to the deviation of bonds, angles and dihedral angles from their
reference values, and lastly also the forces between non-bonded parts of the system
[166]. The energy contributions due to harmonic stretching of bonds and bending of
angles are described with equations 7.2 and 7.3 [215].
ubonds =
uangles =

X
bonds

X
angles

Kr (r − r0 )2 ,

(7.2)

Kθ (θ − θ0 )2 ,

(7.3)

where Kr and Kθ represent the respective force constants, whereas r and θ denote
the distances and angles between bonded atoms (2 atoms for bonds and 3 atoms for
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angles) compared to their reference values r0 and θ0 . In this case, the reference values
denote distances and angles where the energy contributions are the lowest for a chosen
pair/group of atoms. The torsion potential, which models how the energy changes as
the bonds rotate can be written as a Fourier series:
udihedral =

X
i

Vi
V1i
[1 + cos (ϕi )] + 2 [1 − cos (2ϕi )]
2
2
+

V3i
Vi
[1 + cos (3ϕi )] + 4 [1 − cos (4ϕi )] , (7.4)
2
2

where V1 , V2 , V3 and V4 are the Fourier coefficients and ϕ the dihedral angle. The nonbonded forces refer to interactions "through-space" and can be written as a combination
of electrostatic and van der Waals interactions:
unonbonded =

i






σij
qi qj e20
+ 4εij 
fij
 4πεr ε0 rij
rij
j>i

XX

!12

σij
−
rij

!6 




(7.5)

Here qi and qj are partial charges of atoms i and j, respectively. The elementary
charge is denoted by e0 , εr is the relative permittivity and ε0 is the permittivity of
vacuum. In the 12-6 Lennard-Jones contribution rij represents the distance between
atoms i and j, meanwhile εij denotes the depth of the potential well and σij is the
collision diameter, which describes the distance at which the intermolecular potential
between two atoms is zero. The parameter fij is the so-called "fudge factor", which is
used for scaling the interactions. For all cases fij = 1.0 except for intramolecular nonbonded 1,4-interactions, which are scaled down as fij = 0.5. For defining the interaction
parameters between particles of different type, OPLS uses the well known geometric
mixing rule [166, 215]:
√
σij = σii σjj ,
√
εij = εii εjj

(7.6)
(7.7)

In our simulations of proteins, the aqueous environment was modelled explicitly by
using the SPC/E water model [216]. The SPC/E is an updated SPC water model,
although the only introduced changes are the refined partial charges on atoms to better
describe the experimental properties of liquid water. Thus the model remains simple,
with three interaction sites incorporated into a rigid water geometry. Each site carries
a point charge, with the net positive charge of hydrogens being exactly leveled by the
negative charge on the oxygen atom (see Figure 7.2). The interactions between water
molecules are computed as van der Waals forces, with the Lennard-Jones potential
situated only on the oxygen atom [166, 216].
All simulated systems were prepared, simulated and mostly analyzed using the freely
accessible GROMACS simulation software [217]. Additional analysis were performed
with our own programs in Fortran and Python. The protein structures were first
adequately minimised with the maximum force tolerance < 1000.0 kJ mol−1 nm−1 .
Afterwards, aqueous protein solutions with different protein concentrations and
temperatures were prepared. We applied three-dimensional (xyz) periodic boundary
conditions and no buffer molecules were included in the simulations. In order to
satisfy the electroneutrality condition of protein solutions, a sufficient number of
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Figure 7.2: A schematic representation of the SPC/E water model with the corresponding
values for partial charges on atoms, O-H bond length and ]HOH angle.

chloride anions were added to HEWL and T4 WT* lysozyme solutions, while the γ-D
crystallin solutions were already electroneutral without additional ions.
Prior
extensive simulations, the protein solutions were equilibrated twice for 2 ns. The first
equilibration was carried out within the NVT ensemble where particle velocities were
generated according to the Maxwell distribution. Further equilibration took place in
the NPT ensemble, where pressure was also adjusted. Extensive production runs were
also performed in the framework of the NPT ensemble, using a leap-frog integrator
with a time step of 2 fs and at a protein surface charge distribution corresponding to
conditions at pH=7.0. The temperature was held constant using a velocity-rescale
temperature coupling with a time constant of 0.1 ps. Isotropic pressure coupling of
p = 1.0 bar was provided by the Parrinello-Rahman barostat with a time constant of
2.0 ps. The numerical details of performed simulations are gathered in Table 7.2.

Table 7.2: List of performed atomistic simulations and their corresponding parameters (mass
concentration γ, temperature T , number of water molecules, proteins and ions, size of the cubic
simulation box L and simulation time t).
Protein

γ / mg mL−1

T /K

N water

HEWL
HEWL
HEWL
HEWL

93
93
42
42

267
300
267
300

124615
124615
142004
142004

16
16
8
8

90
90
45
45

267
300
267
300

124850
124850
129713
129713

100
100

300
320

123966
123966

T4
T4
T4
T4

WT*
WT*
WT*
WT*

γ-D crystallin
γ-D crystallin

L / nm

tsim / ns

16
16
16.5
16.5

300
300
300
300

12 + 96
12 + 96
6 + 48
6 + 48

16
16
16
16

300
300
300
300

12 + 0
12 + 0

16
16

300
300

N proteins+ions
+
+
+
+

128
128
64
64
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Results and discussion
The native state of proteins is preserved despite their
self-association

In order to make any valid conclusions the performed simulations must first be well
equilibrated and converged.
To ascertain this information, we computed the
cumulative RDF, which in our case denotes the average number of protein molecules
within a certain distance.
The graphs, showing that all simulations were in
equilibrium are displayed in Figures 10.12, 10.13 and 10.14 of the Appendix. Another
quantity that indicates whether the simulation course is correct is the MSD of
proteins. It is determined by equation 3.27 and indicates to what extent the system
was "explored" by the molecules undergoing diffusion. In all our atomistic simulations
we observed a fairly linear increase of the spatial exploration over time (Figure 10.15
of the Appendix), therefore no undesired processes, such as freezing of water
molecules at low temperature, occurred. The latter inconvenience appeared already at
room temperature, when we performed coarse-grained simulations using the 2.2
MARTINI force field (Figure 10.16 of the Appendix). This has been reported as a
known issue for MARTINI force field [150]. In search for solution, we first tried to
modify the long-range attractive forces in MARTINI force field to make water more
fluid, sadly without benefit. The second option was to replace a certain fraction of
water molecules with the so-called "antifreeze" particles, but we were only partially
successful, as the freezing was only delayed for a while. Another attempt to overcome
the hurdle was to replace the 2.2 MARTINI force field with a newer beta 3.0.b.3.2
MARTINI version. By this we avoided the freezing of the investigated system,
however, rather erroneous and unphysical (not observed experimentally) unfolding of
protein molecules occurred. Hereafter, there was no other choice but to lift the
temperature of the initial 2.2 MARTINI systems up to 320 and 350 K, which is way
above the required temperature for LLPS and of those used in all-atom simulations.
For this reason, the results obtained with the coarse-grained model were not
considered relevant for our study and were not included in this work. However, a brief
description on what was performed and seen with MARTINI simulations can be found
in Table 10.6 of the Appendix.
As it was aforementioned in section 1.2, the stability of protein solutions and the
tendency of proteins to aggregate depends not solely on their amino acid sequence,
but also on the solution conditions [12]. As it was observed in our measurements of
Tcloud , the appearance of the two-phase liquid-liquid region in which the condensation
of proteins separates the solution into a protein-rich and protein-poor phase is driven
by net protein-protein interactions, and is highly influenced by buffer identity,
temperature, pH, etc. Before we performed our simulations, we were curious if the
experimentally observed phase separation of protein solutions could be obtained in
silico, although without respective buffer molecules. To monitor this possibility, we
investigated the existence of phase separation of proteins under study by calculating
the time dependent local density fluctuations for all axes of the simulation box. To
obtain the local density matrices we used a similar approach as Mochizuki et al. [218],
who studied the LLPS of an aqueous polymer solution. We first calculated the centre
of mass (COM) of proteins and then divided the simulation box into bins of equal

7.2 Results and discussion

115

size. The local density of protein molecules in e.g. the x-axis, ∆N (x, t), is therefore
defined as the number of COM of proteins found at a time t in a bin of width ∆x. In
our simulations ∆x = 0.8 nm was used, since it provided sufficient resolution of the
density fluctuations. The obtained results were then represented as a heat map, with
warmer colours denoting higher density of protein molecules in a certain area. For a
better visual perception, the most commonly observed orientations of protein
molecules during contact are shown in Figure 7.3. In order to be able to explain the
density fluctuation plots in more detail, we also performed the visual analysis of
simulation trajectories in VMD and based on them designed schematic representations
of our observations, such as the one in Figure 7.4. The results of density fluctuations
in the x-axis are shown in Figure 7.5, meanwhile those for the y and z axis are shown
in Figures 10.17 and 10.18 of the Appendix.

Figure 7.3: Schematic representation of the most frequent orientations of protein molecules
during contact. The example involves HEWL, although the orientations for other proteins
are of identical type. Any other types of interaction at various protein parts and angles were
considered as random. It is important to state that we did not distinguish between the head
and tail part of proteins.

In the case of HEWL at high concentration (middle B and D plots in Figure 7.5) one
can observe relatively high density domains that are evidently in good contrast with
the low density domains for both simulated temperatures. However, this finding is
more pronounced for the low temperature system, which could represent the initial
phase of LLPS. In the latter solution, the visual examination (see Figure 7.4) has
shown there are several HEWL molecules that are initially very close together, therefore
causing a quick rise in HEWL dimer population. This pairing at the beginning is clearly
noticeable in the density plot as well (middle B plot in Figure 7.5). Nevertheless, we
found out that this solution is very dynamic, since these pairs of HEWL molecules
were constantly separating and reuniting again. The perceived reversibility of these
short-living contacts is in good agreement with the reversible nature of experimentally
obtained LLPS observed by us and others [26, 84]. Later on, the HEWL molecules
continue to self-associate as described in Figure 7.4. At first two clusters around 100 ns
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are formed, which are also visible in the density fluctuation plot (yellow and red spots
in middle B plot in Figure 7.5). One cluster comprises of three and other of at first five,
then shortly even six HEWL molecules. These clusters are not very persistent, as one
can observe a fairly reversible process of joining and separating of HEWL molecules
(see Figure 7.4). Beyond 200 ns a few groups of reversible clusters, mostly trimers and
occasional tetramers, with mainly head-to-head contacts persist until the end of the
simulation.

Figure 7.4: Schematic representation of the self-association process of HEWL in solutions
with high protein content. Section 1): In the beginning all HEWL molecules are physically
separated, although remain in the vicinity of one another. Section 2): The formation of
HEWL dimers, which seem to preferentially form contacts in head-to-side, as well as side-toside orientation. Section 3): The dimers from section 2) disassemble and later on new, more
viable, dimers are formed in a more head-to-head orientation. Section 4): The previously
formed dimers start to collide with one another to form larger clusters of HEWL molecules.
Despite this, some monomers still persist in the solution. Section 5): The reversible process of
cluster growth and disassembly. Individual HEWL molecules further join the protein cluster
and form assemblies of up to 7 molecules, but at the same time some also separate from it.
Take note that the total number of proteins in the scheme is not equal to the actual amount
of proteins in the simulation box.

The self-association process of HEWL at higher temperature (middle D plot in Figure
7.5) is very similar to the one at 267 K, although with much less contrast between
different density regions and lower reversibility of clusters. In this case the HEWL
dimers formed in section 2) of Figure 7.4 rapidly result in a vast chain-like cluster of
seven HEWL molecules (around 75 ns) that resembles the shape of an antibody protein
(see Figure 7.6). This large cluster spans over a very large area of the simulation box
and it is most probably due to this elongation throughout the box that the density
fluctuation map does not capture such a large assembly. However, if one combines the
information on density fluctuations obtained from the remaining axes (Figures 10.17
and 10.18 of the Appendix), it becomes clear this cluster is very large. Unlike the
clusters at 267 K, this large HEWL assembly is less reversible and very long-living. At
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Figure 7.5: Density fluctuations of proteins in the x-axis direction. γ-D crystallin (top) at
100 mg mL−1 (A at 300 K and B at 320 K). HEWL (middle) at 42 mg mL−1 (A at 267 K
and C at 300 K) and 93 mg mL−1 (B at 267 K and D at 300 K). T4 WT* (bottom) at 45
mg mL−1 (A at 267 K and C at 300 K) and 90 mg mL−1 (B at 267 K and D at 300 K). The
protein number density legend at the top corresponds to all simulated systems.
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first there is almost no exchange in protein molecules bound to the cluster and it persists
till around 150 ns, when it disintegrates into smaller groups of HEWL molecules and
even some monomers. However, at about 180 ns the HEWL molecules seem to merge in
large groups yet again, with the largest assembly consisting of five proteins. It remains
present in the solution for quite some time and then eventually decomposes again into
smaller groups. Therefore still showing a certain degree of reversibility, as shown in
Figure 7.4.

Figure 7.6: Snapshot of a cluster of seven HEWL molecules from the simulation of 93 mg
mL−1 of HEWL at 300 K. The snapshot was created in VMD.

Meanwhile, at low concentration of HEWL, one can clearly see more homogeneous
solutions with almost no regions of self-association at both temperatures (middle A and
C plots of Figure 7.5), which is again consistent with experimental observations, where
no phase separation of HEWL solution occurs at such low protein concentration. The
scheme based on the visual analysis of these systems displayed in Figure 7.7 supports
the view of density fluctuation maps, since HEWL molecules tend to form only few
reversible dimers.
The density fluctuations for T4 WT* lysozyme at high protein content show a similar
pattern as for HEWL (see bottom B and D plots of Figure 7.5). At 90 mg mL−1 and
267 K (bottom B plot in Figure 7.5) one can find distinct high and low density regions
of protein. The latter indicate that besides larger T4 WT* self-assemblies comprising
of up to five molecules there are still some monomers present. By visually analyzing
the solution at 267 K one can see the T4 WT* molecules associate very quickly after
the beginning of the simulation and later on form mostly reversible T4 WT* trimers
(see Figure 7.8). On the other hand, for the high concentration of T4 WT* at 300
K (bottom D plot in Figure 7.5) it can again be seen that proteins are more evenly
distributed throughout the solution. However, one can still observe a similar initial
self-association of T4 WT* molecules as at 267 K and also significant clustering of T4
WT* molecules in the later phases of simulation. The scheme based on a more detailed
visual analysis of the self-association process of T4 WT* molecules in solutions at both
temperatures and high protein content is shown in Figure 7.8.
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Figure 7.7: Schematic representation of the self-association process of HEWL in solutions
with low protein content. Section 1): Solutions at both temperatures are very homogeneous,
with only few reversible dimers formed throughout the simulation, as shown in section 2). In
the solution at low temperature two dimers attempt to unite in a tetrameric cluster at 240
ns, which can be also noticed as a brief increase of protein density in the density fluctuation
plot (middle A plot of Figure 7.5). However, the attractive interactions were eventually too
weak to allow the joining of these two dimers. Take note that the total number of proteins in
the scheme is not equal to the actual amount of proteins in the simulation box.

Figure 7.8: Schematic representation of the self-association process of T4 WT* lysozyme
in solutions with high protein content. Section 1): Initially, solutions at both temperatures
exhibit some T4 WT* dimers that seem to have formed already during equilibration. Section
2): Due to the preformed T4 WT* dimers both solutions are subject to rapid clustering of T4
WT* molecules. At 267 K we thus soon observe a pentamer, with fairly random connections
between proteins, although some common head-to-head and head-to-side contacts are also
present. Meanwhile, at 300 K it takes rather longer for larger clusters to form, since at first
only trimers and dimers are present, but at around 160 nm an elongated chain of six T4
WT* molecules arises. Section 3): Both solutions have fairly reversible contacts, since the
formed clusters readily disintegrate into smaller assemblies and even into monomers. These
then rejoin to create assemblies of various sizes, of which trimers prevail. Take note that the
total number of proteins in the scheme is not equal to the actual amount of proteins in the
simulation box.

By decreasing the concentration to 45 mg mL−1 the high density regions are much less
pronounced (bottom A and C plots in Figure 7.5), since only reversible dimers and a
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trimer (at 300 K) are formed throughout the simulation (see Figure 7.9).

Figure 7.9: Schematic representation of the self-association process of T4 WT* lysozyme
in solutions with low protein content. Section 1): Initially, solutions at both temperatures
exhibit well separated T4 WT* molecules, although some molecules are already close to one
another. Section 2): In both solutions at low T4 WT* content only a single dimer is formed.
At 267 K the system remains between sections 1) and 2), since the T4 WT* molecules forming
the dimer constantly separate and rejoin throughout the simulation. Meanwhile, at 300 K a
stable dimer has another T4 WT* molecule in its vicinity, which later in the simulation joins
to form a trimer. This trimer appears to be quite long living, although the third molecule
is very dynamic with its constant cleavage and rejoining the cluster, which is also observed
in the density fluctuation plot (bottom C plot in Figure 7.5). The system therefore remains
mostly between sections 2) and 3). Take note that the total number of proteins in the scheme
is not equal to the actual amount of proteins in the simulation box.

Lastly, we analyzed the influence of temperature on the stability of γ-D crystallin
solutions (top A and B plots in Figure 7.5). In general, both γ-D crystallin solutions
seem to possess a slightly greater tendency for the self-association of proteins, as
cluster formation was found to be more extensive here. At 300 K (top A plot in
Figure 7.5) one can observe that the solution separates into two domains with
different protein density already within the first 20 ns. A distinct boundary forms
between them (blue water region) and the phases remain separated throughout the
entire simulation. Meanwhile, at 320 K this boundary more visibly emerges above 100
ns (top B plot in Figure 7.5). The scheme based on the visual analysis confirms and
supplements the observations made from the density fluctuation plots at both
temperatures (see Figure 7.10). Despite the fast self-association procedure some
monomers still persist in both solutions, representing the less dense phase of proteins
(see Figure 7.11). The protein-rich region in both solutions is represented by large
clusters, which at 300 K comprise of up to six molecules, while at 320 K even a very
stable vast cluster of 10 γ-D crystallins is formed (see Figure 7.12). The presence of
this cluster, which appears to be relatively long-lived, is more visible in the density
fluctuation map of the z-axis displayed in Figure 10.18 of the Appendix. Eventually,
the clusters fall apart in both solutions and the visual analysis shows that these
smaller groups of proteins persist to reversibly assemble and disassemble until the
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Figure 7.10: Schematic representation of the self-association process of γ-D crystallin at
both solution temperatures. Section 1): Solutions at both temperatures consist of very closely
packed γ-D crystallin molecules. In the case of 320 K even a protein dimer is present right
from the start of the simulation. Section 2): At both temperatures γ-D crystallin molecules
immediately begin to form larger assemblies. At first a trimer, but soon two more proteins
join to form a pentamer in both investigated solutions. On the other side of the box, almost
simultaneously, smaller assemblies of up to three proteins also start to form. The observed
contacts between γ-D crystallins in both solutions were mostly in a head-to-head, as well as
head-to-side orientation. Section 3): The large pentamer of γ-D crystallins in both cases soon
disintegrates into smaller groups of proteins with mostly head-to-head contacts. Section 4):
The smaller protein clusters soon start to reassemble into larger assemblies, which appear
to be larger at 320 K. The formed contacts are again mostly head-to-head and also at fairly
random parts of proteins. Section 5): The vast clusters begin to fall apart and form mostly
trimers, dimers and also monomers at 300 K, while at 320 K the giant cluster of 10 proteins
disintegrates into two, still large, tetramers and they later into smaller trimers and dimers.
Here on, both solutions experience reversible self-assembly and separation of γ-D crystallin
molecules, although the degree of reversibility is much higher at 300 K. Take note that the
total number of proteins in the scheme is not equal to the actual amount of proteins in the
simulation box.

very end of the simulation (see Figure 7.10). This alternating mechanism of protein
self-association and separation, that was already observed for HEWL and T4 WT*
lysozyme, is clearly noticeable in this low density region of the density fluctuation
map at 300 K (upper part of top A in Figure 7.5), as one observes the exchange of
mostly dimers and monomers, even some brief trimers, over the remaining simulation
time. On the contrary, for the γ-D crystallin solution at elevated temperature (top B
in Figure 7.5) the reversible nature of protein-protein interactions is not as
pronounced as at low temperature. Here, even the tetrameric remnants of the vast
decamer are more stable than the previously observed clusters in the solution with
high content of HEWL at 300 K. Nevertheless, in the last phase of the simulation they
further decompose into trimers, which are then occasionally joined by one or two γ-D
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Figure 7.11: Snapshot of a cluster of five γ-D crystallin molecules with a trimer in the
background and some remaining monomers scattered throughout the solution. The snapshot
was taken in VMD from the simulation of 100 mg mL−1 of γ-D crystallin at 300 K.

crystallin molecules to form temporary tetramers or pentamers, which is especially
evident from the map of density fluctuations in the y- and z-axis (Figure 10.17 and
10.18 of the Appendix) between 200 and 300 ns.
The self-association of investigated proteins into clusters of various sizes was further
reflected in their diffusion coefficients that are given in Table 7.3.
Table 7.3: List of calculated diffusion coefficients for all simulated proteins.

D / × 10−6 cm2 s−1

Protein

γ / mg mL−1

T /K

HEWL
HEWL
HEWL
HEWL

42
42
93
93

267
300
267
300

0.29
0.7
0.26
0.47

±
±
±
±

0.02
0.1
0.01
0.01

45
45
90
90

267
300
267
300

0.33
0.7
0.17
0.38

±
±
±
±

0.03
0.1
0.01
0.04

100
100

300
320

T4
T4
T4
T4

WT*
WT*
WT*
WT*

γ-D crystallin
γ-D crystallin

0.2 ± 0.1
0.3 ± 0.1

We calculated the self-diffusion coefficients, D, for the COM of proteins by performing
a least squares fitting of a straight line through the MSD data, using the Einstein’s
relation described in equation 3.27. The values of D for the COM of proteins were
estimated from the slope of the MSD(t) plot. However, one must take special care in
choosing the appropriate range of the MSD curve for which the slope will be calculated.

7.2 Results and discussion

123

Figure 7.12: Snapshot of a vast protein cluster comprising of ten γ-D crystallin molecules.
The remaining two protein molecules are present as monomers, seen in the background. The
snapshot was taken in VMD from the simulation of 100 mg mL−1 of γ-D crystallin at 320 K.

In our case this range was in-between 10 and 25 % of the production trajectory time.
This range was applied to avoid the inertial phase at the beginning of the MSD curve
and to ensure satisfying statistics, since with longer time separations there are only very
few remaining data points available for sampling in the production trajectory, giving
rise to poor statistics [219].
Table 7.3 shows that values of D behave as expected, since D decreases with both rising
protein concentration and decreasing temperature. The mobility of proteins is also in
agreement with respective protein molecular weight (see Figure 7.1). Since HEWL is the
smallest and lightest among the investigated proteins, it has the highest D at similar
solution conditions for all proteins. HEWL is followed by T4 WT* and the slowest
diffusion speed is obtained for γ-D crystallin. The only exception to the perceived trend
is the T4 WT* lysozyme at low concentration, which seems to move throughout the
solution at similar speed than do HEWL molecules at comparable conditions. Based
on the visual trajectory analysis and density fluctuation plots, we believe that the
number of dimers formed, which is slightly higher at 42 mg mL−1 of HEWL, plays
an important role in the making of this minor difference in favour of faster T4 WT*
molecules. However, this discrepancy is still well within the estimated error of the
calculated diffusion coefficients (Table 7.3), therefore the low concentration systems
could still be in agreement with the previously observed trend.
To compare the dynamic properties of our solutions with the experimental ones under
similar conditions, we also calculated the D of water for one solution, which contained
42 mg mL−1 of HEWL at 300 K. The calculated value was (2.470 ± 0.003) × 10−5 cm2
s−1 , which is in relatively good agreement with the experimentally measured value of
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2.27 × 10−5 cm2 s−1 for water in a salt-free solution containing 50 mg mL−1 of HEWL
[220]. Our value is somewhat smaller when compared to that of simulated pure SPC/E
water at 300 K, for which a value of 2.78 × 10−5 cm2 s−1 was determined [221]. In our
opinion, the water in our HEWL solution is slightly slower due to hydration water that
is slowed down at the expense of less mobile HEWL molecules.
Since protein aggregation is often associated with changes of its native structure and
misfolding [13], we investigated this aspect in our simulations by calculating the timeevolution of radius of gyration, Rg , of protein molecules. The results for all proteins are
gathered in Figure 7.13. One can notice all protein structures remain very stable in their
compact (folded) form over the entire course of simulation, regardless of the solution
conditions, as the values of Rg remain fairly constant. Their stability persists even in
cases where density fluctuation maps suggest their pronounced self-association. This
result is consistent with recent experimental findings, where CD spectra have shown
no structural changes of HEWL within the LLPS conditions [220]. The average values
of Rg of investigated proteins are collected in Table 7.4. One can see the determined
values are in good agreement with the results obtained by others [222–224].
Table 7.4: Comparison of the average radius of gyration of proteins obtained from our
simulations with their values in literature. The asterisk (*) symbol denotes that values were
determined experimentally. Since the literature value for γ-D crystallin could not be found,
the stated Rg is of simulated γ-B crystallin, which is very similar to γ-D and belongs to the
same superfamily of crystallins.

Protein

Rg / nm: this work

Rg / nm: literature [222–224]

HEWL
T4 WT*
γ-D crystallin

1.38
1.63
1.62

1.43 *
1.70 *
1.70

Another property of proteins, which is important for their stability and can also affect
their propensity towards aggregation, is their hydration. To ascertain the hydration
properties of investigated proteins, we calculated the pair distribution functions
between oxygens of water molecules and the COM of the proteins. Figure 7.14 shows
a small plateau between 0 and 1 nm for all proteins studied, indicating that some
water molecules get incorporated into the protein core.
This is particularly
pronounced in aqueous solutions of γ-D crystallin and even more for T4 WT*
lysozyme.
In order to determine whether these water molecules were already initially present at
this location or entered the protein core at a later phase, we calculated the initial
time development of the water-oxygen–protein COM pair distribution function for one
HEWL and T4 WT* aqueous solution. The results in Figure 10.19 of the Appendix
demonstrate that some water molecules are already initially incorporated in the core of
T4 WT* lysozyme. On the other hand, for HEWL, this small peak is also present within
the first 5 ns, although it is not yet fully defined. It gains its final shape in the first 20 ns
of the production run (Figure 10.19). By further examining the water-oxygen–protein
COM RDF in Figure 7.14, one can observe that the probability of finding water at
distances corresponding to the protein surface (between 2 and 3 nm) is slightly higher
than in the bulk part of the aqueous solution. At first glance, the hydration properties
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Figure 7.13: Radius of gyration of HEWL, T4 WT* and γ-D crystallin at different
temperatures and concentrations.

of proteins are generally independent of solution conditions and cluster formation, but
detailed insight surprisingly shows that the amount of water is slightly reduced in case
of T4 WT* lysozyme at 45 mg mL−1 . This may occur due to the formation of a trimer,
which is otherwise small compared to clusters observed at higher concentrations, but
in this case it consists of half of all T4 WT* molecules in the solution. One can also
observe a reduced probability of finding water in the range between 3 and 4.5 nm for
both γ-D crystallin simulations. The observed minimum is especially pronounced for
the solution at 320 K, where the accumulation of proteins into an enormous cluster is
markedly irreversible.
To find out how self-association of proteins alters the amount of protein surface
accessible for water molecules, we calculated the solvent-accessible surface area
(SASA) according to the double cubic lattice method incorporated in GROMACS
software [225]. The results for total SASA (sum of all proteins in the solution) shown
in Figure 7.15 demonstrate that the water-accessible surface area of proteins depends
not solely on the extent of self-association of proteins but also on the degree of
reversibility of the clusters formed.
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Figure 7.14: Water-oxygen – protein COM pair distribution functions for all atomistic
simulations.

Therefore, one may notice a very small decrease in SASA in solutions with low protein
concentration, as no major clustering of proteins can be detected there. On the other
hand, this reduction is significantly more pronounced at higher protein concentration
where larger protein assemblies are formed and diminish the protein surface available
for hydration. For solutions with low protein content no significant changes in SASA
can be observed also between solutions at different temperatures. The only exception
is the aforementioned solution comprising of 45 mg mL−1 of T4 WT* lysozyme at
300 K that exhibits only a slightly more distinct drop in SASA in comparison with
the solution at 267 K. On the contrary, at high protein concentration, the difference
in SASA between solutions of HEWL at different temperatures are much larger than
those observed between solutions of T4 WT* lysozyme, since the latter solutions exhibit
practically identical SASA at both temperatures. We ascribe this large discrepancy in
SASA values for HEWL to the extent of reversibility of protein clustering. In the
solution of HEWL at 267 K the formed assemblies were fairly reversible throughout the
entire simulation, as was demonstrated by both inspecting the density fluctuation map
(Figure 7.5) and visualizing the simulation trajectory. This partial reversibility allows
water molecules to come back into contact with the dehydrated areas of proteins that
were part of the assembly. Meanwhile, at 300 K the large clusters are far more stable
and "hide" those, particularly polar, areas of proteins that are most prone to hydration.
However, the highest overall decrease in SASA belongs to solutions of γ-D crystallin,
especially the one at 320 K, where the largest cluster of proteins was observed (Figure
7.12). We believe that this largest drop in SASA is precisely at the expense of increased
cluster formation. In addition, these clusters are relatively irreversible in the case of
γ-D crystallin at 320 K, which further reduces the amount of protein surface available

7.2 Results and discussion
HEWL at 42 mg mL−1

600

SASA / nm2

127

T4 WT* at 45 mg mL−1

600

267 K
300 K

580

580

560

560

540

540

520

520

500

267 K
300 K

500
0

30 60 90 120 150 180 210 240 270 300

0

30

HEWL at 93 mg mL−1

SASA / nm2

267 K
300 K

1140

1110

1110

1080

1080

1050

1050

1020

1020
0

90 120 150 180 210 240 270 300
T4 WT* at 90 mg mL−1

267 K
300 K

1140

60

30 60 90 120 150 180 210 240 270 300
t / ns

0

30 60 90 120 150 180 210 240 270 300
t / ns

γ−D crystallin at 100 mg mL−1

1100

300 K
320 K

SASA / nm2

1050

1000

950

900
0

30 60 90 120 150 180 210 240 270 300
t / ns

Figure 7.15: Time development of the total solvent-accessible surface area of all simulated
proteins.

to water in comparison with the solution at 300 K.

7.2.2

The mechanism of protein self-association

In this part of our simulation study, we were particularly interested in residue-residue
interactions, as they play a fundamental role in the initial phase of protein cluster
formation. The results of our 300 ns simulations have shown that our systems have
converged sufficiently to perform a valid analysis of protein-protein interactions,
although, of course, one cannot assure the distributions of proteins will not change
later on. Therefore, our first step in characterizing residue-residue interactions was to
examine the distribution of protein molecules in the solutions studied by calculating
the protein-protein pair distribution functions. The obtained results for the RDFs
between protein COM are displayed in Figure 7.16. From the obtained RDFs we
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noticed that the microstructure of aqueous protein solutions is in good agreement
with both, calculated density fluctuations (Figure 7.5) and our visual analysis of
simulation trajectories. For all simulations several pronounced peaks can be noticed in
the protein-protein RDF, denoting protein-protein interactions take place in all
investigated protein solutions. We found that the position of peaks depends not only
on the conditions in the solution, but also on the mutual orientation in which the
protein molecules interact. In all cases the first intensive peak at short distances
indicates a high probability of finding two protein molecules in close proximity,
meanwhile peaks at longer distances are more uncertain and mostly belong to
correlated interactions between molecules in clusters. For the solution containing low
concentration of HEWL at 300 K (Figure 7.16) one can observe a single peak close to
4 nm, which is a much longer distance than the sum of two radii of gyration for this
protein (2.76 nm). Detailed structural analysis showed that this behaviour is a
consequence of a slightly aspherical shape of the protein molecule. By close visual
inspection of the structure of HEWL in VMD, we measured the length of the protein
in this elongated direction, which was roughly 3.7 nm. Identical measurements of
protein size were then performed on T4 WT* lysozyme and γ-D crystallin, which
yielded long diameters of approximately 4.7 and 5.2 nm, respectively. Lateral size of
all proteins was also measured in this way and is shown along with the length in the
elongated direction in Figure 7.1. Based on these measurements the peak in the RDF
of 45 mg mL−1 HEWL at 300 K can thus be explained with a short-termed
head-to-head contact between two HEWL molecules.
By looking at the low
temperature solution containing 45 mg mL−1 of HEWL an additional peak appears at
around 3 nm, which is a consequence of more tightly packed HEWL dimers that are
more numerous in this solution than in the one at 300 K, as already shown in the
density fluctuation plot (see Figure 7.5). One can notice that multiple peaks arise in
both high concentration solutions of HEWL (top right graph in Figure 7.16) due to
extensive clustering in both solutions. At 300 K we can observe a split peak at around
2.7 nm, which approximately corresponds to the sum of two radii of gyration,
indicating a close side-to-side contact between two HEWL molecules. A similar peak
for HEWL molecules in close contact can be seen also at high concentration and 267
K.
Results for T4 WT* (middle graphs in Figure 7.16) indicate there are no close contacts
at any protein concentration at low temperature, since in both solutions no peaks are
detected near the sum of two radii of gyration at around 3.3 nm. Instead, at both
low temperature solutions a single major peak appears at around 4.2 nm, which is still
somewhat near to the head-to-head contact at the distance of the elongated direction,
estimated at around 4.7 nm. Meanwhile, for solutions of T4 WT* at high temperature
we can again clearly observe several peaks at both protein concentrations. At 45 mg
mL−1 and high temperature the first peak emerges around 2.9 nm, suggesting a very
tight lateral (side-to-side) contact of two T4 WT* proteins (see Figure 7.17), as this
distance is shorter than the sum of two radii of gyration. We checked the possibility
for this peak to appear due to partial protein unfolding, but neither the values of Rg
(see Figure 7.13) nor trajectory visualization did not show any signs of reorganization
of protein structure. The other two peaks in this solution that are located at around
3.7 and 5.0 nm represent the additional interactions present in the cluster comprising
of three T4 WT* molecules (Figure 7.17), which was already detected in the density
fluctuation plot (Figure 7.5).
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Figure 7.16: Protein-protein COM pair distribution functions for all investigated aqueous
protein solutions.

At high T4 WT* concentration at 300 K one can see a distinct peak at around 3.2 nm,
which is near the sum of two radii of gyration and denotes a close contact between two
T4 WT* molecules. On the other hand, the second peak just above 4 nm is almost
identical to the one observed at 267 K for the solution with high T4 WT* content.
In the case of γ-D crystallin one can see the protein-protein RDFs are not significantly
affected by solution temperature. However, again, the peak positioning is defined by
the mutual arrangement between two interacting proteins. For both solutions one can
perceive the contour of two peaks, one below 4 nm and one above, which seem to be split
into multiple peaks, probably owing to statistically unconverged protein distributions.
The first peak at 300 K appears at roughly 3.3 nm and represents close contacts between
two γ-D crystallin molecules, since this distance is in the vicinity of the sum of two radii
of gyration (3.24 nm). A similar outline for this first peak is present for the solution at
320 K, although here the two split peaks seem to be overpowered by a major peak at
around 3.6 nm, still describing close interactions between γ-D crystallins. Meanwhile,
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Figure 7.17: Snapshot of a cluster comprising of three T4 WT* molecules, with a distinct
cross-lateral interaction between two of the involved proteins (on the left). The snapshot was
taken in VMD from the simulation of 45 mg mL−1 of T4 WT* lysozyme at 300 K.

some of the multiple sub-peaks above 4 nm were found to be consistent with most
common types of contacts (head-to-head and head-to-side) between two proteins, which
were observed by visually analyzing the self-association process and are also partially
visible in Figure 7.12, where a large protein cluster comprises of such arrangements of
γ-D crystallin molecules.
As there are more than 2000 amino acids present in each simulated solution, determining
their mutual interactions, which can surpass 1 million amino acid pair interactions, is a
pretentious task. In order to reveal the regions of proteins that are crucial for their selfassociation into clusters, we first carried out a rough search of all the amino acid-amino
acid pair interactions that appear during the simulations. We accomplished this by
first determining the COM of all residues of all protein molecules and then calculating
all intermolecular residue-residue COM distances at every given time frame of each
simulation. Afterwards we determined the minimum distances and set a cut-off value
of 1 nm, up to which two amino acid residues were considered a possible pair. The
cut-off distance of 1 nm was chosen based on the calculation of more than 1 million
RDFs between residue-residue COM for one HEWL simulation, where all relevant pairs
of amino acids on different proteins appeared within this distance. The outcome of this
analysis were numerous distance maps (over 100 plots), which were created for each
protein molecule in every simulation box. An example of such a map is presented in
Figure 7.18 (other plots in this form were omitted and only their analysis are presented
further on). The distances were plotted as a heat map that demonstrates the shortest
distance of each amino acid on a given protein to an arbitrary amino acid on any other
protein as a function of time. The deficiency of such a plot is that it does not provide
information on which specific amino acids come close to one another, but it is precisely
this CG approach that offers a quick overview of the most relevant contact areas on
proteins. In Figure 7.18 one can observe that only certain residues of the 12th HEWL
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molecule (out of 16 molecules) come close to residues on other HEWL molecules in
the solution. Some interactions start soon after the beginning of the simulation and
last until the end, meanwhile other appear later and are fairly reversible with several
dissociations and re-associations. In this way we extensively analyzed every protein
molecule in all simulations and found out that only certain regions of protein molecules
are involved in the formation of contacts between protein molecules. This observation
agrees well with the experimental findings obtained with alanine-scanning mutagenesis,
which have shown that the protein-protein molecular recognition is usually associated
with a group of few neighbouring amino acids, denoted as the "hot-spots" [226].

Figure 7.18: Example of a distance map for the 12th HEWL molecule in the simulation box
containing 93 mg mL−1 of HEWL at 300 K. In order to still handle the size of the produced
files only every 20th frame of the original frames was taken to construct the plot.

On each of the investigated proteins, we identified four most prominent regions involved
in the clustering process of proteins (shown in Figure 7.19). We also determined their
amino acid composition and summarized them in Table 7.5. By taking a closer look at
the composition of the identified contact regions, one can notice that there is only one
amino acid that appears in all regions, and this is Arg. Arg is a conditionally essential
amino acid that has a strongly positively charged guanidinium group at pH=7.0 [1]. A
better overview of the contact regions is enabled by their visualization on the protein
structure, which is shown in Figure 7.19. From this visualization it is evident that the
contact regions are mostly located along the longer axes of the protein molecules, which
confirms our observations from both visual analysis in VMD and protein-protein RDF
that protein clusters preferentially arise via initial contacts between two proteins that
align head-to-head, as well as side-to-side and head-to-side.
To ascertain which particular amino acids are responsible for the initial interactions
leading to the self-association of proteins, we first performed a more detailed visual
analysis of the formation of protein clusters. In doing so, we found that in the initial
contacts between proteins in aqueous solutions of HEWL and γ-D crystallin, indeed
mostly participate surface Arg residues that are intermolecularly paired with Arg, as
well as other residues, such as glutamic acid (Glu) (see Figures 7.20 and 7.21).
Meanwhile, for aqueous solutions of T4 WT* lysozyme another positively charged
surface amino acid seems to predominate, and that is Lys, which was often found to
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interact with aspartic acid (Asp) (Figure 7.22). For us, Arg–Arg interactions were
particularly striking, as their positive charge would be expected to repel them under
given conditions. In spite of this electrostatic barrier, we found both parallel and
anti-parallel arginine pairs (Figure 7.20).

Figure 7.19: Four contact regions that are most frequently involved in protein-protein
contacts for HEWL (left), T4 WT* (middle) and γ-D crystallin (right). Take note the
colours of the illustrated regions correspond to the amino acid sequence written in Table 7.5.
Table 7.5: Contact regions of investigated proteins that are most frequently involved in
protein-protein contacts.
Protein

Contact region

HEWL

5–20

HEWL
HEWL
HEWL

44–50
63–73
120–129

T4 WT*

1–10

T4 WT*

45–60

T4 WT*

115–130

T4 WT*

150–160

γ-D crystallin

6–17

γ-D crystallin

47–65

γ-D crystallin

88–103

γ-D crystallin

148–164

Amino acid sequence of contact region
ARG-CYS-GLU-LEU-ALA-ALA-ALA-MET-LYS-ARG-HIS
-GLY-LEU-ASP-ASN-TYR
ASN-ARG-ASN-THR-ASP-GLY-SER
TRP-CYS-ASN-ASP-GLY-ARG-THR-PRO-GLY-SER-ARG
VAL-GLN-ALA-TRP-ILE-ARG-GLY-CYS-ARG-LEU
MET-ASN-ILE-PHE-GLU-MET-LEU-ARG-ILE-ASP
GLU-LEU-ASP-LYS-ALA-ILE-GLY-ARG-ASN-THR-ASN
-GLY-VAL-ILE-THR-LYS
THR-ASN-SER-LEU-ARG-MET-LEU-GLN-GLN-LYS-ARG
-TRP-ASP-GLU-ALA-ALA
ILE-THR-THR-PHE-ARG-THR-GLY-THR-TRP-ASP-ALA
TYR-GLU-ASP-ARG-GLY-PHE-GLN-GLY-ARG-HIS-TYR-GLU
GLN-PRO-ASN-TYR-SER-GLY-LEU-GLN-TYR-PHE-LEU-ARG-ARG-GLY-ASP-TYR-ALA-ASP-HIS
ARG-ILE-ARG-LEU-TYR-GLU-ARG-GLU-ASP-TYR-ARG-GLY-GLN-MET-ILE-GLU
GLY-ASP-TYR-ARG-ARG-TYR-GLN-ASP-TRP-GLY-ALA-THR-ASN-ALA-ARG-VAL-GLY

In our opinion, two positively charged Arg residues can interact only through
hydrophobic interactions, which is already indicated by their mutual orientation. In
their parallel and anti-parallel position their three –CH2 – groups are partially aligned
and therefore behave like they were somewhat buried inside the protein core. Pace et
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al. [132] have studied the effects of hydrophobic interactions on stability of proteins
for more than 100 hydrophobic mutants of 13 proteins. Based on these extensive
measurements they concluded that the average contribution of burying a –CH2 – group
is 1.1 ± 0.5 kcal mol−1 (for very small proteins (up to 50 residues) around 0.6 kcal
mol−1 and for larger ones (above 300 residues) around 1.6 kcal mol−1 ). If we propose
the smallest energy (due to incomplete alignment of –CH2 – groups) of 0.6 kcal mol−1 ,
the total contribution of six –CH2 – groups still produces approximately 3.6 kcal
mol−1 , making it a non-negligible interaction, since it has around twice the strength of
usual hydrogen bonds in protein solutions (0.5 - 1.5 kcal mol−1 ) [227].

Figure 7.20: Parallel (left) and anti-parallel (right) interactions between arginines on two
different proteins from solutions comprising of 90 mg mL−1 of HEWL at 300 and 267 K,
respectively.

On the other hand, frequently observed interactions of Arg with Glu in solutions of γ-D
crystallin and Lys with Asp in solutions of T4 WT* lysozyme (Figure 7.21 and 7.22)
seem to form salt bridges, since the contacts are formed between positively (Arg, Lys)
and negatively (Glu, Asp) charged amino acids.

Figure 7.21: Close contact between arginine (blue) and glutamic acid (red) on two different
proteins from a solution comprising of 100 mg mL−1 of γ-D crystallin at 320 K.

Because it is impossible for one to visually identify all the vital interactions that often
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occur simultaneously, we performed a more detailed analysis of interactions between
individual residues between different protein molecules. To gain insight into all
possible amino acid-amino acid interactions between different proteins, we have
monitored the time evolution of all residue-residue distances between all pairs of
proteins for each simulation. The distance between two residues was defined as the
shortest distance between any pair of heavy atoms (hydrogen atoms were excluded)
between two intermolecular amino acids. Since there are numerous interactions (some
only temporary) present, we again introduced several conditions to reduce the raw
data to a manageable level. All residue pairs were considered as dissociated and thus
ignored, if their mutual distance was above the threshold value of 0.6 nm. On the
other hand, the residue-residue distance below 0.35 nm was considered as a close
contact between a pair of amino acids on different proteins, but was only taken into
account if the distance at some point decreased to 0.3 nm or lower. In addition, we
introduced a special time frame that allowed us to reduce a wide range of residue
pairs to only those that matter most, and eliminate random encounters. This means
that residue pairs were only taken into account, if they persisted within a certain
distance for at least 2 ns. In other words, pairs were considered in contact only if they
lasted for at least 2 ns within 0.3 to 0.6 nm. Similarly, when the distance between two
residues in a pair increased beyond 0.6 nm it had to persist above this cut-off value for
at least 2 ns, for this pair, or another pair containing one of these two residues, to be
recognized as an initial residue pair contact.

Figure 7.22: Close contact between lysine (blue) and aspartic acid (red) on two different
proteins from a solution comprising of 90 mg mL−1 of T4 WT* lysozyme at 300 K.

In this way we were also able to exclude the formation of "secondary" contacts, which
arise as a consequence of a previous contact, since only those residue pairs in contact
were considered, of which individual residues were not correlated with any other residue
for at least the last 2 ns prior initiating the contact in question. The interactions, as a
function of time, protein molecule pair and amino acid pair, were again displayed as heat
maps for each protein solution. In all simulated protein solutions one can mostly notice
very dynamic correlations between amino acids. Figure 7.23 shows a few examples
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for HEWL at high concentration and high temperature, which nicely summarize this
characteristic pattern of interactions noticed between amino acids that is similar in
other protein solutions (remaining interactions for HEWL at high c and high T and for
all other simulations are gathered in Figures 10.20 to 10.41 of the Appendix). From the
time evolution of interactions in Figure 7.23 it is evident that some amino acids come
very close, but the formed contacts are mostly short-lived. Some residue pairs, such
as Arg14–Arg21 on HEWL molecules 10 and 12, come relatively close and interact for
quite a few nanoseconds, but then dissociate and the particular protein pair no longer
comes into contact. Some of them, such as Asn77–Arg73 (Asn, asparagine) on HEWL
molecules 6 and 8, come into contact and soon dissociate, but re-associate after a while
and this correlation is repeated three more times, before they permanently separate.
Afterwards, a similar trend is observed for Arg73–Pro70 (Pro, proline) between the
same pair of protein molecules. On the other hand, one can still observe some pairs,
e.g. Arg128–Asn46 on HEWL molecules 7 and 11, which come into close contact at
some point of simulation and persist together permanently. The noticed short-lived
and very flexible interactions between amino acids, which predominate in investigated
protein solutions are consistent with the clustering of proteins visualized with density
fluctuation maps. Both parts of the analysis strongly highlight the reversible nature of
self-association of proteins into clusters of various sizes, which is, in fact, the picture
one would expect to observe experimentally, as well.

Figure 7.23: Time evolution of some selected residue-residue contacts that appear within 6
Å between different pairs of HEWL molecules (10-12, 6-8 and 7-11) in the solution comprising
of 93 mg mL−1 of HEWL at 300 K. The shortest distance (here in Å) between the residue
pairs is represented with a heatmap on the right. Distances above 6 Å are plotted as white
space.

In order to gain a clearer picture of the amino acids involved in the initial clustering of
proteins we made use of this vast raw data on residue-residue interactions and extracted
all the first occurrences of a certain contact and sorted the data according to both:
which amino acid pair is present, and also which individual amino acid is involved.
Hereafter, two types of analysis were made; firstly we looked at which amino acid pair
or individual amino acid is responsible for the first contact and then we just counted
how long and how often the amino acids are actually in contact, where contact has
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been defined as the distance below 0.35 nm. In this way we were also able to obtain
both, the probability of individual close contact residues, and also the probability of
close contact residue pairs. The results for all simulations are shown in Figures 7.24 to
7.37.

Figure 7.24: Probability of overall close residue pairs for all aqueous solutions of HEWL.

Figure 7.24 displays the probabilities of close residue pairs for all simulations of
HEWL. These histograms essentially show the overall time average of residue-residue
contacts. In general, one can notice that in all cases, the predominating pairs are
those of which at least one amino acid is represented by Arg. However, one can
observe a lot of variability when it comes to the amino acids that are paired with Arg.
Therefore, in the high concentration and high temperature simulation contacts
between Arg and Asn are most likely, since they represent around 65 % of all contacts.
They are followed by Arg–Arg interactions, meanwhile the rest are almost irrelevant.
At low concentration and high temperature the Arg–Asn contact becomes almost
imperceptible, since glycine (Gly) paired with Arg becomes the most probable
contact. Albeit, one should consider that Gly is a unique amino acid as it comprises of
a hydrogen as its side chain. This means Gly has a much higher conformational
flexibility than other amino acids and can reside in parts of protein structures and
clusters that are prohibited to other amino acids [228]. This could signify that Gly is
not as important as it initially seems, but simply has the ability to get involved. The
Arg–Gly interaction is succeeded by Arg–Arg contacts, which become slightly more
probable in this solution. Under LLPS conditions of HEWL (high concentration +
low temperature) one observes that Arg–Arg contacts have the highest probability,
meanwhile in the solution at both low temperature and low concentration the contacts
are solely consisting of salt bridges formed between Arg and Asp. Although these
histograms provide important information on most relevant residue pairs, they do not
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reveal the number of contacts, which could mean the importance of some pairs is
over-exaggerated due to only few contacts present in the solution. This doubt is solved
by the absolute number of residue pairs that initiate a contact shown in Figure 7.25.

Figure 7.25: Number of initial close contact residue pairs for all aqueous solutions of HEWL.

Here, one can see that for the high concentration and high temperature solution of
HEWL the initial contacts are by far most numerously represented by pairs involving
Arg, since the six most prominent bars comprise of at least one Arg residue. Meanwhile,
if we decrease the concentration of the high temperature HEWL solution, we can observe
that all except the last pair contain Arg. However, one must take notice that there are
only seven contacts all together in this solution, meaning they are not as relevant as
the ones in the solution with higher HEWL content with a total of 36 contacts. At low
temperature and high concentration one can perceive a similar picture (Arg dominating
the three most abundant contacts) as for the solution at identical concentration and
higher temperature. Although, here the interactions seem to be somewhat more variable
than at higher temperature case, which can be a consequence of a smaller number of
events. Finally, for the solution with low HEWL content at low temperature, no clear
conclusions can be made, because there are only 5 contacts throughout the simulation.
Nevertheless, Arg still participates in four out of five amino acid pairs.
To get an insight into which amino acids are important for the self-association of
HEWL, we performed a similar analysis for the individual residues. Figure 7.26
clearly demonstrates that Arg has the highest probability of being involved in close
contact with other amino acids for all solutions containing HEWL. The likelihood of
other residues, however, varies greatly from solution to solution. Mostly polar amino
acids, such as threonine (Thr) and Asn, as well as negatively charged Asp prevail.
Interestingly, as was already seen from the residue pairs, Gly seems to be among the
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most probable amino acids that come into close contact throughout the simulations.
This is especially true for the solution with low concentration of HEWL at high
temperature. As aforementioned, we believe this is due to its small size, increased
conformational flexibility and proximity to other residues.

Figure 7.26: Probability of overall close contact residues for all aqueous solutions of HEWL.

To uncover which individual amino acids play a key role in the initial phase of selfassociation of HEWL, we counted the number of initial close contact residues, which
are shown in Figure 7.27. These histograms show that Arg residues clearly dominate
among the amino acids that initiate first contacts between different HEWL molecules.
One of the contributions to this is surely its high occupation of HEWL surface, since
it is the second most common amino acid on the surface of this protein (see Table
7.1). Particularly the top and bottom Arg tail, represented by residues 128 and 73
(see Figure 7.28), which protrude from the globular structure of HEWL are highly
susceptible to interactions with other residues. Besides Arg, other important residues
that are involved in the initial contacts between HEWL molecules include Asn, Thr,
Gly and Asp.
We proceed with an identical analysis for the solutions of T4 WT* lysozyme. Figure
7.29 shows that the most probable residue pairs in solutions of T4 WT* lysozyme
are formed between positively and negatively charged amino acids. However, one can
observe a lot of variety in the identity of most likely residue pairs.
Therefore at high concentration and high temperature the most dominating contact
involves Asp and Lys, whereas all except one of remaining pairs again contain Arg. By
looking at the histograms for the solution containing less T4 WT* molecules at high
temperature the interactions are almost exclusively formed between Arg and Glu. In
the solution with high concentration of T4 WT* at low temperature one can again
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Figure 7.27: Number of initial close contact residues for all aqueous solutions of HEWL.

ARG128

ARG73
Figure 7.28: 11 arginine molecules distributed over the surface of HEWL, with the marked
top and bottom arginine tail. Structure of HEWL (1aki.pdb) was visualized with VMD
software.

notice that electrostatic interactions between Asp and Lys have the highest probability.
This pair is followed by an interaction between Arg and Asn. Interestingly, at both low
temperature and low concentration the predominating pairs consist of Asn and Asp,
which could only interact through hydrogen bonds. Though once again one has to have
in mind that not all contacts are relevant, since especially in low protein concentration
simulations results can be misleading due to poorer statistics. This occurs because the
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Figure 7.29: Probability of overall close residue pairs for all aqueous solutions of T4 WT*
lysozyme.

number of protein molecules was here, at identical concentration, smaller than in the
case of HEWL.
For example by analyzing the number of initial close contact residue pairs in Figure
7.30 we can see that interactions in the case of low temperature and low concentration
solution of T4 WT* are somewhat irrelevant for a more general picture, as there are only
a total of two initial contact pairs formed. The statistics does not get any better if we
observe the solution at high temperature and low concentration. Here, one can notice
various contacts that appear at an equal frequency, meaning it is impossible to conclude
which residue pairs are the most important. The picture becomes somewhat clearer for
both solutions at high concentration of T4 WT*. In the solution at high temperature
Asp–Lys is the prevailing pair. Other important contacts involve Asn–Lys and Arg–Asp
interactions, meanwhile the rest mostly contain Arg, but are rather uncertain. From
the first top three bars, which contain either Asp or Lys, it is evident that Lys and
Asp represent more than half of all contacts in this solution. At low temperature one
can comprehend a qualitatively similar image of interactions as for the solution at high
temperature, since Lys–Asp is also the dominating amino acid pair, which is followed
by Lys–Lys interactions.
Figure 7.31 shows the probability of individual amino acids to participate in the overall
formation of close contacts in solutions of T4 WT* lysozyme. Again it is not quite clear
what is the general picture of interactions, since the simulations at low concentration do
not provide trustworthy results. Therefore, if we solely focus on the solutions with high
content of T4 WT*, we can notice for both high and low temperature solutions that
positively (Lys) and negatively (Asp) charged residues are prevalent. Other noteworthy
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Figure 7.30: Number of initial close contact residue pairs for all aqueous solutions of T4
WT* lysozyme.

Figure 7.31: Probability of overall close contact residues for all aqueous solutions of T4
WT* lysozyme.

amino acids include Asn and Arg. The analysis of initial interactions for solutions of

142

7 Simulations of protein-protein interactions of globular proteins

T4 WT* shows that Lys is the most frequently involved amino acid when it comes
to the formation of initial contacts in solutions containing high concentration of T4
WT* (Figure 7.32). By visualizing the surface of T4 WT* one can quickly notice
Lys is the most abundant amino acid there (Figure 7.33 and Table 7.1). We believe it
therefore has a similar role for interactions of T4 WT* molecules, as Arg does for HEWL.
Meanwhile, there is again a high amount of unclarity at low protein concentration due
to poor statistics, which is especially emphasized at low temperature where there are
four amino acids that all participate only once in an initial contact.

Figure 7.32: Number of initial close contact residues for all aqueous solutions of T4 WT*
lysozyme.

Lastly, we performed the analysis of all contacts for the two solutions comprising of
100 mg mL−1 of γ-D crystallin. The overall distribution of close residue pairs in Figure
7.34 does not provide a completely clear message, since the leading amino acid pair is
different for both γ-D crystallin solutions. At low temperature the highest probability
is observed for pairs of His with Asn, which are not even listed at higher temperature.
Meanwhile, at high temperature the predominating pair is Arg–Glu that is also the third
most likely pair at low temperature. By viewing the absolute numbers of residue pairs
responsible for the initial contacts (Figure 7.35), we can observe that pairs containing
Arg are in vast majority at both solution temperatures. For both cases the same three
pairs represent the leading bars, however in mixed order. These pairs are Arg–Glu
(first at low T , third at high T ), Arg–Gln (Gln, glutamine) (second at both T ) and
Arg–Arg (first at high T , third at low T ). Since Arg residues seem to predominate
the initial phase of γ-D crystallin self-association and lack in the overall distribution of
contacts, we believe that after the formation of initial contacts some reorganization and
condensing of γ-D crystallin molecules occurs. This is particularly noticeable at low
temperature, where Asn–His prevails, although it is not involved in any of the initial
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Figure 7.33: 14 lysine molecules distributed over the surface of T4 WT* lysozyme. Structure
of T4 WT* (1l63.pdb) was visualized with VMD software.

contacts.

Figure 7.34: Probability of overall close contact residue pairs for both aqueous solutions of
γ-D crystallin.

The probability of individual residues in overall close contacts confirms that Arg is
the predominant residue in γ-D crystallin interactions at both solution temperatures
(see Figure 7.36). Its importance for the self-association of γ-D crystallin is even more
pronounced in the case of the formation of initial contacts (see Figure 7.37), where it is
by far the most involved amino acid. This is again correlated with the fact that Arg is
by far the most abundant amino acid on the γ-D crystallin surface, making it the most
likely residue to first come in contact with the surrounding protein molecules (Figure
7.38 and Table 7.1). Other noteworthy residues are polar Gln and negatively charged
Asp and Glu, which seem to be similar for both temperatures.
Since the analysis of residue-residue interactions was carried out under a defined set
of restriction parameters, we were curious whether the choice of parameters, such as
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Figure 7.35: Number of initial close contact residue pairs for both aqueous solutions of γ-D
crystallin.

Figure 7.36: Probability of overall close contact residues for both aqueous solutions of γ-D
crystallin.

Figure 7.37: Number of initial close contact residues for both aqueous solutions of γ-D
crystallin.

the time frame and cut-off distance for taking certain residue pairs into consideration,
affects the crucial interactions that drive the self-association of investigated proteins.
We first examined the time frame used for considering residue pairs and decreased it
from 2 ns to only 1 ns. We noticed differences in probabilities of individual residues for
the low temperature and low concentration solution of T4 WT* lysozyme. However, we
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Figure 7.38: 22 arginine molecules distributed over the surface of γ-D crystallin. Structure
of γ-D crystallin (1hk0.pdb) was visualized with VMD software.

believe this discrepancy is more due to poorer statistics than the choice of time frame
length. For the solution with high concentration of T4 WT* at low temperature one
can also observe an exchange in the two leading residue pairs. Apart from this, no
major changes concerning the most relevant residue pairs nor individual residues were
detected in any of protein solutions (Figures 10.42 to 10.45 of the Appendix).
Further we changed the interaction cut-off distance from an initial range between 0.3
and 0.6 nm to between 0.4 and 0.7 nm by keeping the waiting time frame fixed at 2 ns. It
was shown that for individual residues significant alterations in their overall probability
of forming close contacts are only present for solutions with poorer statistics (especially
low concentration and low temperature T4 WT* solution). In other solutions, the
loosening of the shortest distance criterion between amino acids caused only minor
differences that are within the statistical error. A similar picture can be observed for
the number of initial close contact residues, where Arg is still the prevailing residue in
solutions of both HEWL and γ-D crystallin (see Figures 10.42 to 10.45 of the Appendix).
For T4 WT* the charged amino acids become even slightly more pronounced than at
more strict residue pair minimum distances. The order of amino acids based on their
probabilities for close contact formation remains similar even when the cut-off distance
is widened to between 0.5 and 1.0 nm (see Figures 10.42 to 10.45 of the Appendix).
Arg still dominates the solutions of HEWL, except for the low concentration and high
temperature solution where the bar for Arg completely disappears for the wider cut-off
distance. For solutions of γ-D crystallin Arg still remains among the most probable
residues and in a similar way Lys also persists as the most involved residue in close
contacts of T4 WT* lysozyme. With the additional widening of the cut-off distance no
noteworthy changes are noticed for the number of initial close contacts.
On the other hand, one can notice that by changing the cut-off distance the differences
among distributions of probabilities of close residue pairs become more prominent. In
spite of these alterations, pairs comprising of Arg are still most probable for HEWL
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and γ-D crystallin (Figures 10.42 to 10.45 of the Appendix). For the case of T4 WT*
lysozyme charged amino acids still form the leading pairs. Our general observation
about the influence of cut-off distance criteria on the detection of residue pairs is that
one of the amino acids in most of pairs always remains the same, whilst the other one
changes, suggesting towards poor amino acid selectivity. In our opinion at higher cut-off
distances (0.4 to 0.7 nm and 0.5 to 1.0 nm) the relevant amino acids, which cause initial
contacts between two approaching proteins, do not just interact with each other, but are
also correlated with nearby residues within the wider cut-off distance. This is in good
agreement with the observation that distributions do not alter substantially when we
extend the cut-off distance between 0.4 to 0.7 nm to between 0.5 to 1.0 nm. However,
in the latter case the distributions of residue pairs turn out to be more uniform and also
tend to provide less clear information. All these comparisons show why we chose the
cut-off distance between 0.3 and 0.6 nm for the main analysis, as this cut-off criterion
is the most informative and makes the greatest contribution to the uncovering of the
leading amino acids in the process of protein clustering.
To summarize, we found that interactions of Arg with other residues are clearly mainly
responsible for the clustering of aqueous solutions of both HEWL and γ-D crystallin
under investigated conditions. As seen above, in addition to pairs with fellow Arg on
different protein molecules, Arg mostly interacts with Asn, Glu, Thr, Asp and Gln that
all consist of a polar or charged side chain, which is prone to forming hydrogen bonds
and salt bridges. This observation is consistent with findings made by others, where Arg
residues located in protein "hot-spots" were found to interact with other amino acids
via electrostatic salt bridges and hydrogen bonding [229]. In addition, experimental
studies have shown that by adding Arg to aqueous solutions of proteins one can arrest
the aggregation of proteins [230]. Tomita et al. proposed that Arg binds to other
residues on the surface of the protein and thus decreases the extent of attractive forces
between protein molecules, making them less susceptible for irreversible aggregation
[231]. Interesting results that support our view were obtained also by Shukla and Trout
[232], which have shown that aqueous Arg solutions can not only prevent aggregation
due to cation-π and salt bridge formation with aromatic and charged side chains of
surface amino acids, but also with its high tendency towards self-association through
head-to-tail hydrogen bonds between Arg residues. The Arg clusters formed in this way
were proposed to crowd out the protein-protein interactions. We believe that Arg in
our solutions of HEWL and γ-D crystallin acts as a glue between two nearby protein
molecules, leading to their initial contact. Once the protein molecules are in near
proximity additional interactions can arise between nearby residues to produce larger
clusters of proteins.
Meanwhile for T4 WT* lysozyme the picture is not entirely clear, but judging from
the statistically more relevant solutions with high protein content, Lys is the crucial
amino acid for the self-association of T4 WT* molecules. In our solutions it seems to
mostly interact with negatively charged Asp residues, therefore predominantly
forming salt bridges. Lys has already been recognized to play an important role in
protein aggregation. One of such cases is e.g. the well known amyloidogenic Aβ
protein. Sinha et al. have shown that the self-assembly and toxicity of Aβ protein are
substantially reduced, when Lys residues are replaced by Ala, since Lys is capable of
forming electrostatic and hydrophobic interactions (similar as Arg) that are both of
high importance for the fibrillization of proteins [233].
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Conclusions

In this dissertation we presented a variety of results from our study of interparticle
interactions in globular protein solutions, which were obtained through experimental
work, theoretical approaches and molecular dynamics simulations. In the first part of
our work we first discussed the crystallization of HEWL and the influence of the LLPS
phenomenon on the crystallization process. Then, we extended our investigation of
LLPS of HEWL to multiple buffer solutions and evaluated the protein-protein
interactions in respective protein solutions by using DLS and theoretical modelling. It
was found that stock HEWL powder comprises of several impurities, which were
significantly reduced by our all crystallization approaches. However, by comparing the
crystallization of HEWL via one of many conventional ways (by solvent evaporation)
in acetate buffer and through LLPS in phosphate and TRIS buffer, we found that
crystallization yields, the rate of formation and purity of obtained crystals were much
better with LLPS. We have noticed that under LLPS conditions one can achieve very
high supersaturation of protein solutions in a more natural way by simply cooling the
solutions without any special handling, which is often needed in conventional
crystallization methods.
While investigating the crystallization of HEWL in phosphate buffer, we observed
higher crystallization yields when 0.16 M NaBr was used as an additive instead of 0.35
M NaCl, although in that case the growth of crystals was more time-consuming. In
TRIS buffer we attempted to crystallize HEWL under various solution conditions
(varying concentrations of HEWL and NaCl, as well as solution pH) until we found
the optimal solution consisting of 50 mM TRIS at pH=7.8 with 50 mg mL−1 of
HEWL and 1.1 M NaCl. By means of SDS-PAGE we compared the purity of HEWL
crystals obtained in most suitable phosphate and TRIS solutions and decided to
perform a large crystallization batch in 50 mL of the optimal TRIS solution.
The amount of produced crystals was sufficient to perform a single Tcloud measurement
in 0.1 M phosphate buffer with 0.2 M NaBr at pH=6.8, with which we ascertained that
the solution containing crystallized HEWL is only slightly more stable than the one
containing stock HEWL powder with present impurities. This means that impurities
present in bought HEWL powder samples do not substantially alter the phase stability
of aqueous HEWL solutions and additional crystallization of HEWL is not necessary
for phase stability studies of HEWL–buffer solutions.
The phase stability of aqueous HEWL solutions was studied by measuring the Tcloud
values of 10 different 0.1 M buffer solutions, containing 90 mg mL−1 of HEWL, with
our main focus on buffers at pH=7.0, where we performed additional measurements
at 125 mg mL−1 of HEWL. Initially, we confirmed the well-established dependence of
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the phase stability of HEWL on salt concentration, where we have shown that LLPS
occurs more rapidly in those solutions containing a higher amount of NaBr. This
occurs due to the high tendency of Br− ions to bind to positively charged Arg, Lys
and His residues on the surface of HEWL. Once bound to the surface of HEWL, Br−
ions screen the repulsive electrostatic interactions between HEWL molecules, leading
to easier association of proteins and greater phase instability, which was detected as
higher Tcloud values of individual HEWL–buffer solutions.
Despite the high influence of salt ions, we found that buffer ions should never be
neglected when concerning the phase stability of aqueous HEWL solutions. We
ascertained this by obtaining the Tcloud values of HEWL in pure buffer solutions
(without NaBr). It was shown, for all 10 buffers, that phase stability of HEWL is
strongly dependent on solution conditions, as well as on the choice of buffer. By
measuring Tcloud in buffers that can be used in both acidic and alkaline pH regions
(glycine and phosphate), we demonstrated that the phase stability of HEWL is higher
at low pH than in a more basic environment. This was ascribed to a significant
decrease of net surface charge of HEWL from +18 at pH=2.0 to around +7 at
pH=9.0, which leads to weaker electrostatic repulsions between HEWL molecules and
thus to their more likely self-association. The results for buffers at pH=7.0 proved to
be the most interesting, as despite the same pH and even very similar chemical
composition (in case of ACES, MOPS and HEPES) the phase stability of HEWL in
these buffers differed significantly. The tendency towards phase separation of HEWL
in these buffers was found to increase in the following order: cacodylate < MOPS <
ACES < HEPES < phosphate.
The observed phase stability of HEWL, measured with a UV spectrophotometer, was
confirmed by ascertaining the Tcloud values also with Litesizer 500, equipped with a DLS
application. The results from Litesizer 500 proved to be of added value, as they showed
a vast increase in particle sizes at the beginning of each phase separation of HEWL–
buffer solutions, indicating that self-association of HEWL molecules is present under
such conditions. In addition, both UV and DLS measurements of phase stability of
individual HEWL–buffer solutions (with different amounts of NaBr) yielded an equal,
but different order of buffers (based on the degree of phase stability of HEWL) than the
order obtained for pure buffers (without NaBr). The latter observation clearly reveals
the fact that in such complex solutions a delicate interplay of interactions between
proteins, water, buffer molecules and salt ions is present.
We further investigated the nature of interparticle interactions by measuring DLS of
HEWL–buffer solutions, with which we managed to obtain the B22 and kD values of
respective HEWL–buffer solutions. We determined positive values of both parameters
for all HEWL–buffer solutions with the exception of phosphate buffer at pH=7.0,
which exhibited slightly negative values of both parameters. This result indicates that
repulsive protein-protein interactions predominate in all buffers at the conditions
investigated, except in phosphate at pH=7.0, where weak attractive forces seem to
prevail between HEWL molecules. As we expected, most positive B22 and kD values
were measured for HEWL–buffer solutions under acidic conditions. By visualizing the
Tcloud dependence of B22 and kD , we found that both parameters are correlated with
phase stability of HEWL. The trend is equal for both parameters: the higher the
Tcloud for the solution, the lower the B22 and kD values, pointing towards an increase
in attractive protein-protein interactions that decrease the phase stability of
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HEWL–buffer solutions. This result was within our expectations, since attractive
forces between HEWL molecules are necessary to initiate the self-association process,
which accompanies LLPS. Although kD values displayed an almost identical
dependence on Tcloud than B22 , and are more easily to measure, we believe B22 values
are still more reliable predictors of protein-protein interactions. Since we obtained a
simple linear equation that describes the Tcloud dependence of B22 for HEWL–buffer
solutions at pH=7.0, we attempted to predict B22 values for HEWL–buffer solutions
at other pH values. The calculated predicitions were in good agreement with
measured values of glycine and TRIS buffer solutions under alkaline conditions and
with those of phosphate buffer at pH=2.0, but failed to approach the measured values
of more stable glycine and acetate buffer solutions under acidic conditions.
By using a simple coarse-grained model, consisting of five parameters, within the
framework of Wertheim’s TPT1, we managed to predict the liquid-liquid coexistence
curves of HEWL–buffer solutions at pH=7.0, which are in good agreement with
experimentally determined Tcloud values at two different HEWL concentrations (90
and 125 mg mL−1 ). To obtain the best model fit with experimentally obtained data,
four parameters (protein diameter, protein molecular weight, square-well potential
range and number of equivalent binding sites) were held constant for all HEWL–buffer
solutions, meanwhile we had to adjust the square-well potential depth parameter, ε,
that reflects the strength of protein-protein interactions, and was found to be
dependent on buffer identity. To gain further knowledge on the influence of buffers on
the phase stability of HEWL, we also measured the Tcloud values of HEWL in 0.2 M
ACES buffer at pH=7.0 and noticed that altered phase stability of HEWL is not
because of crowding effects, but more due to competition between buffer and Br− ions
for binding to the positively charged surface of HEWL. This became most clear when
individual HEWL solutions with added NaBr were more stable in 0.2 M ACES buffer
than identical ones in 0.1 M ACES buffer, since a larger amount of ACES anions in
the case of 0.2 M concentration can displace Br− ions to a greater extent than in the
0.1 M case. Because Br− ions are more effective at screening electrostatic repulsions,
this leads to a slightly increased phase stability of individual HEWL–ACES solutions
in the 0.2 M case. The hypothesis of buffer ion binding was supported by the finding
that the phase stability of HEWL in pure 0.2 M ACES buffer was lower than that in
0.1 M ACES at both HEWL concentrations. In both pure ACES buffers, only their
anions are the ones, that in the absence of Br− ions, screen the repulsive forces
between HEWL molecules, meaning their higher amount in the 0.2 M case leads
towards sooner LLPS. Because other buffers also produce a substantial amount of
anions at pH=7.0, we proposed an identical mechanism for their influence on the
phase stability of HEWL.
With the use of a simple model in combination with Wertheim’s TPT1, we were also
able to ascertain the salt-specific parameter, a, and the square-well potential depth at
infinite salt dilution, b, for all investigated HEWL–buffer solutions at pH=7.0.
Parameter b was discovered to be in excellent agreement with the observed phase
stability of HEWL in different buffers, since the highest values of b were obtained for
phosphate and the lowest for cacodylate buffer. Both a and b were found to be
independent of HEWL concentration, but were noticed to be highly buffer-specific.
Furthermore, we investigated the relationship between <a> and <b>, and found
correlations that support our hypothesis on competition of buffer anions with Br− for
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binding sites on surface of HEWL. This was seen as a decrease of parameter <a>
with increasing parameter <b>, which effectively describes the displacement of Br−
with buffer anions. Additional support on this view was provided also by the same
trend of observed correlations between <a> and <b>, when comparing 0.1 and 0.2 M
ACES buffers.
Since the proposed HEWL–buffer and HEWL–salt interactions are electrostatic, we
searched for possible correlations between the highly buffer-specific parameter <b>
and the surface charge density σq of buffer anions. We obtained excellent correlations
between these two quantities for phosphate anions, which show the highest tendency
towards binding to HEWL surface due to the most negative σq values. Reasonable
correlations were also obtained for ACES and MOPS that provided a very similar
phase stability for HEWL molecules throughout the whole study. Larger deviations
from the expected trend were obtained for HEPES and cacodylate, which may have an
additional feature that stabilizes (cacodylate) or destabilizes (HEPES) aqueous HEWL
solutions. In general, we came to the conclusion that the choice of buffer should never
be reckless, as it is very likely that its effect will be reflected not only on the pH of
the solution, but also in interparticle interactions, which can e.g. affect the stability of
protein formulations.
In the second part of our work, we investigated how different solution conditions affect
the fibrillization of HEWL. Firstly, we examined the fresh HEWL samples to ascertain
the initial (native) protein structure prior fibrillization. It was shown that there are
no major changes in the secondary structure content of HEWL in different buffers,
with only minor alterations occuring with changes in solution pH and buffer ionic
strength, which were especially prominent in glycine buffer solutions. This was
quantitatively confirmed with the BeStSel online server. We proceeded by examining
the hydrophobicity of fresh HEWL surface using the ANS dye and DSC method. Due
to high ionic strength of investigated solutions we could not make any fruitful
conclusions from ANS fluorescence measurements, but we benefited from
thermograms of HEWL obtained with DSC. These thermal fingerprints of HEWL
revealed that the conformational stability of HEWL is significantly decreased in
glycine buffer at pH=2.0, whilst it remains very similar in other buffers. Based on
these results, we expected that glycine at pH=2.0 is the most suitable environment for
the growth of HEWL fibrils.
To further ascertain the solution conditions that lead towards the fibrillization of
HEWL, we investigated the formation of amyloid fibrils in various buffers under
agitated and static conditions at 37 °C. Samples were investigated for the presence of
amyloid fibrils by using highly amyloidophilic dyes (ThT and CR) and CD
spectroscopy.
It was shown from labour-intensive measurements that HEWL
fibrillized only under agitated conditions at pH=2.0, where the conditions in the
solution enabled the partial unfolding of the protein structure and at the same time
favourable kinetic conditions were met, to surpass the electrostatic repulsion barrier
between highly positively charged HEWL molecules. We found that the only buffers
that provided all necessary conditions mentioned above and actually exhibited the
formation of fibrils were 0.5 M glycine and KCl-HCl buffer at 0.25 and 0.5 M ionic
strength. In these buffers we observed major deviations of agitated samples in
comparison with fresh (control) HEWL solutions. The deviations were manifested in
all three analysis techniques; with ThT dye the agitated samples exhibited highly
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amplified ThT emission fluorescence intensities and by performing the CR binding
assay, we noticed clearly increased peak absorbance, accompanied by its red shift and
clearly altered shape. In these agitated samples fibrils were ultimately confirmed with
recorded CD spectra, which indicated towards a vast amount of antiparallel β-sheet
structure. At identical solution conditions, as mentioned above, we noticed no
significant alterations between samples of diverse incubation in phosphate buffer. This
means phosphate buffer did not facilitate the fibrillization of HEWL, suggesting the
importance of buffer-specific effects. The investigation of fibrillization in several other
buffers, such as TRIS, acetate, cacodylate and HEPES also demonstrated that no
HEWL fibrils were formed in these buffers, indicating the stabilizing nature of these
buffers, when concerning amyloid assembly.
Since fibrils readily formed in 0.5 M glycine buffer at pH=2.0, but not in 0.25 M glycine
at identical pH, we investigated the importance of electrostatic screening while keeping
the same total ionic strength of the solution. To commence amyloid fibril formation
in at first non-amyloid solutions, such as 0.25 M glycine (pH=2.0 and 9.0) and 0.25
M TRIS (pH=9.0), a simple electrolyte, NaCl, was combined with these buffers to
reach a total ionic strength of 0.25 M. The used NaCl concentrations were 10, 30, 50
and 70 mM. This approach induced the fibrillization of HEWL in agitated solutions of
0.25 M glycine at pH=2.0 and at all additions of NaCl. However, no fibrils formed in
other solutions to which NaCl was added, which emphasizes the importance of partial
unfolding of HEWL at pH=2.0, as well as highlights the stabilizing role of TRIS buffer.
To further test its role, we used amyloid seeding to facilitate amyloid fibril formation.
We found that no fibrils grew in TRIS buffer at any amount of added fibril seeds (5, 10
and 20 % v/v), therefore further confirming the stabilizing ability of TRIS buffer.
Lastly, we attempted to prevent HEWL from aggregating into amyloid fibrils by adding
an inert polymer, PEG12000. It was added to HEWL in 0.5 M glycine at pH=2.0, where
otherwise an extensive amount of amyloid fibrils was formed. We have shown that
above a certain concentration (40 mg mL−1 ) PEG obstructed the association of HEWL
into initial oligomers, and arrested the fibrillization process. We concluded that PEG
molecules can act similarly as some buffer components and interact with the surface
of protein molecules, therefore stabilizing their native conformation. It is evident that
the influence of buffers is various, since buffers can effectively stabilize or destabilize
protein solutions, as we have already demonstrated in our study of phase stability of
HEWL. Because buffers play a fundamental role in protein formulations, the correct
choice of stabilizing buffers could omit the addition of other additives and stabilizers
that can, upon administration, trigger unwanted side effects.
In the third part of this thesis, we focused on the synthesis of our own two T4 lysozyme
variants, namely a pseudo-wild type (WT*) T4 lysozyme and its corresponding single
point mutant L99I*. We wanted to explore the influence of this single point mutation on
both phase, as well as conformational stability of T4 lysozyme. Firstly, we successfully
optimized the expression of both proteins to obtain a satisfying yield of 50 to 100 mg
of both proteins from 3.2 L of growth medium. By recording CD spectra of both T4
variants, we found that the replacement of Leu with Ile does not substantially affect
the secondary structure content observed in T4 WT* variant. In addition, we observed
that both T4 lysozymes comprise of almost 30 % more α-helices than does HEWL
at identical solution conditions. We attempted to measure the phase stability of T4
WT* lysozyme, but despite cooling the solutions down to -6 °C the phase separation
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conditions were not achieved. It was concluded that the phase stability of T4 WT*
lysozyme is greater than that of HEWL at identical solution conditions, which could be
a consequence of the higher α-helix content in T4 WT* that offers additional stability.
By means of CD spectroscopy and DSC thermograms we demonstrated that T4 WT*
lysozyme is conformationally more stable than its single point mutant, as the latter
unfolds at ≈ 4.3 °C lower temperature. It was also observed that during their heating
both proteins irreversibly lost their native structure, with T4 WT* showing only a
slightly more preserved fraction of native structure compared to L99I*.
In the last part of our work, we carried out an extensive investigation of
protein-protein interactions in aqueous solutions of HEWL, T4 WT* lysozyme and
γ-D crystallin on an atomistic level using MD simulations. To visualize the phase
stability of investigated protein solutions, we first calculated their time-dependent
local density fluctuations. The calculations were found to be in good agreement with
the visual analysis of simulation trajectories and seemed to point towards the initial
stage of phase separation for some protein solutions (HEWL at high c and low T and
γ-D at low T ). In the case of solutions with high concentration of HEWL, we
observed relatively high density regions of proteins that were in good contrast with
less protein-rich domains at both temperatures of 267 and 300 K. However, this was
more pronounced at 267 K. It was shown that both solutions with high HEWL
content form reversible clusters of various sizes, with a more distinct reversibility
present at low temperature. This observation is in good agreement with the reversible
nature of experimentally measured LLPS. On the other hand, at low concentration of
HEWL, the solutions appeared to be more homogeneous with no significant high
density regions of proteins, since at most dimers were formed at both temperatures.
T4 WT* lysozyme solutions have exhibited similar density fluctuations than those
observed for solutions of HEWL, with distinct high and low density regions at high T4
WT* concentrations, and more homogeneous solutions at low T4 WT* content. By
investigating the density fluctuations of γ-D crystallin solutions, we found that γ-D
crystallin is more prone to self-association than HEWL and T4 WT* lysozyme, since
extensive clustering was observed for γ-D crystallin solutions at both 300 and 320 K.
We demonstrated that the reversibility of γ-D crystallin clusters was lower at 320 K,
when we were outside the experimentally observed LLPS conditions.
The observed self-association of proteins was reflected in their respective diffusion
coefficients, D. The values of D decreased with the rising concentration of proteins
and decreasing temperature of solutions, as well as with rising molecular weight of
proteins. Therefore highest D values were obtained for solutions of HEWL, meanwhile
the slowest diffusivity was noticed for γ-D crystallin. We also compared the calculated
value of D for water in a solution containing 42 mg mL−1 of HEWL at 300 K with an
experimentally obtained D for water in an aqueous solution comprising of 50 mg
mL−1 of HEWL, and found the values were in good agreement. To ascertain if the
protein structures have altered due to their self-association into clusters, we monitored
the time-dependence of Rg and demonstrated that proteins remain in their compact
(native) form in all simulated solutions, which is again consistent with experimental
findings about the LLPS of protein solutions. By checking the hydration properties of
proteins, we detected some water molecules that were already initially incorporated
into the core of proteins, which was especially pronounced for T4 WT* lysozyme.
Water molecules were found to be slightly more probable at distances corresponding
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to the surface of proteins, indicating towards a higher amount of water molecules in
this region. γ-D crystallin solutions exhibited a significant drop in probability of
finding water between 3 and 5 nm, which was especially pronounced at 320 K, and
was ascribed to major irreversible clustering of proteins in this solution. Hydration of
proteins was additionally assessed by determining the total SASA of all protein
solutions. The results of SASA showed the water-accessible surface area depends not
only on the extent of self-association of proteins, but also on the degree of its
reversibility. Therefore, the largest decrease in SASA due to protein clustering was
observed for γ-D crystallin solutions, with a more pronounced decrease for the
solution exhibiting more irreversible association at 320 K.
To further investigate the protein-protein interactions, we calculated the
protein-protein COM pair distribution functions. They exhibited several peaks
corresponding to most frequent contacts between proteins (mostly head-to-head,
head-to-side and side-to-side) that were consistent with both visual analysis of
trajectories, as well as density fluctuation maps. By constructing special distance
maps that demonstrate the shortest distance of each amino acid on a given protein to
an arbitrary amino acid on any other protein as a function of time, we were able to
ascertain the four most relevant contact regions on each protein. Only certain parts of
proteins were found to come in contact and Arg residues appeared to be the only ones
common in all regions of investigated proteins. A more detailed visual analysis of all
protein solutions has proposed that Arg is most involved in initial contacts of HEWL
and γ-D crystallin solutions, meanwhile a similar role in solutions of T4 WT*
lysozyme belonged to Lys.
Since the visual analysis was insufficient to capture all relevant interactions, we
performed a thorough analysis of residue-residue interactions. By monitoring the time
evolution of all residue-residue distances between all pairs of proteins for each
simulation and reducing the vast data by strictly defining when the residues are in
close contact or separated, we have proved the reversibility of protein-protein
contacts, which was observed both during visual analysis of simulation trajectories, as
well as in density fluctuations. The results proved to be of added value, since we could
ascertain the most probable residue-residue pairs, as well as individual amino acids
that are responsible for the formation of initial contacts.
For HEWL solutions we demonstrated that overall most probable residue-residue pair
contacts involve at least one Arg residue with very diverse partners involving mostly
Asp, Arg, Gly and Asn residues. Arg was also found to be the predominant amino
acid involved in the formation of initial contacts in all solutions of HEWL. An almost
identical picture was shown for solutions of γ-D crystallin, where Arg was again the
prevailing amino acid in initial contacts, as well as in the overall formation of residueresidue pairs, where its contact partners were mostly Glu and Asp. Solutions of T4
WT* lysozyme were somewhat difficult for making solid conclusions, since the results
from simulations at low protein concentration were not trustworthy due to rather poor
statistics. However, meaningful results were obtained for solutions at high T4 WT*
concentration, where Lys was the most important residue in creating close contacts in
solutions at both high and low temperature. In addition, Lys and Asp were the overall
most probable close contact pair and also the most numerous pair in initial contacts
of both solutions with high T4 WT* content. We also investigated the influence of
some restriction parameters for contact analysis, such as the choice of time-frame of
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contacts and also the contact cut-off lengths. We found the changes of time-frame were
completely irrelevant, meanwhile different contact cut-off distances could not alter the
main picture of relevant individual amino acids and only slightly affect the results of
relevant amino acid pairs.
The results presented in this thesis have confirmed the indisputable importance of
interparticle interactions for the phase stability, aggregation propensity and behaviour
of some globular proteins in aqueous solutions. Within our work, we first showed that
knowledge of the phase diagram of proteins and especially the conditions for their
LLPS can significantly contribute to more efficient and faster crystallization of
proteins. Through thorough analysis of HEWL–buffer solutions, we have proved that
the phase stability of HEWL is strongly dependent on the choice of buffer. After a
detailed investigation of the observed buffer-specific effects, we have managed to
incorporate these in the parameters of a simple model within Wertheim’s perturbation
theory that can be used to predict the phase stability of globular protein solutions.
Upon carefully studying the fibrillization of HEWL, we have discovered that
buffer-specific effects play an important role also in the in vitro formation of amyloid
fibrils. We concluded that buffers, such as glycine and KCl-HCl at acidic pH and
under agitated conditions are the only ones that provide adequate conditions for the
fibrillization of HEWL, meanwhile TRIS, phosphate, cacodylate and HEPES preserve
the native state of HEWL and prevent it from aggregating into fibrils. We believe this
stabilization is achieved by binding of these buffers to the surface of HEWL, thereby
acting as an active shield against disturbances in its structure due to sample
agitation. Apart from the environment in which the protein is located, we confirmed
that the amino acid sequence of the protein plays a fundamental role in determining
the behavior of protein solutions. We proved this by producing a sufficient amount of
T4 WT* lysozyme and measuring its phase stability under same conditions as for
HEWL. We found that despite the fact that the two proteins share a similar
two-domain folding pattern, the phase stability of T4 WT* lysozyme is higher than
that measured for HEWL. In addition, by producing T4 L99I* lysozyme and
comparing its conformational stability with T4 WT* lysozyme, we have also shown
that the replacement of leucine with its highly similar structural isomer isoleucine at
position 99 significantly decreases the conformational stability of T4 WT* lysozyme.
Lastly, through intensive investigation of MD simulations of aqueous solutions of
HEWL, T4 WT* and γ-D crystallin, we also discovered that arginine is the key amino
acid in the self-association process of HEWL and γ-D crystallin. In solutions of
HEWL and γ-D crystallin arginine was proved to be the most frequently involved
residue in initiating first contacts between proteins, as well as the most common
amino acid in residue-residue pairs. This finding is consistent with the fact that
arginine is frequently used as an additive that prevents the aggregation of protein
solutions, since it binds to the surface of other residues via salt bridges and hydrogen
bonds. Meanwhile, the picture is not so straightforward for T4 WT* lysozyme, but so
far our results have shown that the most important role most likely belongs to lysine,
which has the ability to form similar interactions with other amino acids as arginine.
We believe these results can be extremely useful in the field of theoretical modelling of
protein solutions, since both arginine and lysine are located on the surface of proteins
and could therefore provide important information on the distributions of binding
sites on protein molecules. All in all, we believe our findings are of added value for the
broader research community, since they provide novel insights into the influence of
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interparticle interactions on the phase stability and behaviour of aqueous solutions of
globular proteins, which can aid the design and investigation of complex protein
solutions.
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Slovenski povzetek

9.1

Uvod

Marsikdo lahko vpraša: čemu sploh študirati proteine?
Odziv se lahko med raziskovalci zelo razlikuje, ampak univerzalen odgovor se skriva
v dejstvu, da so proteini prisotni praktično v vseh procesih, ki omogočaje brezhibno
delovanje živih organizmov. Brez njih bi bilo nemogoče hoditi, govoriti, niti obstajati
... Proteini so najbolj pogoste makromolekule v živih celicah, kjer igrajo ključno vlogo
v raznovrstnih bioloških procesih. Raznoliki kot so, se delijo na štiri razrede proteinov:
globularne, strukturne, intrinzično neurejene in membranske proteine.
V naši študiji smo se osredotočili na globularne proteine, ki so daleč najbolj pogosti
celični proteini in so načeloma topni v vodnih raztopinah. Kadar proučujemo
molekularni mehanizem posameznega biološkega procesa je običajno nemogoče, da se
ne bi srečali z vlogo vsaj enega globularnega proteina. Proteini imajo izjemno širok
spekter funkcij, ki je na voljo zaradi njihove sposobnosti po tvorbi izjemno specifičnih
interakcij z molekulami v svoji okolici. Četudi proteini na prvi pogled sestojijo iz
povsem preprostih podenot, te dovoljujejo formacije strukture za več kot tisoč
različnih proteinov. Ravno unikatna struktura vsakega proteina pa je tista, ki preko
določanja interakcij z okoljem vpliva na funkcijo proteinov [1].
Vsi proteini, ne glede na svojo kompleksnost, so zgrajeni iz ubikvitarne skupine 20
aminokislin. Slednje so kovalentno povezane v linearne verige, ki lahko tvorijo
preproste peptide (2 ali več aminokislin), večje oligopeptide (10 ali manj aminokislin)
in tudi polipeptide (nad 10 aminokislin). Sprejeto je, da se polipeptide z molekulsko
maso nad 10 kDa in več kot 50 aminokislinami pojmuje kot proteine. Dvajset splošnih
aminokislin se druga od druge razlikuje v njihovih stranskih verigah oz.
t.i.
R-skupinah. Te skupine igrajo ključno vlogo pri določanju končne strukture, velikosti,
topnosti, električnega naboja, hidrofobnosti in kislinsko-bazičnih lastnosti aminokislin.
Da bi lahko tvorile proteine, se morajo te temeljne enote medsebojno povezati. To
storijo preko peptidne vezi. Gre za reakcijo kondenzacije, ki v končni fazi vodi do
povezave med ogljikovim atomom karboksilne kisline ene aminokisline z dušikovim
atomom v amino skupini druge aminokisline. Strukturo proteinov, ki na ta način
vznikne iz kovalentnih povezav lahko hierarhično opišemo na štirih nivojih s primarno,
sekundarno, terciarno in kvartarno strukturo.
Primarna struktura proteina je
določena z aminokislinskim zaporedjem, pri čemer je ta temeljna lastnost proteinov
kodirana z zaporedjem nukleotidov v DNK. Lokalno prostorsko urejanje glavne verige
proteinov zaradi raznovrstnosti v naboju, tvorbe preferenčnih vodikovih vezi in
steričnih ovir opiše sekundarna struktura proteinov [1].
Dva najbolj pogosta
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strukturna motiva sekundarne strukture sta α-vijačnica in β-plošča, ki pogosto služita
za vrednotenje konformacijske stabilnosti proteinov. Ti dve strukturi sicer ne
vključujeta informacij o konformaciji stranskih verig aminokislin, ki pa so vključene
na naslednji strukturni ravni tj. terciarni strukturi. Pri slednji gre za celovit opis
trodimenzionalne urejenosti atomov proteina v zvito obliko, ki je posledica
meddelčnih interakcij in entropijskih efektov. Te interakcije so vodene s strani
energijskega ravnovesja med vodikovimi vezmi, hidrofobnimi/hidrofilnimi efekti ter
elektrostatskimi in van der Waalsovimi silami. Terciarna struktura pogosto igra
glavno vlogo pri določanju funkcije proteinov, četudi ne predstavlja najvišji nivo
strukture proteinov. Ta naziv pripada kvartarni strukturi, ki opisuje organizacijo
podenot proteina (dveh ali več identičnih ali različnih polipeptidnih verig) v velike
trodimenzionalne komplekse. Kvartarna struktura ni značilna za vse proteine, tako je
npr. ne zasledimo pri proteinu, ki je igral glavno vlogo v naši raziskavi tj. kokošji
lizocim iz jajčnega beljaka (jajčni lizocim) [1–3].
Zgoraj omenjene biološke reakcije v živih organizmih potekajo v celicah, kjer je
koncentracija vitalnih organelov in makromolekul običajno zelo visoka. Tako visoka
zasedenost celičnega volumna ima lahko znaten vpliv na interakcije med celičnimi
komponentami, ki vodijo ključne procese v celicah [5, 6]. Omenjene interakcije med
proteini in okoliškimi molekulami (npr. voda, soli, ioni, sladkorji itd.) so izjemnega
pomena, saj izguba stabilnosti proteinov neizogibno vodi v njihovo disfunkcijo.
Zmanjšana stabilnost proteinov v vodnih raztopinah se lahko odrazi v razvitju
proteina in/ali njihovem samozdruževanju v raznolike proteinske agregate. Rezultat
tovrstne izgube funkcije proteina je tako pogosto vzpostavitev patoloških pogojev, ki
lahko vodijo v resne bolezni. Poleg tega, agregacija proteinov predstavlja nesporen
izziv za biofarmacevtsko industrijo, saj kvaliteta, učinkovitost in enostavnost
administracije formulacij proteinov upadajo s prisotnostjo agregatov. Zaradi vsega
tega ni nobeno presenečenje, da so interakcije med proteini, kakor tudi njihove
interakcije z okoliškimi zvrstmi tako intezivno preiskovane [7].
Ravno zato smo se v pričujočem delu osredotočili na fazno stabilnost raztopin
proteinov, ki opisuje ravnovesje med različnimi fazami proteinov pri danih pogojih v
raztopini (koncentracija proteina, temperatura, pH, koncentracija pufra in aditivov).
Pojavi, ki spremljajo fazno stabilnost raztopin proteinov so namreč navadno tesno
povezani z agregacijo proteinov. V zadnjih desetletjih je bilo opravljenih mnogo
raziskav, da bi odkrili glavne razloge za agregacijo proteinov. V splošnem je bilo
ugotovljeno, da je aminokislinsko zaporedje tisto, ki določa dovzetnost proteinov za
agregacijo, saj večji delež hidrofobnih regij zviša tendenco po agregaciji proteinov.
Kljub vsemu pa je prisotna še cela kopica okoljskih faktorjev, kot so: koncentracija
proteina, pH, temperatura, ionska jakost, stresanje, prisotnost aditivov (soli, sladkorji,
polietilenglikol (PEG)), tlak itd., ki tudi lahko odločilno vplivajo na potek agregacije
[12].
Številne ugotovitve podpirajo hipotezo, da agregati proteinov nastanejo preko delno
zvitih intermediatov. Slednji imajo večjo nagnjenost k agregaciji kot že povsem razviti
proteini, saj imajo proteini v razvitem stanju bolj naključno razporejene hidrofobne
zaplate. Ravno nasprotno pa imajo delno zviti intermediati skoncentrirane hidrofobne
regije, ki se lahko intermolekularno povežejo z drugimi hidrofobnimi regijami ter
tvorijo večje agregate. Potrebno pa se je zavedati, da vse ni tako enoznačno, saj se v
trenutku, ko se hidrofobni deli izpostavijo okoliškemu topilu pojavi kompeticija na
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kinetični ravni med ponovnim zvitjem proteina (zaradi hidrofobnega efekta) in
njegovo agregacijo. In vivo pa je potrebno vzeti v zakup še molekulske šaperone, tj.
posebne proteine, ki ostalim proteinom pomagajo doseči njihova nativna stanja in
popravljajo poškodovane proteine [12–17]. Včasih se zgodi, da so nastali agregati
netopni in se pričnejo kopičiti v celicah, kar lahko vodi do nastanka t.i.
kondenzacijskih bolezni, kjer proteini kondenzirajo v goste, pogosto netopne faze [2].
Najbolj znane predstavnice te bolezni so: Alzheimerjeva bolezen, katarakta očesne
leče, Parkinsonova bolezen in mnoge druge [18, 19]. Če želimo imeti sploh kakršnokoli
možnost preprečiti, kakor tudi pozdraviti tovrstne bolezni je ključnega pomena
razumevanje in poznavanje fazne stabilnosti raztopin proteinov. Slednjo lahko
ovrednotimo s pomočjo termodinamičnega faznega diagrama.
Fazni diagram je neke vrste zemljevid, ki podaja termodinamično stabilne faze neke
snovi (npr. tekočine ali trdnine) v odvisnosti od okoliških pogojev (npr. koncentracije
in temperature) ter prispeva največje možno število informacij o danem sistemu.
Poznamo dva tipa faznih diagramov, termodinamičnega in strukturnega.
Termodinamični fazni diagram (od tu dalje zgolj fazni diagram) ilustrira pogoje, pri
katerih je določena faza stabilna [20–22]. Eksperimentalni postopek pridobitve
faznega diagrama je vse prej kot enostaven, zato dejstvo, da je celoten fazni diagram
znan za manj kot 20 proteinov, ne preseneča. Prvi fazni diagram sta skupaj določila
Ishimoto in Tanaka [23] za jajčni lizocim, medtem ko so ga za družino γ kristalinov
prispevali Benedek in sodelavci [24]. Fazni diagrami kompleksnih bioloških sistemov
so lahko zelo zapleteni, saj poleg molekul topila vsebujejo še druge specije npr.
proteine, ione soli in pufrov itd. To se odrazi v stabilnosti prisotnih faz, saj te niso več
odvisne zgolj od temperature in tlaka (značilno za enostavne raztopine), pač pa tudi
od sestave raztopine. V kolikor v čisto vodno raztopino dodamo kristale proteina se
bodo načeloma pričeli raztapljati. Po tem, ko bodo popolnoma raztopljeni bodo te
molekule sedaj predstavljala kapljevinasto fazo na faznem diagramu proteina. V
primeru, da bi vztrajali z dodajanem kristalov proteina se le-ti slej kot prej ne bi več
dokončno raztopili. Pri tej koncentraciji proteina se nahajamo na točki, ki jo
označujemo kot topnost proteina. Tukaj je stopnja raztapljanja in rekristalizacije
enaka, kar pomeni, da je raztopina v ravnotežju. Če prečkamo topnostno krivuljo
preidemo v dvofazno območje, kjer kapljevinasta faza preide v ravnovesje s trdno
(kristalno) fazo. V tem delu faznega diagrama imajo molekule proteina na voljo dve
nadaljnji možnosti za spremembo faze. Prva označuje primer, ko koncentracija
proteina nadalje naraste do zelo visokih vrednosti supernasičenja in protein lahko
vstopi v kristalno fazo, kjer ni več mogoče pripraviti raztopine proteina. Druga
možnost pa predstavlja primer, ko koncentracija proteina v dvofaznem območju
kapljevina-trdno ostane nespremenjena in se sočasno ugodno spremeni neka druga
lastnost raztopine (npr. temperatura, pH ipd.). Ob tem molekule proteina začnejo
tvoriti kapljice oz.
koacervate, ki pomaknejo sistem v dvofazno območje
kapljevinastih faz. Ta regija velja za posebnost faznega diagrama proteinov. Zaradi
gravitacije se te kapljice postopoma ločijo od preostale raztopine in eventuelno pride
do pojava, ki ga imenujemo fazna separacija kapljevina-kapljevina (LLPS). Pri tem
raztopina proteina razpade na dve ločeni, a koeksistenčni fazi, ki imata različno
vsebnost proteina. Ena je s proteinom obogatena in druga s proteinom revna faza, pri
čemer njuni koncentraciji pri dani temperaturi določa koeksistenčna krivulja. Točke
na koeksistenčni krivulji so bolje znane kot točke zmotnitve zaradi pojava motnosti
raztopine ob prehodu v dvofazno območje dveh kapljevinastih faz. Podobno se tudi
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temperatura pri kateri sta dve kapljevinasti fazi v ravnovesju imenuje temperatura
zmotnitve (Tzmotnitve ). Koncentraciji obeh faz v ravnovesju sta močno odvisni od
temperature, saj sta si obe fazi vse bližje, ko temperatura narašča. Koncentraciji obeh
faz postaneta enaki, ko temperatura doseže t.i. kritično temperaturo, ki predstavlja
najvišjo točko na koeksistenčni krivulji [20, 35].
Četudi sta s proteinom obogatena in s proteinom revna faza lahko v ravnotežju nekaj ur
ali celo več dni se pojav fazne separacije kapljevina-kapljevina smatra kot metastabilen
z ozirom na kristalno fazo. To pomeni, da je takšno stanje načeloma kratkoživo, saj je
s proteinom bogata faza nagnjena h kristalizaciji, medtem ko se s proteinom revnejša
faza navadno še nadalje razredči [2, 20, 37].
Vpliv fazne separacije na okolje je lahko zelo raznolik, zato lahko trdimo, da deluje kot
dvorezen meč. Kristalizacija proteinov navadno zahteva supernasičene raztopine
proteinov, zato je LLPS lahko zelo uporabna pri zagotovaljanju tovrstnih pogojev. V
nekaterih raziskavah so pokazali, da fazna separacija igra pomembno vlogo tudi pri
fiziologiji celic, saj nekateri celični razdelki brez membrane kažejo lastnosti kapljevin.
Služijo lahko kot prekurzorji nekaterih kemijskih reakcij in združujejo ključne
molekule v celične kondenzate, ki nato koordinirajo celično signalizacijo in odzive na
zunanje dražljaje [44–46]. Na drugi strani pa ima proces fazne separacije tudi številne
škodljive posledice. Raziskovalci domnevajo, da je več kot 30 % človeškega proteoma
povezanega z molekulskimi kondenzati, zato je pričakovati, da bodo proteinski
agregati, ki so posledica fazne separacije, udeleženi pri številnih boleznih, kot so
nevrodegenerativna obolenja, infkecije in celo rakava obolenja [47]. Nedavne študije so
pokazale, da lahko fazna separacija vodi celo do fibrilizacije povsem topnih proteinov,
kar vodi do nastanka toksičnih agregatov, imenovanih amiloidne fibrile [44, 48].
Amiloidne fibrile so visoko urejeni, navadno netopni agregati, ki so rezultat
neobičajnega združevanja navadno topnih proteinov. Fibrilarni skupki so običajno
zelo stabilni in praviloma skrukturno sestojijo večinsko iz β-plošč s karakteristično
križno-β konformacijo [49].
Tovrstne manifestacije proteinov lahko povzročijo
nastanek hudih nevrodegenerativnih obolenj, saj se te fibrilarne strukture prično
nalagati v okoliška tkiva in organe. Do danes je znanih več 20 različnih proteinov,
sposobnih fibrilizacije. Vsakega izmed njih lahko povežemo z različnimi kliničnimi
znaki, četudi imajo njihove fibrile podobno strukturo. Od teh proteinov je najbolj
raziskana družina lizocimov, kjer se je jajčni lizocim izkazal kot pomemben in vitro
model za študij amiloidogenez [52, 53].
Do sedaj so pokazali, da je za vse
amiloidogene proteine značilno, da se morajo le-ti za pričetek fibrilizacije napačno
zviti ali celo razviti [54, 55]. V primeru jajčnega lizocima so to in vitro poskušali
doseči s spreminjanjem številnih pogojev v raztopini, kot so pH, temperatura, vrsta
pufra ali z dodajanjem sotopljencev, kot so soli, gvanidinijev hidroklorid, etanol ipd
[52, 53, 56–58]. Domneva se, da je proces fibrilizacije voden s strani hidrofobnih
interakcij med stranskimi verigami aminokislin. Te naj bi bile še dodatno stabilizirane
z vodikovimi vezmi, pri čemer skupaj tvorijo inter- in intramolekularne
antiparalelne-β-plošče znotraj jedra fibrile. Zaradi njihove togosti in slabše topnosti je
njihova karakterizacija zelo otežena.
Njihovo makromolekularno strukturo se
največkrat opiše s pomočjo rengtenske difrakcije ter elektronske mikroskopije, vendar
pa sta oba postopka neprikladna za rutinsko uporabo, saj je priprava vzorcev navadno
zelo zahtevna. V in vitro študijah se je tako zelo uveljavila detekcija s pomočjo visoko
amiloidogenih barvil, kot sta tioflavin T (ThT) in in Congo rdeče (CR), ki sta
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pomembna tudi za proučevanje inhibicije fibrilizacije [62–65].
Velik vpliv na interakcije, ki vplivajo na fazno stabilnost raztopin proteinov in lahko
pripeljejo do zgoraj omenjenih agregatov, imajo tudi ionospecifični in pufer specifični
efekti. Prvi se je z vplivi ionov soli na raztopine proteinov konec 19. stoletja ukvarjal
Franz Hofmeister, ki je proučeval izsoljevanje in vsoljevanje proteinov jajčnega
beljaka.
Na podlagi njegovih izsledkov so kasneje izoblikovali t.i.
direktno
Hofmeistrovo vrsto, ki ione soli razporeja glede na njihov vpliv na fazno in
konformacijsko stabilnost proteinov [80]. Ionospecifični efekti so bili do sedaj vpleteni
v številne študije proteinov, pri čemer je za nas pomembna predvsem njihova
vpletenost pri študiju fazne separacije in kristalizacije proteinov [26, 33, 83, 84]. Pri
študiju LLPS je tako dobro uveljavljena razlaga, da z višjim dodatkom soli (znotraj
koncentracij med 0.1 in 0.5 M) hitreje pride do fazne separacije proteinov. Jakost te
destabilizacije raztopin proteinov se je izkazala za ionospecifično [26, 33, 84, 85]. Z
naraščajočo koncentracijo soli postanejo interakcije med proteini privlačnejše, kar je
pripisano senčenju elektrostatskih odbojev med molekulami proteina. Običajno
razlaga tovrstnih vplivov soli na interakcije med proteini vključuje upoštevanje
Collinsovega pravila, ki govori o afiniteti do molekul vode. Collins je namreč ugotovil,
da se interakcije najbolj učinkovito tvorijo med tistimi specijami, ki imajo podobno
dovzetnost za hidratacijo [76]. Tako lahko npr. pri določenih pogojih v raztopini
arginin (Arg), lizin (Lys) in histidin (His) služijo kot vir pozitivnih nabojev na
površini proteinov. Zaradi tega, ker so njihove stranske verige derivati slabše
hidratiranega amonijevega iona, le-te preferenčno interagirajo s slabše hidratiranimi
anioni soli, kot so SCN− , I− , Br− itd. Podobno velja, tudi za močneje hidratirane
COO− skupine na stranskih verigah asparaginske in glutaminske kisline (Asp in Glu),
ki se najraje najahajo v paru z močno hidratiranimi kationi (Mg2+ , Li+ itd.). Vendar
pa je bilo ugotovljeno, da je vezava anionov tista, ki signifikantneje vpliva na
stabilnost proteinov [2, 76, 87].
Če so ionospecifični efekti v raztopinah proteinov relativno dobro raziskani, bi lahko
dejali, da za vpliv pufrov na stabilnost raztopin proteinov velja ravno nasprotno. Še
do nedavnega je namreč veljalo prepričanje, da je edina večja vloga pufrov določanje
pH v raztopini. Zaradi dejstva, da se pufri navadno uporabljajo pri zelo nizkih
koncentracijah (10 do 100 mM), pa lahko v večini primerov nekdo sploh ne pomisli na
možnost pufer specifičnih efektov. Vendar pa so nedavne študije pokazale, da se
ionospecifični efekti pri soleh lahko pojavijo tudi v območju pod 10 mM koncentracijo
soli, kar nakazuje, da so lahko tudi pufri še kako pomembni za interakcije v
raztopinah proteinov. Poleg tega so v zadnjem desetletju ugotovili, da pufri lahko
interagirajo z nabitimi, polarnimi in celo nenabitimi deli biomakromolekul, kar je
posledica prepleta elektrostatskih, hidratacijskih in disperzijskih sil. Njihov vpliv na
stabilnost proteinov se odraža v več pogledih, saj lahko vplivajo na konformacijsko,
koloidno in medfazno stabilnost proteinov. Obstajajo tudi dokazi o kopičenju molekul
pufra na površini proteinov, kar lahko sproži učinke, ki drastično presegajo klasične
vplive, ki jih imajo različne vrednosti pH v raztopinah proteinov [95–97].
Pri vrednotenju meddelčnih interakcij v raztopinah proteinov in zgoraj omenjenih
vplivov nanje se lahko poslužimo različnih pristopov, pri čemer sta na
eksperimentalnem nivoju med najbolj dragocenimi pokazatelji le-teh drugi virialni
koeficient, B22 ter interakcijski difuzijski koeficient kD . Parameter B22 opisuje
najzgodnejša odstopanja od idealnih raztopin in izvira iz meritev osmotskega tlaka.
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Današnje tehnike, ki so najbolj priročne za njegovo določitev v raztopinah proteinov
vključujejo predvsem metode statičnega in dinamičnega sipanja svetlobe (SLS in
DLS), včasih pa se uporablja tudi ozkokotno rentgensko sipanje (SAXS). Kadar so
izmerjene vrednosti B22 pozitivne to nakazuje na odbojne medproteinske interakcije,
medtem ko negativne vrednosti naznanjajo njihov medsebojni privlak [2, 105–107].
Parameter B22 se je do danes izkazal kot izjemno pomemben na področju iskanja
ugodnih pogojev za kristalizacijo proteinov, kjer so ugotovili, da je primerno le zelo
ozko okno vrednosti B22 , ki označuje blage privlačne interakcije med proteini [111].
Pomembna lastnost B22 je tudi njegova empirična korelacija s topnostjo, kar
izkoriščajo mnoga farmacevtska podjetja za oceno topnosti cepiv [112]. Za potrebe
naše raziskave je zanimivo tudi dejstvo, da ima B22 sposobnost napovedati obnašanje
različnih faz proteinov. Nekatere študije so pokazale, da zamenjava temperature z
vrednostjo drugega virialnega koeficienta ne spremeni poteka faznega diagrama
proteinov, kar potrjuje, da z merjenjem fazne stabilnosti proteinov lahko dobimo
vpogled v jakost in naravo interakcij med proteini [114–116].
Na drugi strani pa je kD povezan z naključnim Brownovim gibanjem, ki je v
raztopinah vedno prisotno. To gibanje privede do fluktuacij v koncentraciji proteinov
in tako vpelje časovno odvisne fluktuacije v intenziteto sipane svetlobe. Slednja je
merljiva z DLS, kar omogoča določitev difuzivnosti molekul. Pri opisu difuzivnosti
molekul proteinov kD služi kot prvi približek za odvisnost medsebojnega difuzijskega
koeficienta, D, od masne koncentracije proteinov, γ. Parameter kD pri opisu interakcij
vključuje tako meddelčne interakcije, kakor tudi hidrodinamske interakcije in se je v
zadnjem času precej uveljavil na številnih področjih proučevanja proteinov kot so:
vrednotenje interakcij med proteini, določanje tendence po njihovi agregaciji,
razlaganje njihovih viskoelastičnih lastnosti ipd. [106, 118, 121, 122]. Enako kot pri
B22 tudi v primeru kD pozitivne vrednosti opisujejo odbojne interakcije, medtem ko
negativne predstavljajo privlačne sile med delci v raztopini. Navkljub temu, da sta
B22 in kD zelo zanesljiva parametra pa njuna določitev v raztopinah proteinov ni
vedno najbolj enostavna, kar velja predvsem za meritve B22 . Pri raztopinah proteinov
se namreč velikokrat pojavljajo težave s topnostjo in stabilnostjo proteinov. Nekatere
meritve za validacijo interakcij so lahko tudi zelo dolgotrajne in zahtevajo intenzivno
delo, kot so npr. meritve fazne separacije in topnosti proteinov. Zaradi omenjenih
preprek se zato pri proučevanju interakcij med proteini velikokrat zatečemo k
različnim teoretičnim pristopom, kjer v teh študijah prevladujejo predvsem enostavni
modeli proteinov in računalniške simulacije.
Model je reprezentacija okvira in delovanja proučevanega sistema, pri čemer je
njegova glavna naloga najti kompromis med enostavnostjo in realnostjo. V raztopinah
(bio)makromolekul uporaba modelov omogoča tudi tako kompleksne napovedi, kot je
npr. kako spremembe v okolju vplivajo na meddelčne interakcije v raztopinah
proteinov. Modeli se zelo razlikujejo v njihovi ločljivosti, saj se razpenjajo od
preprostih grobo-zrnatih modelov do bolj podrobnih atomističnih modelov. Enostavni
modeli so predvsem nepogrešljivi v študijah fazne stabilnosti proteinov, medtem ko so
atomistične podrobnosti ključnega pomena pri spremljanju začetnih stopenj agregacije
proteinov. Zaradi dejstva, da proteini spadajo v velikostni razred koloidov se je še do
nedavnega zanje najpogosteje uporabljala temeljna teorija koloidov, t.i. teorija DLVO,
ki je dobila svoje ime po svojih odkriteljih Derjaguinu, Landauu, Verweyu in
Overbeeku [124, 125]. Ta teorija razlaga stabilnost koloidom podobnih delcev na
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podlagi ravnotežja med odbojnimi elektrostatskimi interakcijami in privlačnimi van
der Waalsovimi silami. Kontinuumski model, ki ga teorija uporablja, predpostavlja
prostorsko izotropne interakcije, pri čemer je parski potencial med delci odvisen zgolj
od njihove medsebojne razdalje. Teorija navadno kvalitativno dobro deluje v primeru
nizkih koncentracij soli (do 0,05 M), medtem ko pri višjih vsebnostih nastopijo težave
zaradi neupoštevanja disperzijskih sil ionov [2]. Poleg sil, ki so vključene v teorijo
DLVO med proteini nastopajo še mnoge druge, ki jih teorija ne popiše. Pri tem
izstopajo predvsem hidratacijske in hidrofobne sile, ki so prav tako izjemnega pomena
za stabilnost raztopin proteinov [39].

V zadnjem desetletju je zato naraslo število dokazov, ki govorijo v prid temu, da so
izotropni modeli proteinov neprimerni za opis realne slike raztopin proteinov. Proteini
namreč niso uniformni delci, ki bi ves čas vztrajali pri fiksnih dimenzijah in oblikah.
Prav tako njihova površina ni homogena, pač pa je raznolika in posuta z nabitimi
aminokislinami, ki svoj naboj prilagajajo glede na okolje v katerem se protein nahaja
[134–136]. Pričujočim lastnostim se najbolj približamo z anizotropnimi modeli, ki
izpolnjujejo potrebo po kratkosežnih in usmerjenih silah za relevantnejši opis raztopin
globularnih proteinov. Eden izmed takšnih je npr. model koničnih zaplat, kjer so
proteini predstavljeni kot delci, ki imajo svojo površino funkcionalizirano z zaplatami,
katere služijo za opis privlačnih vezavnih mest [139]. Nedavne študije za opis fazne
stabilnosti proteinov vključujejo podobne implementacije enostavnih modelov, ki so
razviti in aplicirani v okviru Wertheimove perturbacijske teorije. Z njimi se da
relativno dobro opisati koeksistenčne krivulje kapljevina-kapljevina na faznih
diagramih nekaterih globularnih proteinov ter izračunati nekatere pomembne lastnosti
formulacij proteinov, kot je npr. viskoznost [86, 140].

Ker je za razvozlanje mehanizma agregacije proteinov včasih potreben natančen
vpogled v začetne kontakte in tvorbo prvih oligomerov, so v teh študijah nepogrešljive
tudi računalniške simulacije. V študijah začetne faze agregacije prednjačijo predvsem
simulacije molekulske dinamike, ki preko atomističnih modelov omogočajo najbolj
natančen strukturni, mehanistični in hkrati dinamični vpogled v samozdruževanje
proteinov [145]. Atomistične simulacije navadno sestojijo med 103 in 106 atomov in
tako omogočajo izvedbo simulacij v rangu od 100 to 1000 ns (s superračunalniki tudi
nekaj mikrosekund). Dejstvo pa je, da agregacija nekaterih proteinov lahko traja več
dni, mesecev ali celo let [142], zato je v primeru potreb po dolgotrajnejših simulacijah
z velikim številom delcev smotrno žrtvovati nekaj natančnosti. To storimo z uporabo
grobo-zrnatih modelov, s katerimi lahko npr. celotno aminokislino (iz znatnega števila
atomov) opišemo z enim samim delcem v simulacijski škatli. Na ta način lahko za
razliko od atomističnih modelov tukaj spremljamo tvorbo velikih proteinskih skupkov.
Slaba lastnost grobo-zrnatih modelov pa je poleg zmanjšane natančnosti tovrstnih
modelov žal tudi možnost tega, da pride do neželenih anomalnih obnašanj, kot je npr.
zmrzovanje vode pri fizikalno nesmiselnih pogojih [149, 150].
Kljub vsemu
računalniške simulacije, sploh če se poslužimo kombinacije atomističnih in
grobo-zrnatih modelov, lahko prispevajo pomemben košček informacij pri
razumevanju agregacije proteinov [152].
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9.2

Zaključki

V tej disertaciji smo predstavili raznovrstne rezultate naše študije meddelčnih
interakcij v raztopinah globularnih proteinov, ki so bili pridobljeni s pomočjo
eksperimentalnega dela, teoretičnih pristopov in simulacij molekulske dinamike. V
prvem delu naše študije smo obravnavali proces kristalizacije jajčnega lizocima in
vpliv pojava fazne separacije kapljevina-kapljevina (LLPS) na njegov potek. V
nadaljevanju smo razširili naše proučevanje pojava LLPS na številne pufrske raztopine
jajčnega lizocima, v katerih smo tudi ocenili interakcije med proteini z uporabo
dinamičnega sipanja svetlobe (DLS) in teoretičnega modeliranja. Ugotovili smo, da
kupljeni praškasti jajčni lizocim vsebuje mnogo nečistoč, ki pa smo jih znatno
zmanjšali v primeru vseh uporabljenih kristalizacijskih pristopov. S primerjavo
kristalizacije jajčnega lizocima v acetatnem pufru po enem izmed bolj konvencionalnih
pristopov (izhlapevanje topila) in njegove kristalizacije v TRIS in fosfatnem pufru po
LLPS, ugotovili, da so izkoristki kristalizacije, hitrost nastanka in čistost kristalov
mnogo boljši preko LLPS. Opazili smo, da lahko preko pojava LLPS po bolj naravni
poti dosežemo zelo visoko supernasičenje raztopin proteinov, pri čemer ni potrebnega
posebnega rokovanja z raztopinami kot v običajnih postopkih kristalizacije, pač pa
zgolj ohlajanje raztopine.
Med proučevanjem kristalizacije jajčnega lizocima v fosfatnem pufru, smo opazili višje
izkoristke kristalizacije, če smo kot aditiv namesto 0,35 M NaCl uporabili 0,16 M NaBr,
četudi je bila rast kristalov v tem primeru počasnejša. V TRIS pufru smo kristalizacijo
jajčnega lizocima izvedli pri različnih pogojih (spreminjali smo koncentracijo jajčnega
lizocima in NaCl, kakor tudi pH raztopine), dokler nismo odkrili optimalne raztopine,
ki je sestojila iz 50 mM TRIS pri pH=7,8 s 50 mg mL−1 jajčnega lizocima in 1,1 M
NaCl. Z uporabo SDS-PAGE smo primerjali čistost kristalov lizocima, pridobljenih v
najbolj optimalnih raztopinah fosfatnega, in TRIS pufra ter se odločili za izvedbo velike
kristalizacijske serije v 50 mL optimalne TRIS raztopine.
Količina pridobljenih kristalov je bila zadostna za izvedbo meritve temperature
zmotnitve (Tzmotnitve ) v eni točki 0,1 M fosfatnega pufra s 0,2 M NaBr pri pH=6,8,
preko katere smo ugotovili, da je raztopina kristaliziranega lizocima le nekoliko
stabilnejša od tiste, ki vsebuje praškasti jajčni lizocim s prisotnimi nečistočami. To
pomeni, da nečistoče, ki so prisotne v kupljenem prašku jajčnega lizocima,
signifikantno ne spremenijo fazne stabilnosti raztopin jajčnega lizocima in da dodatna
kristalizacija jajčnega lizocima za študije fazne separacije pufrskih raztopin jajčnega
lizocima ni potrebna.
Fazno stabilnost vodnih raztopin jajčnega lizocima smo raziskali z merjenjem vrednosti
Tzmotnitve v 10 različnih 0,1 M pufrskih raztopinah, vsebujočih 90 mg mL−1 jajčnega
lizocima, pri čemer smo bili osredotočeni predvsem na pufre pri pH=7,0, v katerih smo
izvedli dodatne meritve pri 125 mg mL−1 jajčnega lizocima. Na začetku smo potrdili
dobro znano odvisnost fazne stabilnosti jajčnega lizocima od koncentracije soli, kjer
smo pokazali, da v raztopinah z višjo vsebnostjo NaBr prej pride do LLPS. To se zgodi
zaradi visoke tendence Br− ionov po vezavi na pozitivno nabite Arg, Lys in His ostanke
na površini jajčnega lizocima. V času vezanosti na površino jajčnega lizocima, Br− ioni
senčijo odbojne elektrostatske interakcije med molekulami jajčnega lizocima, kar vodi
v lažje združevanje proteinov in s tem večjo fazno nestabilnost, ki se je odražala v višjih
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vrednostih Tzmotnitve za posamezne pufrske raztopine jajčnega lizocima.
Navkljub visokemu vplivu ionov soli smo ugotovili, da ionov pufra v primeru
proučevanja fazne stabilnosti vodnih raztopin jajčnega lizocima ne smemo nikoli
zanemariti. O tem smo se lahko prepričali z določitvijo vrednosti Tzmotnitve jajčnega
lizocima v čistih pufrskih raztopinah (brez NaBr). Za vseh 10 raziskovanih pufrov je
bilo pokazano, da je fazna stabilnost jajčnega lizocima zelo odvisna od pogojev v
raztopini, kakor tudi od izbire pufra. Z meritvijo Tzmotnitve v pufrih, ki jih lahko
uporabimo tako v kislem kot bazičnem območju (glicin in fosfat), smo dokazali, da je
fazna stabilnost jajčnega lizocima višja pri nižjem pH kot pa v bolj bazičnem okolju.
To smo pripisali znatnemu znižanju neto naboja na površini jajčnega lizocima s +18
pri pH=2,0 na okoli +7 pri pH=9,0, kar vodi do šibkejših elektrostatskih odbojev med
molekulami jajčnega lizocima in tako do njihovega bolj verjetnega samozdruževanja.
Za najbolj zanimive pa so se izkazali rezultati za pufre pri pH=7,0, saj se je kljub
enakemu pH in celo zelo podobni kemijski sestavi (v primeru ACES, MOPS in HEPES
pufrov) fazna stabilnost jajčnega lizocima v teh pufrih zelo razlikovala. Za tendenco
po fazni separaciji jajčnega lizocima v teh pufrih je bilo ugotovljeno, da narašča v
naslednjem vrstnem redu: kakodilat < MOPS < ACES < HEPES < fosfat.
Opaženo fazno stabilnost jajčnega lizocima, izmerjeno z UV spektrofotometrom, smo
preverili tudi z določitvijo vrednosti Tzmotnitve z instrumentom Litesizer 500,
opremljenim z aplikacijo DLS. Opravljene meritve so potrdile vrednosti Tzmotnitve , ki
smo jih določili z UV spektrofotometrom, in tako za posamezne pufrske raztopine
jajčnega lizocima (z različno vsebnostjo NaBr) podale enak vrstni red pufrov, glede na
zagotavljanje fazne stabilnosti jajčnega lizocima. Ugotovili smo, da je omenjeni vrstni
red pufrov glede zagotavljanja fazne stabilnosti jajčnega lizocima v primeru raztopin z
dodanim NaBr nekoliko drugačen od vrstnega reda pufrov glede zagotavljanja fazne
stabilnosti jajčnega lizocima v primeru raztopin brez soli (ekstrapolacija na
cNaBr = 0). Slednje opažanje kaže na dejstvo, da je v tako kompleksnih raztopinah
prisoten občutljiv preplet interakcij med proteini, vodo ter ioni pufra in soli. Rezultati
pridobljeni z Litesizer 500, so se sicer izkazali kot dodana vrednost, saj so prikazali
obsežno povišanje velikosti delcev na začetku vsake fazne separacije v pufrskih
raztopinah jajčnega lizocima, kar je potrdilo, da je pri tovrstnih pogojih prisotno
samozdruževanje molekul jajčnega lizocima.
Nadalje smo proučili naravo meddelčnih interakcij tako, da smo pufrskim raztopinam
jajčnega lizocima izmerili DLS, s katerim smo uspeli pridobiti vrednosti B22 in kD za
posamezne pufrske raztopine jajčnega lizocima. Za oba parametra smo v primeru vseh
pufrskih raztopin jajčnega lizocima določili pozitivne vrednosti, z izjemo fosfatnega
pufra pri pH=7,0, ki je izkazoval rahlo negativne vrednosti za oba parametra. Ta
rezultat nakazuje, da odbojne medproteinske interakcije prevladujejo v vseh pufrih,
razen v fosfatnem pri pH=7,0, kjer kaže na to, da med molekulami jajčnega lizocima
prevladajo šibke privlačne sile. V skladu s pričakovanji smo najbolj pozitivne
vrednosti B22 in kD izmerili v pufrskih raztopinah jajčnega lizocima pod kislimi
pogoji. S prikazom odvisnosti B22 in kD od Tzmotnitve smo ugotovili, da sta oba
parametra korelirana s fazno stabilnostjo jajčnega lizocima. Trend je enak pri obeh
parametrih, ki se znižata, ko Tzmotnitve naraste, kar nakazuje na povišanje privlačnih
medproteinskih interakcij, ki znižajo fazno stabilnost pufrskih raztopin jajčnega
lizocima. Ta rezultat je v okviru naših pričakovanj, saj so privlačne interkacije med
molekulami jajčnega lizocima nujno potrebne za pričetek procesa samozdruževanja, ki
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spremlja LLPS. Četudi so vrednosti kD prikazale skoraj identično odvisnost od
Tzmotnitve kot B22 , in so enostavnejše za merjenje, smo še vedno mnenja, da so
vrednosti B22 bolj merodajne za napoved interakcij med proteini. Glede na to, da smo
za opis odvisnosti B22 od Tzmotnitve za pufrske raztopine jajčnega lizocima pri pH=7,0
pridobili preprosto linearno enačbo, smo poizkusili napovedati vrednosti B22 za
pufrske raztopine jajčnega lizocima pri ostalih vrednostih pH. Izračunane napovedi so
se dobro ujemale z izmerjenimi vrednostmi za pufrske raztopine glicina in TRIS-a v
bazičnih pogojih in s tistimi za fosfatni pufer pri pH=2,0, a se niso približale
izmerjenim vrednostim v stabilnejših raztopinah glicinskega in acetatnega pufra v
kislih pogojih.
Z uporabo preprostega grobo zrnatega modela, sestoječega iz petih parametrov, v
okviru Wertheimove TPT1 smo uspeli napovedati koeksistenčne krivulje
kapljevina-kapljevina za pufrske raztopine jajčnega lizocima pri pH=7,0, ki se dobro
skladajo z eksperimentalno določenimi vrednostmi Tzmotnitve pri dveh različnih
koncentracijah jajčnega lizocima (90 in 125 mg mL−1 ). Da smo pridobili najboljše
prileganje modela eksperimentalno določenim podatkom, so bili štirje parametri
(premer proteina, molekulska masa proteina, doseg škatlastega potenciala in število
enakovrednih vezavnih mest) enaki za vse pufrske raztopine jajčnega lizocima,
medtem ko smo morali prilagoditi parameter globine škatlastega potenciala, ε, za
katerega je bilo ugotovljeno, da je odvisen od identitete pufra. Da bi pridobili
nadaljnje znanje o vplivu pufrov na fazno stabilnost jajčnega lizocima smo izmerili
tudi vrednosti Tzmotnitve jajčnega lizocima v 0,2 M ACES pufru pri pH=7,0 in opazili,
da do spremenjene fazne stabilnosti lizocima ne pride zaradi efektov zgoščevanja, pač
pa bolj zaradi kompeticije med pufrskimi in Br− ioni za vezavo na pozitivno nabito
površino jajčnega lizocima. To je postalo najbolj razvidno, ko so bile posamezne
pufrske raztopine jajčnega lizocima z dodanim NaBr bolj stabilne od identičnih
raztopin v 0,1 M ACES pufru, saj lahko v primeru 0,2 M koncentracije večja količina
ACES anionov izpodrine Br− ione v večji meri kot v primeru 0,1 M raztopine. Zaradi
tega, ker so Br− ioni bolj učinkoviti pri senčenju elektrostatskih odbojev, to vodi v
nekoliko povišano fazno stabilnost posameznih raztopin jajčnega lizocima v primeru
0,2 M ACES pufra. Hipotezo o vezavi ionov pufra je podprla ugotovitev, da je fazna
stabilnost jajčnega lizocima v čistem 0,2 M ACES pufru nižja kot v primeru 0,1 M
ACES pri obeh koncentracijah jajčnega lizocima. V primeru obeh čistih ACES pufrov,
so samo njuni anioni tisti, ki v odsotnosti Br− ionov senčijo odbojne sile med
molekulami jajčnega lizocima, kar pomeni, da njihova večja količina v primeru 0,2 M
ACES-a privede do zgodnejše fazne separacije. Na račun dejstva, da ostali pufri pri
pH=7,0 v raztopinah ravno tako tvorijo znatno količino anionov, smo predpostavili
identičen mehanizem za njihov vpliv na fazno stabilnost jajčnega lizocima.
Z uporabo preprostega modela v kombinaciji z Wertheimovo TPT1 smo lahko za vse
pufrske raztopine jajčnega lizocima pri pH=7,0 določili tudi ionospecifičen parameter,
a, in globino škatlastega potenciala pri neskončnem razredčenju soli, b. Za parameter b
je bilo ugotovljeno, da se odlično ujema z opaženo fazno stabilnostjo jajčnega lizocima v
različnih pufrih, saj smo najvišje vrednosti parametra b opazili za fosfatni in najmanjše
za kakodilatni pufer. Tako a kot b sta se izkazala kot neodvisna od koncentracije
jajčnega lizocima, ampak hkrati kot zelo pufer specifična parametra. Nadalje smo
proučili zvezo med <a> in <b> ter odkrili korelacije, ki podpirajo našo hipotezo o
tekmovanju med Br− in pufrskimi ioni za vezavna mesta na površini jajčnega lizocima.
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To je bilo opaženo kot znižanje parametra <a> z naraščanjem parametra <b>, kar
efektivno opisuje izpodrivanje Br− ionov s strani anionov pufrov. Dodatna potrditev
teh ugotovitev je bila primerjava med 0,1 in 0,2 M ACES pufroma, ki je pokazala enak
trend opaženih korelacij med parametroma <a> in <b>.
Zaradi elektrostatske narave predpostavljenih interakcij jajčni lizocim–pufer in jajčni
lizocim–sol, smo poiskali morebitne korelacije med pufer specifičnim parametrom <b>
in površinsko gostoto naboja, σq , pufrskih anionov. Odlične korelacije med obema
količinama smo opazili za anione fosfatnega pufra, ki zaradi najbolj negativnih
vrednosti σq kažejo najvišjo dovzetnost za vezavo na površino jajčnega lizocima.
Smiselne korelacije smo ugotovili tudi za ACES in MOPS, ki sta že tekom celotne
študije molekulam jajčnega lizocima zagotavljala podobno fazno stabilnost. Večja
odstopanja od pričakovane odvisnosti smo opazili za HEPES in kakodilat, ki imata
lahko morda kakšno dodatno značilnost, ki stabilizira (kakodilat) ali destabilizira
(HEPES) vodne raztopine jajčnega lizocima. V splošnem smo prišli do zaključka, da
izbira pufra ne sme biti nikdar nepremišljena, saj je zelo verjetno, da bodo učinki
pufra presegli zgolj okvir določanja pH in se odrazili tudi v meddelčnih interakcijah, ki
npr. vplivajo na stabilnost formulacij proteinov.
V drugem delu naše raziskave smo proučili kako različni pogoji v raztopini vplivajo na
fibrilizacijo jajčnega lizocima. Sprva smo analizirali vzorce svežega jajčnega lizocima,
da bi pred samo fibrilizacijo ugotovili kakšna je začetna (nativna) struktura proteina.
Pokazali smo da, z izjemo manjših odstopanj v sestavi sekundarne strukture s
spreminjanjem pH raztopine in ionske jakosti pufrov, v različnih pufrih ne pride do
večjih odstopanj v strukturi jajčnega lizocima. Slednje so bile še najbolj izrazite v
primeru raztopin glicinskih pufrov. Opažanja smo kvantitativno ovrednotili s spletnim
strežnikom BeStSel. Nadaljevali smo s proučevanjem hidrofobnosti površine svežih
vzorcev jajčnega lizocima z uporabo barvila ANS in metode DSC. Zaradi visoke
ionske jakosti proučevanih raztopin naše meritve fluorescence ANS-a niso doprinesle
koristnih zaključkov, pač pa so nam bolj koristili termogrami jajčnega lizocima
pridobljeni z DSC. Ti toplotni prstni odtisi jajčnega lizocima so razkrili, da je
konformacijska stabilnost jajčnega lizocima v glicinskem pufru pri pH=2,0 izjemno
zmanjšana, medtem ko ostane v ostalih pufrih zelo podobna. Na podlagi teh
rezultatov smo pričakovali, da bo glicinski pufer pri pH=2,0 predstavljal nabolj
primerno okolje za rast fibril jajčnega lizocima.
Da bi nadalje preverili kateri so tisti pogoji v raztopini, ki vodijo do fibrilizacije
jajčnega lizocima, smo nastanek amiloidnih fibril proučili v različnih pufrih pri
vzbujenih in statitičnih pogojih pri 37 °C. Prisotnost amiloidnih fibril smo pri tem
ovrednotili z zelo amiloidospecifičnimi barvili kot sta ThT in CR ter CD
spektroskopijo. Iz intenzivnih merjenj je bilo prikazano, da jajčni lizocim fibrilizira
samo pod vzbujenimi pogoji pri pH=2,0, kjer pogoji v raztopini omogočajo delno
razvitje strukture proteina in hkrati ugodne kinetične pogoje za premostitev
elektrostatske odbojne bariere med visoko pozitivno nabitimi molekulami jajčnega
lizocima. Ugotovili smo, da so pufri, ki zagotavljajo omenjene pogoje in so dejansko
prikazali tvorbo fibril zgolj 0,5 M glicin in KCl-HCl z 0,25 in 0,5 M ionsko jakostjo. V
teh pufrih smo opazili drastična odstopanja vzbujenih vzorcev v primerjavi s
kontrolnimi (svežimi) raztopinami jajčnega lizocima. Ta odstopanja so se odrazila v
vseh treh tehnikah analize fibril; v primeru barvila ThT so vzbujeni vzorci prikazali
močno povišano intenziteto emisije fluorescence in z izvedbo analize vezave CR smo
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ugotovili vidno povišane absorbance vrhov, ki sta jih spremljala rdeči premik in očitno
spremenjena oblika. V teh vzbujenih vzorcih smo prisotnost fibril dokončno potrdili s
posnetimi CD spektri, ki so pokazali na prisotnost velike količine antiparalelne-β
strukture. Pri zgoraj omenjenih idealnih pogojih pa nismo opazili nobenih odstopanj
med vzorci z različno inkubacijo v fosfatnem pufru. To pomeni, da fosfatni pufer ni
omogočil fibrilizacije jajčnega lizocima, kar nakazuje na pomembnost pufer specifičnih
efektov. Proučevanje fibrilizacije v mnogih drugih pufrih, kot so TRIS, acetat,
kakodilat in HEPES je prav tako razkrilo, da fibrile v teh pufrih niso nastale,
nakazujoč na stabilizirajočo naravo omenjenih pufrov v okviru tvorbe amiloidov.
Ker so fibrile nastale v 0,5 M glicinskem pufru pri pH=2,0, ne pa tudi v 0,25 M glicinu
pri enakem pH, smo proučili pomen elektrostatskega senčenja, pri čemer smo ohranili
konstantno celukupno ionsko jakost raztopine. Da bi sprožili nastanek amiloidnih
fibril v sprva ne-amiloidogenih raztopinah, kot sta 0,25 M glicin (pH=2,0 in 9,0) in
0,25 M TRIS (pH=9,0), smo koncentracijo teh pufrov kombinirali z dodatkom
preprostega elektrolita, NaCl, da smo dosegli 0,25 M celokupno ionsko jakost.
Uporabljene koncentracije NaCl so bile 10, 30, 50 in 70 mM. Ta pristop je ob prav
vseh dodatkih NaCl sprožil fibrilizacijo jajčnega lizocima v vzbujenih raztopinah 0,25
M glicina pri pH=2,0. Vendar pa fibrile niso nastale v preostalih raztopinah, ki smo
jim dodali NaCl, kar kaže na pomen delnega razvitja strukture jajčnega lizocima pri
pH=2,0, kakor tudi stabilizirajočo vlogo TRIS pufra. Da bi nadalje preverili vlogo
TRIS pufra, smo se poslužili amiloidnega sejanja, da bi pospešili tvorbo amiloidnih
fibril. Ugotovili smo, da v TRIS-u fibrile niso nastale ob nobeni količini dodanih
semen fibril (5, 10 in 20 % v/v), s čimer smo potrdili stabilizacijo s strani TRIS pufra.
Nazadnje smo poskušali preprečiti agregacijo jajčnega lizocima v amiloidne fibrile z
dodatkom inertnega polimera, PEG12000. Dodali smo ga k raztopini jajčnega
lizocima v 0,5 M glicinskem pufru pri pH=2,0, kjer smo sicer opazili izdatno tvorbo
amiloidnih fibril. Nad določeno koncentracijo PEG-a (40 mg mL−1 ) smo uspeli
pokazati, da PEG prepreči tvorbo začetnih oligomerov in zaustavi proces fibrilizacije
jajčnega lizocima. Prišli smo do zaključka, da molekule PEG-a lahko delujejo
podobno kot nekatere komponente pufrov in se vežejo na površino molekul proteina
ter tako stabilizirajo njihovo nativno konformacijo. Več kot očitno je, da je vpliv
pufrov raznovrsten, saj pufri lahko efektivno stabilizirajo ali destabilizirajo površino,
kar smo že dokazali tudi v naši študiji fazne stabilnosti jajčnega lizocima. Ker pufri
igrajo temeljno vlogo v formulacijah proteinov, lahko pravilna izbira stabilizirajočih
pufrov omeji dodajanje drugih aditivov in stabilizatorjev, ki lahko po sami
administraciji sprožijo nezaželene stranske učinke.
V tretjem delu te disertacije, smo se osredotočili na sintezo dveh različic lizocima T4,
in sicer psevdo divjega tipa (WT*) lizocima T4 in njegove točkovne mutante L99I*.
Želeli smo ugotoviti, kakšen je vpliv te točkovne mutacije tako na fazno kot tudi na
konformacijsko stabilnost lizocima T4. Najprej smo optimizirali ekspresijo obeh različic
proteina, da smo dobili zadovoljive izkoristke med 50 in 100 mg obeh proteinov na 3.2
L medija za gojenje. S tem, ko smo posneli CD spektre obeh različic lizocima T4, smo
ugotovili, da zamenjava Leu z Ile signifikantno ne vpliva na sestavo sekundarne strukture
lizocima T4 WT*. Poleg tega smo opazili, da oba lizocima T4 sestojita iz skoraj 30 %
več α-vijačne strukture kot je to zaznati pri jajčnem lizocimu ob identičnih pogojih v
raztopini. Poskušali smo izmeriti fazno stabilnost lizocima T4 WT*, vendar navkljub
ohlajanju raztopin vse do -6 °C nismo uspeli doseči pogojev fazne separacije. Zaključili
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smo, da je fazna stabilnost lizocima T4 WT* očitno večja kot pri jajčnem lizocimu
ob identičnih pogojih v raztopini, kar bi lahko pripisali večjemu deležu α-vijačnic pri
lizocimu T4 WT*, ki ponujajo dodatno mero stabilnosti. Z uporabo CD spektroskopije
in metode DSC smo pokazali, da je lizocim T4 WT* konformacijsko bolj stabilen od
svoje točkovne mutante, saj se slednja razvije pri ≈ 4,3 °C nižji temperaturi. Prav tako
smo opazili, da sta oba proteina ob njunem gretju ireverzibilno izgubila svojo nativno
strukturo, pri čemer je T4 WT* ohranil le nekoliko večji delež nativne strukture.
V zadnjem delu naše raziskave smo z uporabo simulacij molekulske dinamike obsežno
proučili interakcije med proteini v vodnih raztopinah jajčnega lizocima, lizocima T4
WT* in γ-D kristalina na atomistični ravni. Da smo lahko vizualizirali fazno stabilnost
proučevanih raztopin proteinov, smo najprej izračunali njihove časovno odvisne lokalne
fluktuacije v gostoti. Izračuni so bili skladni z vizualizacijskim pregledom trajektorij
simulacij in so nakazali na začetno stopnjo fazne separacije nekaterih raztopin proteinov
(jajčni lizocim pri visoki c in nizki T ter γ-D pri nizki T ). V primeru raztopin z visoko
koncentracijo jajčnega lizocima smo pri temperaturi 267 K, kakor tudi 300 K zaznali
regije z relativno visoko gostoto proteinov, ki so bile dobro ločene od s proteini manj
obogatenih domen. Ta pojav je bil bolj izražen pri 267 K. Prikazali smo, da obe
raztopini z visoko vsebnostjo jajčnega lizocima tvorita reverzibilne klastre različnih
velikosti, pri čemer je bila ta reverzibilnost bolj prevladujoča pri nižji temperaturi. To
opažanje je v skladu z reverzibilno naravo eksperimentalno izmerjene LLPS. Po drugi
strani, pa so se raztopine pri nizki koncentraciji jajčnega lizocima izkazale kot bolj
homogene in brez jasno izraženih regij z visoko gostoto proteinov, saj so se pri obeh
temperaturah tvorili zgolj dimeri. Raztopine lizocima T4 WT* so pokazale podobne
fluktuacije v gostoti kot raztopine jajčnega lizocima, z izrazitimi regijami visoke in nizke
gostote pri visoki koncentraciji lizocima T4 WT* ter bolj homogenimi raztopinami pri
nižji vsebnosti lizocima T4 WT*. Ob proučevanju fluktuacij v gostoti v raztopinah γ-D
kristalina smo ugotovili, da je γ-D kristalin bolj nagnjen k samozdruževanju kot jajčni ali
lizocim T4 WT*, saj smo opazili povišano tvorjenje klastrov za raztopine γ-D kristalina
tako pri 300 kot 320 K. Pokazali smo tudi, da je reverzibilnost klastrov γ-D kristalina
manjša pri 320 K, ko smo bili zunaj eksperimentalno določenih pogojev LLPS. Opaženo
samozdruževanje proteinov se je nadalje odrazilo v njihovih difuzijskih koeficientih,
D. Vrednosti D so se zmanjšale z rastočo koncentracijo proteinov in zmanjševanjem
temperature raztopin, kakor tudi z naraščanjem molekulske mase proteinov. Zatorej
smo najvišje vrednosti D določili v primeru raztopin jajčnega lizocima, medtem ko je
bila najpočasnejša difuzivnost opažena za γ-D kristalin. Primerjali smo tudi izračunani
D za vodo v primeru raztopine, ki je vsebovala 42 mg mL−1 jajčnega lizocima pri 300
K z eksperimentalno pridobljenim D za vodo v primeru raztopine, ki je vsebovala 50
mg mL−1 jajčnega lizocima, ter ugotovili, da se vrednosti dobro ujemata.
Da bi preverili ali se je proteinom tekom samozdruževanja spremenila struktura, smo
spremljali časovno odvisnost Rg in pokazali, da vsi proučevani proteini ostanejo v
kompaktni (nativni) obliki v vseh simuliranih raztopinah, kar je znova konsistentno z
eksperimentalnimi ugotovitvami LLPS pri raztopinah proteinov. S preverjanjem
hidratacijskih lastnosti proteinov smo odkrili, da se nekaj molekul vode vgradi v
notranjost proteinov že ob samem začetku simulacij, kar je bilo še posebej izrazito pri
lizocimu T4 WT*. Za molekule vode je bilo sicer ugotovljeno, da so nekoliko bolj
verjetne na razdaljah, ki ustrezajo površini proteinov, kar opisuje hidratacijo
proteinov. Raztopine γ-D kristalina izkazujejo znaten upad verjetnosti, da najdemo
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molekule vode v območju med 3 in 5 nm, kar je bilo še posebej razvidno pri
temperaturi 320 K in pripisano izdatnejši ireverzibilni tvorbi klastrov v tej raztopini.
Hidratacija proteinov je bila dodatno ocenjena preko določitve celokupne topilu
dostopne površine (SASA) vseh raztopin proteinov. SASA rezultati so pokazali, da
topilu dostopna površina ni odvisna zgolj od obsežnosti samozdruževanja proteinov,
pač pa tudi njegove stopnje reverzibilnosti. Zaradi tega je bil največji upad v SASA
zaradi združevanja proteinov v klastre prisoten v primeru raztopin γ-D kristalina, z
bolj občutnim znižanjem v raztopini pri 320 K, saj je bilo tam prisotne več
ireverzibilne asociacije proteinov. Da bi nadalje ovrednotili interakcije med proteini,
smo izračunali parske porazdelitvene funkcije protein-protein z upoštevanjem
njihovega centra mase (COM). Te so pokazale številne vrhove, ki ustrezajo najbolj
pogostim kontaktom med proteini (frontalno-frontalno, frontalno-lateralno in
lateralno-lateralno), ki so skladni tako z vizualnim pregledom trajektorij, kakor tudi z
grafi fluktuacij gostote.
S konstruiranjem posebnih časovno odvisnih zemljevidov razdalj, ki prikazujejo
najkrajšo razdaljo vsake izmed aminokislin na danem proteinu s poljubno
aminokislino na kateremkoli drugem proteinu, smo uspeli določiti štiri najbolj pogoste
kontaktne regije na vsakem proteinu. Izkazalo se je, da samo določeni deli proteinov
pridejo v medsebojni kontakt, pri čemer so se Arg ostanki kot edini pogosto pojavljali
v vseh regijah obravnavanih proteinov. Podrobnejša vizualna analiza vseh raztopin
proteinov je pokazala, da je Arg najpogosteje prisoten v začetnih kontaktih raztopin
jajčnega lizocima in γ-D kristalina, medtem ko je tovrstna vloga pri lizocimu T4 WT*
pripadla Lys. Ker je bila vizualna analiza nezadostna pri odkrivanju vseh ključnih
interakcij smo izvedli temeljito analizo interakcij med aminokislinskimi ostanki. S
spremljanjem časovnega razvoja vseh razdalj ostanek–ostanek med vsemi pari
proteinov v vsaki simulaciji in skrčenjem obsežnih podatkov s strogim definiranjem,
kdaj sta ostanka v tesnem kontaktu in kdaj ločena, smo potrdili reverzibilnost
kontaktov med proteini, ki smo jo opazili že tekom vizualnega pregleda trajektorij
simulacij in iz fluktuacij gostote. Rezultati so se pokazali kot dodana vrednost, saj
smo iz njih lahko določili najbolj verjetne pare ostanek–ostanek, kakor tudi
posamezne aminokisline, ki so odgovorne za tvorbo začetnih kontaktov.
Za raztopine jajčnega lizocima smo pokazali, da so celukupno najbolj verjetni tisti
pari ostanek–ostanek, ki vsebujejo vsaj en Arg ostanek, pri čemer so bili partnerji zelo
raznoliki in so največkrat vključevali ostanke Asp, Arg, Gly in Asn. Arg je bil potrjen
tudi kot prevladujoča aminokislina vpletena v tvorbo začetnih kontaktov v vseh
raztopinah jajčnega lizocima. Skoraj identično sliko pokažejo raztopine γ-D kristalina,
kjer je znova Arg prevladujoča aminokislina tako v prvih kontaktih, kakor tudi v
celokupni tvorbi parov ostanek–ostanek, kjer so bili kontaktni partnerji večinoma Glu
in Asp. V raztopinah lizocima T4 WT* smo stežka prišli do trdnih zaključkov, saj so
bili rezultati pri nizki koncentraciji proteina nezanesljivi zaradi slabše statistike. So pa
bili rezultati pri višji koncentraciji dovolj zanesljivi, da smo iz njih lahko sklepali, da
je Lys najbolj pomemben aminokislinski ostanek pri ustvarjanju začetnih kontaktov v
raztopinah pri tako visoki kot nizki temperaturi. Poleg tega sta bila Lys in Asp
celokupno najbolj verjetni par v bližnjem kontaktu in tudi najbolj številčen par v
začetnih kontaktih obeh raztopin z visoko vsebnostjo T4 WT*. Proučili smo tudi
vpliv nekaterih omejitvenih parametrov za analizo kontaktov, kot sta izbira časovnega
okvirja kontaktov in tudi medsebojne razdalje pri kateri pare še obravnavamo.

9.2 Zaključki
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Ugotovili smo, da so spremembe časovnih okvirjev nebistvene, medtem ko različne
razdalje upoštevanja kontaktov ne morejo spremeniti celostne slike pomembnih
aminokislin in le malo vplivajo na rezultate ključnih parov aminokislin.
Rezultati predstavljeni v tej disertaciji so potrdili nesporno pomembnost meddelčnih
interakcij za fazno stabilnost, tendenco po agregaciji in obnašanje vodnih raztopin
nekaterih globularnih proteinov. Znotraj našega dela smo najprej pokazali, da
poznavanje faznega diagrama proteinov in še posebej pogojev pri katerih pride do
njihove LLPS lahko znatno pripomore k učinkovitejši in hitrejši kristalizaciji
proteinov. S temeljito analizo pufrskih raztopin jajčnega lizocima smo dokazali, da je
fazna stabilnost jajčnega lizocima močno odvisna od izbire pufra. Po natančni
obravnavi opaženih pufer specifičnih efektov smo jih uspeli vključiti v enostaven
model znotraj Wertheimove perturbacijske teorije, ki se lahko uporabi za napoved
fazne stabilnosti raztopin globularnih proteinov. Po skrbni študiji fibrilizacije jajčnega
lizocima smo odkrili, da pufer specifični efekti igrajo pomembno vlogo tudi pri in
vitro tvorbi amiloidnih fibril. Prišli smo do zaključkov, da sta edino glicinski in
KCl-HCl pufer pri kislem pH in pod vzbujenimi pogoji tista, ki zagotavljata ustrezne
pogoje za fibrilizacijo jajčnega lizocima.
Medtem ko smo za TRIS, fosfatni,
kakodilatni in HEPES pufer ugotovili, da ohranjajo nativno strukturo jajčnega
lizocima in tako preprečujejo njegovo agregacijo v fibrile. Menimo, da pufri tovrstno
stabilizacijo omogočajo zaradi vezave na površino jajčnega lizocima, saj s tem delujejo
kot aktivni ščit pred spremembami njegove strukture zaradi vzbujenih pogojev.
Potrdili smo, da poleg okolja v katerem se protein nahaja temeljno vlogo pri določanju
obnašanja raztopin proteinov igra njihovo aminokislinsko zaporedje. To smo dokazali
s sintezo zadostne količine lizocima T4 WT* in merjenjem njegove fazne stabilnosti
pri enakih pogojih kot za jajčni lizocim. Ugotovili smo, da je fazna stabilnost lizocima
T4 WT* višja od tiste za jajčni lizocim, navkljub dejstvu, da imata oba proteina
podoben vzorec dvodomenskega zvitja. Nadalje smo s sintezo lizocima T4 L99I* in
primerjanjem njegove konformacijske stabilnosti s tisto od lizocima T4 WT* pokazali,
da zamenjava levcina z zelo podobnim strukturnim izomerom izolevcinom na položaju
99 znatno zniža konformacijsko stabilnost lizocima T4 WT*. Nazadnje smo temeljito
proučili simulacije molekulske dinamike vodnih raztopin jajčnega lizocima, lizocima
T4 WT* in γ-D kristalina ter odkrili, da je arginin ključna aminokislina pri
samozdruževanju jajčnega lizocima in γ-D kristalina. S celovito analizo interakcij med
aminokislinami smo dokazali, da je arginin v raztopinah teh dveh proteinov
najpogosteje udeležena aminokislina pri tvorjenju prvih kontaktov med proteini, kakor
tudi nasploh najpogostejši aminokislinskih ostanek v aminokislinskih parih. Ta
ugotovitev je v skladu z znanimi dejstvi, da se arginin pogosto uporablja kot dodatek,
ki preperečuje agregacijo v raztopinah proteinov, saj se preko solnih mostičkov in
vodikovih vezi veže na druge aminokisline in tako prepreči njihove medsebojne
interakcije. Na drugi strani pa za lizocim T4 WT* rezultat ni tako jasno razviden,
zato ni mogoče sprejeti enostavnih zaključkov. Kljub temu naši dosedanji rezultati
kažejo na to, da vloga najpomembnejše aminokisline v raztopinah lizocima T4 WT*
najverjetneje pripada lizinu, ki ima sposobnost tvoriti podobne interakcije z drugimi
aminokislinami kot arginin. Menimo, da so te ugotovitve lahko zelo koristne na
področju teoretičnega modeliranja raztopin proteinov, saj se tako arginin kot lizin
nahajata na površini proteinov in tako prispevata informacije o porazdelitvi vezavnih
mest na molekulah proteinov. Glede na vse, menimo, da so naše ugotovitve dodana
vrednost širši raziskovalni skupnosti, saj prispevajo nove vpoglede v vpliv meddelčnih
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interakcij na fazno stabilnost in obnašanje vodnih raztopin globularnih proteinov, ki
lahko pomagajo pri načrtovanju in proučevanju kompleksnih raztopin proteinov.

173

10

Appendix

10.1

Additions to Phase stability of HEWL–buffer
solutions

In this appendix additional procedures, figures and tables that are not necessary for
understanding the topic in Chapter 4 are presented.

10.1.1

Casting of SDS-PAGE gels

SDS-PAGE gels were prepared with the polymerization of acrylamide, which has
several advantages. It is stable, chemically inert and electroneutral. It is usually used
in a solution combined with bis-acrylamide with their ratio being 37:1. The latter
works as a cross-linker of the linear polymers formed by acrylamide. To cast the gels,
we firstly assembled the gel casting apparatus. A tall glass plate with attached
spacers and a small glass plate were put together and mounted on the casting
apparatus. Adequate sealing of the chamber formed between the two glass plates was
ensured by tightening the screws on the frame of the casting apparatus. We proceeded
by preparing the solution for the resolving gel. We followed the recipe described in
Table 4.2, in which it is important to add APS and TEMED at the very end of the
procedure. When APS is added to the preformed aqueous mixture of other gel
components it starts dissolving and producing free sulfate radicals. These act as
iniciators for the polymerization of acrylamide. Lastly, TEMED was added, which
stabilizes the free radicals and works as a catalyst for the polymerization reaction.
Then the final mixture was gently stirred to avoid introducing air bubbles that could
inhibit polymerization. The solution was poured in the gap between the glass plates
and 500 µL of propan-2-ol was pipetted on top of it to straighten the surface of the
emerging gel. At this point we waited for about 45 minutes for the resolving gel to
solidify. Hence, we carefully removed the layer of propan-2-ol and rinsed the surface
with milli-Q water. In the next step we prepared the solution for the stacking gel by
again following the recipe in Table 4.2, adding the chemicals in the same order as for
the resolving gel. Once the mixture was poured on top of the resolving gel, an
electrophoresis comb was inserted into it to create wells of equal size. After around 50
minutes the stacking gel solidified and the comb was gently pulled out of the formed
wells. In the end we carefully disassembled the casting apparatus and wrapped the
gel-containing glass plates in moistened cloths and kept them in the refrigerator up to
7 days before use [234]
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10.1.2

Staining of SDS-PAGE gels with AgNO3

Proteins mostly do not absorb visible light, therefor they are not visible during and
after the electrophoresis run. During the course of electrophoresis, this nuisance can be
eliminated by using a stained protein ladder or a loading buffer containing bromophenol
blue dye. Meanwhile, for the final staining of protein bands two common techniques are
used: Coomassie Brilliant Blue (CBB) and silver nitrate staining. For ordinary staining
of protein bands CBB is more than sufficient, but if one wants to visualize proteins at
very low concentrations or even impurities in protein solutions, staining with AgNO3 is
the right choice. The latter was also our choice, since in this part of our work we were
particularly interested in the impurities of aqueous HEWL solutions and their potential
removal during protein crystallization. When AgNO3 staining is performed correctly
it can provide up to 50× higher sensitivity than CBB dye. However, one must bear
in mind, this technique is more time consuming and requires some practice for elegant
results. Staining with AgNO3 usually comprises of five crucial steps. In the first step
we carried out the fixation of our gels, with which we eliminate any possible interfering
molecules (e.g. TRIS, SDS . . . ) that can increase the intensity of the gel background
and weaken the contrast of bands. The fixation is achieved by using a solution of
10 % ethanol and 5 % acetic acid preheated at 50 °C. The gels were shaken in this
solution with a Vibromix 311EVT shaker (Železniki, Slovenia) for 2 minutes, then the
solution was replaced with a fresh one and continued shaking for another 4 minutes. In
the following step we performed the sensitization of gels with a reagent that amplifies
sensitivity or raises contrast. The proteins adsorb the reagent, which eventually binds
silver ions or its complexes. Such treatment of gels introduces additional binding sites
for Ag+ ions on proteins. This sensitizer solution comprises of 2 % glutaraldehyde, 28.5
% ethanol, 1 % propan-2-ol, 6.3 mM Na2 S2 O3 , 36.6 mM sodium acetate. We preheated
the reagent to 50 °C and the gels were incubated in it for 6 minutes under shaking
conditions. To remove the excess reagent from the background, the gels were then
shaken twice in milli-Q water at 50 °C for 2 min. This cleaning phase was followed by
a 7 minute staining of gels with an aqueous solution of 23.5 mM AgNO3 preheated to
40 °C. The gels were then thoroughly rinsed with shaking in milli-Q water to remove
any remaining Ag+ from the gel background. In the fourth important step the gels
were shaken in a developing solution at 30 °C for approximately 1 minute (this is very
empirical). This step reduces the Ag+ to elementary silver. This occurs since the
developing solution contains 0.05 % formaldehyde and 0.2 M Na2 CO3 . The solution is
replaced with a fresh one and gels are shaken for additional 45 seconds (also empirically
determined). At this point, the first bands appear on those parts of the gel where the
protein is located. They can be of brown, orange, yellow and even gray colour. This was
followed by an additional 1 minute shaking of the gels with a reducing solution. The
latter solution is made of 0.16 M Na2 S2 O3 and 0.3 M TRIS. Since Na2 S2 O3 in alkaline
conditions forms strong-bonded complexes with silver, it cleans the gel background and
thus improves final contrast. Although one needs to be cautious, as the reaction does
not stop by itself and can destain the protein bands if the incubation is prolonged. For
this reason we immediately performed a final 5 minute shaking of the gels in an aqueous
solution containing 80 g L−1 of glycerol preheated to 50 °C, which stops the background
reduction reaction. Gels obtained in this way are stable for a few days and then the
protein bands start to fade [235].
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Staining of SDS-PAGE gels with Coomassie Brilliant
Blue

Staining of gels with CBB is faster and more straightforward than with AgNO3 . In
our study, the staining with CBB was performed according to the routine procedure
provided by the more experienced colleagues from the department of biochemistry. To
carry out the procedure, we first prepared 3 solutions, namely a staining solution, a
destaining solution and 20 % (v/v) acetic acid solution. The staining solution was
prepared by dissolving 1 g of CBB in 200 mL of ethanol. The solution was thoroughly
stirred and slightly heated to enhance the solubility of CBB. We transferred the mixture
to a 500 mL volumetric flask and added milli-Q H2 O up to the volumetric mark. Glacial
acetic acid was appropriately dissolved to obtain the 20 % acetic acid solution. The
destaining solution comprised of 30 % (v/v) ethanol and 10 % (v/v) acetic acid solution.
This was achieved by profound mixing of 150 mL of pure ethanol and 50 mL of glacial
acetic acid. The solution was transferred into a 500 mL volumetric flask and filled up
to the mark by milli-Q H2 O.
Prior staining the gels, we diluted the staining solution with the prepared 20 % acetic
acid solution in a ratio of 1:1. Approximately 30 mL (15 + 15 mL) of this mixture
was sufficient for the staining of one gel. Then we transferred the SDS-PAGE gel
into a Petri dish containing this diluted staining solution. The gel was gently, but
constantly shaken for 30 to 60 minutes using a Vibromix 311EVT shaker. Afterwards,
we removed the staining solution and washed the gel once with milli-Q water, once with
destaining solution. We discard these two solutions and provide additional destaining
solution to the gel. The gel was then shaken in the destaining solution until sufficiently
destained, with exchanges of destaining solution on every 15 minutes or so. Usually, 3
to 4 exchanges of destaining solution were more than enough to produce a well-stained
gel with pronounced protein bands.

10.1.4

Cloud point measurements in different buffers

Table 10.1: List of measured B22 and kD values of HEWL in different 0.1 M buffers.

Buffer

B22 / × 10−4 mol mL g−2

Glycine pH=2.0
Phosphate pH=2.0
Acetate pH=4.6
TRIS pH=8.8
Glycine pH=9.0

10.4 ± 1.0
5.5 ± 0.1
9.4 ± 0.3
2.4 ± 1.0
0.8 ± 0.2

kD / mL g−1
15.7
19.5
20.1
14.9
20.1

±
±
±
±
±

3.0
7.0
2.0
2.0
1.0
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Figure 10.1: Least squares fit of Tcloud dependence on
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Figure 10.2: Least squares fit of the diffusion coefficient dependence on HEWL concentration
(left) and the Debye plot (right) in different 0.1 M buffers from which respective kD values
were obtained.
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10.2

Additions to In vitro fibrillization of HEWL

In this appendix additional procedures, figures and tables that are not necessary for
understanding the topic in Chapter 5 are presented.
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Figure 10.4: CD spectra of fresh HEWL solutions in TRIS (left) and all other buffers
(right) at different ionic strength and pH values. One can observe there are no significant
alterations between the CD spectra of different fresh HEWL–buffer solutions.
Table 10.2: Estimated secondary structure content (%) of control, static and agitated HEWL
in glycine buffer solutions at different ionic strength and pH values. The error estimated from
two different sets of measurements was estimated to be ±2 %.
Solution
0.5 M control, pH=3.0
0.5 M static, pH=3.0
0.5 M agitated, pH=3.0
0.5 M control, pH=9.0
0.5 M static, pH=9.0
0.5 M agitated, pH=9.0
0.5 M control, pH=10.0
0.5 M static, pH=10.0
0.5 M agitated, pH=10.0

α-Helix
23
26
24
28
25
27
28
23
21
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Figure 10.5: The fluorescence emission intensity of ThT at 485 nm for control (C), static
(S) and agitated (A) samples of HEWL in different TRIS buffers (top left), 0.5 M HEPES,
phosphate and different cacodylate buffers (top right), 0.5 M acetate and different KCl-HCl
buffers (bottom left) and remaining 0.25 M glycine buffers (bottom right). Note that the
intensity scale is logarithmic. There are no significant alterations in the emission intensity of
ThT in TRIS buffers at different pH. Similarly behave also HEPES, cacodylate and phosphate,
where no mentionable discrepancies can be noted between samples with diverse incubation.
For the agitated sample in 0.1 M KCl-HCl there is a substantial increase in the emission
intensity of ThT, which indicates changes in structure of HEWL, however no major amount
of fibrils was confirmed with CD measurements. On the other hand, the presence of fibrils
was verified in 0.25 M KCl-HCl buffer, which exhibits an even higher emission intensity of
ThT. For 0.5 M HEWL–acetate and 0.25 M HEWL–glycine buffer solutions at different pH
no considerable differences among samples with different types of incubation were observed,
thus denoting no fibrils are present in these solutions.
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Table 10.3: Estimated secondary structure content (%) of control, static and agitated HEWL
in TRIS buffer solutions at different ionic strength and pH values. The error estimated from
two different sets of measurements was estimated to be ±2 %.
Solution
0.5 M control, pH=7.0
0.5 M static, pH=7.0
0.5 M agitated, pH=7.0
0.5 M control, pH=7.5
0.5 M static, pH=7.5
0.5 M agitated, pH=7.5
0.5 M control, pH=8.0
0.5 M static, pH=8.0
0.5 M agitated, pH=8.0
0.5 M control, pH=9.0
0.5 M static, pH=9.0
0.5 M agitated, pH=9.0

α-Helix
24
21
23
25
22
25
25
24
21
31
23
26

0.25 M control, pH=7.5
0.25 M static, pH=7.5
0.25 M agitated, pH=7.5
0.25 M control, pH=8.0
0.25 M static, pH=8.0
0.25 M agitated, pH=8.0
0.25 M control, pH=9.0
0.25 M static, pH=9.0
0.25 M agitated, pH=9.0
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29
29
30
30
30
28
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7
6
13
8
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11
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1
6
7
3
2
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0
2
1
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13
13
14
13
13
14
14
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Table 10.4: Estimated secondary structure content (%) of control, static and agitated HEWL
in different buffer solutions. The error estimated from two different sets of measurements was
estimated to be ±2 %.
Solution
0.5 M Acetate pH=4.5
control
static
agitated
0.5 M Phosphate pH=7.0
control
static
agitated
0.5 M HEPES pH=7.5
control
static
agitated
0.25 M Cacodylate pH=7.0
control
static
agitated
0.5 M Cacodylate pH=7.0
control
static
agitated
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Parallel β-sheet

β-Turn
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Figure 10.6: Congo red absorption spectra of HEWL in 0.25 M glycine and KCl-HCl buffer
solutions at pH=2.0 (left) and in 0.1 M KCl-HCl buffer (right). Amyloid fibrils were detected
in agitated 0.25 M HEWL–KCl-HCl solutions, since a significant increase in CR absorbance
and peak position is detected. For CR absorption in 0.25 M HEWL–glycine solutions no
meaningful changes are observed between samples with diverse incubation. Although the
absorption maximum, shape and peak position for CR in agitated 0.1 M HEWL–KCl-HCl
sample clearly differ from other samples, no major amount of fibrils was formed in this sample.

Table 10.5: Estimated secondary structure content (%) of control (C), static (S) and agitated
(A) HEWL samples in 0.5 M glycine solutions with different concentrations of PEG12000 at
pH=2.0. The error estimated from two different sets of measurements was estimated to be
±2 %.
Solution
20 mg mL−1 PEG:
(C)
(S)
(A)
40 mg mL−1 PEG:
(C)
(S)
(A)
60 mg mL−1 PEG:
(C)
(S)
(A)
80 mg mL−1 PEG:
(C)
(S)
(A)

α-Helix

Antiparallel β-sheet

Parallel β-sheet

β-Turn
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3
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3
4
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2
4
3
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1
4
2
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2
3
2
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Figure 10.7: CD spectra of control (C), static (S) and agitated (A) HEWL–buffer solutions
in acidic conditions. The obtained CD spectra confirm that no fibrils were formed in any of
the HEWL–buffer solutions displayed here, except for the agitated HEWL in 0.25 M KClHCl buffer, where a distinct negative band at around 220 nm and a strong positive band
at approximately 200 nm indicate towards an increased amount of β-sheet structure in this
sample. The CD spectra for agitated HEWL in 0.1 M KCl-HCl buffer shows slight deviations
from the typical α-helix spectrum, but without a higher quantity of β-structure present.
Meanwhile, the results for agitated and static samples of HEWL in 0.5 M glycine at pH=10.0
exhibit only a minor decrease in α-helix content with no ongoing fibrillization.
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Figure 10.8: CD spectra of control (C), static (S) and agitated (A) HEWL–buffer solutions
in neutral and alkaline conditions. The results for TRIS, cacodylate, phosphate and HEPES,
presented here, show no major alterations among samples with different types of incubation,
meaning no fibrils were formed in these solutions.
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Figure 10.9: ThT fluorescence emission intensity (top left), Congo red absorption spectra
(top right) and CD spectra (bottom) of control, static and agitated samples of HEWL,
compared between glycine solutions (I=0.25 M) containing different concentrations of NaCl.
HEWL forms amyloid fibrils in agitated samples at all concentrations of NaCl. The extent of
fibrillization increases with NaCl concentration, although this is not clearly visible from the
agitated samples, as the solutions were gel-like and consequently rigorous for pipetting.
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Figure 10.10: CD spectra of agitated HEWL samples in 0.5 M TRIS at pH=7.0 with
different additions of HEWL fibrils produced in 0.5 M glycine at pH=2.0. One can only
observe a decrease in secondary structure content as the amount of seeds present rises.
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Figure 10.11: ThT fluorescence emission intensity (top left), Congo red absorption spectra
(top right) and CD spectra (bottom) of control (C), static (S) and agitated (A) samples
of HEWL in 0.5 M glycine solutions containing different concentrations of PEG12000. It was
already shown in the main part of our work that 40 mg mL−1 of PEG12000 is enough to
prevent HEWL from fibrillizing. Here it is shown that by increasing the concentration of
PEG12000 the tendency for fibrillization is gradually decreasing.
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10.3

Additions to Simulations of protein-protein
interactions of globular proteins

In this appendix additional procedures, figures and tables that are not necessary for
understanding the topic in Chapter 7 are presented.
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Figure 10.12: Average number of HEWL molecules at a certain distance and at different
simulation times.
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Figure 10.13: Average number of γ-D crystallin molecules at a certain distance and at
different simulation times.
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Figure 10.14: Average number of T4 WT* molecules at a certain distance and at different
simulation times.

Table 10.6: Summary of performed MARTINI simulations. The advantages of the MARTINI
coarse-grained force field are clearly seen within this table. In this case we were able to simulate
as many as 64 HEWL molecules on a much longer time scale of up to 4 µs. The MARTINI 2.2
simulations at 320 and 350 K did not experience freezing as was the case at 300 K, however, we
observed major clustering for all HEWL concentrations at both temperatures. In contrast to
atomistic simulations these clusters appear to be more numerous and irreversible. Therefore,
after a few hundred nanoseconds there were no monomers left in the solution. Compared to
atomistic simulations there is much less water inside the HEWL molecule and the amount of
water on protein surface compared to bulk water is also smaller than the one obtained with
the all-atom model, probably due to heavy self-association of proteins. Despite vast clustering
the Rg did not increase drastically, suggesting no protein denaturation occured.
Protein

γ / mg mL−1

HEWL
HEWL
HEWL
HEWL
HEWL
HEWL
HEWL
HEWL
T4 WT*

92
92
46
92
46
92
46
46
119

Force field
MARTINI
MARTINI
MARTINI
MARTINI
MARTINI
MARTINI
MARTINI
MARTINI
MARTINI

2.2
2.2
2.2
2.2
2.2
3.0
3.0
3.0
2.2

T /K

N particles

N proteins

L / nm

tsim / ns

300
320
320
350
350
320
320
300
320

142382
142382
139901
142382
139901
143438
140312
140312
143891

64
64
32
64
32
64
32
32
64

25.5
25.5
25.5
25.5
25.5
25.5
25.5
25.5
25.5

500
1500
4000
1500
1500
1000
1000
1000
1000
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Figure 10.15: MSD of simulated proteins at all protein concentrations and temperatures.
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Figure 10.16: MSD of HEWL and corresponding protein – protein centre of mass RDF
in the 92 mg mL−1 HEWL simulation at 300 K using the MARTINI 2.2 force field. Water
molecules clearly freeze and preserve protein molecules basically at their initial positions.
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Figure 10.17: Density fluctuations of proteins in the y-axis direction. γ-D crystallin (top)
at 100 mg mL−1 (A at 300 K and B at 320 K). HEWL (middle) at 42 mg mL−1 (A at 267
K and C at 300 K) and 93 mg mL−1 (B at 267 K and D at 300 K). T4 WT* (bottom) at 45
mg mL−1 (A at 267 K and C at 300 K) and 90 mg mL−1 (B at 267 K and D at 300 K).
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Figure 10.18: Density fluctuations of proteins in the z-axis direction. γ-D crystallin (top)
at 100 mg mL−1 (A at 300 K and B at 320 K). HEWL (middle) at 42 mg mL−1 (A at 267
K and C at 300 K) and 93 mg mL−1 (B at 267 K and D at 300 K). T4 WT* (bottom) at 45
mg mL−1 (A at 267 K and C at 300 K) and 90 mg mL−1 (B at 267 K and D at 300 K).
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Figure 10.19: Initial time evolution of the water-oxygen – protein COM pair distribution
function for HEWL and T4 WT* at high concentration and 300 K.
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Figure 10.20: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of HEWL molecules in the solution comprising of 93 mg mL−1 of HEWL at
300 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.
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Figure 10.21: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of HEWL molecules in the solution comprising of 93 mg mL−1 of HEWL at
300 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.
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Figure 10.22: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of HEWL molecules in the solution comprising of 93 mg mL−1 of HEWL at
300 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.

Figure 10.23: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of HEWL molecules in the solution comprising of 42 mg mL−1 of HEWL at
300 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.
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Figure 10.24: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of HEWL molecules in the solution comprising of 93 mg mL−1 of HEWL at
267 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.

196

10 Appendix

Figure 10.25: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of HEWL molecules in the solution comprising of 93 mg mL−1 of HEWL at
267 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.
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Figure 10.26: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of HEWL molecules in the solution comprising of 93 mg mL−1 of HEWL at
267 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.
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Figure 10.27: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of HEWL molecules in the solution comprising of 42 mg mL−1 of HEWL at
267 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.

Figure 10.28: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of T4 WT* molecules in the solution comprising of 90 mg mL−1 of T4 WT* at
300 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.
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Figure 10.29: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of T4 WT* molecules in the solution comprising of 90 mg mL−1 of T4 WT* at
300 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.

200

10 Appendix

Figure 10.30: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of T4 WT* molecules in the solution comprising of 90 mg mL−1 of T4 WT* at
300 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.
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Figure 10.31: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of T4 WT* molecules in the solution comprising of 90 mg mL−1 of T4 WT* at
300 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.

202

10 Appendix

Figure 10.32: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of T4 WT* molecules in the solution comprising of 45 mg mL−1 of T4 WT* at
300 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.
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Figure 10.33: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of T4 WT* molecules in the solution comprising of 45 mg mL−1 of T4 WT* at
300 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.
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Figure 10.34: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of T4 WT* molecules in the solution comprising of 90 mg mL−1 of T4 WT* at
267 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.
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Figure 10.35: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of T4 WT* molecules in the solution comprising of 90 mg mL−1 of T4 WT* at
267 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.
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Figure 10.36: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of T4 WT* molecules in the solution comprising of 45 mg mL−1 of T4 WT* at
267 K. The shortest distance (here in Å) between the residue pairs is represented with a heat
map on the right. Distances above 6 Å are plotted as white space.
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Figure 10.37: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of γ-D crystallin molecules in the solution comprising of 100 mg mL−1 of γ-D
crystallin at 300 K. The shortest distance (here in Å) between the residue pairs is represented
with a heat map on the right. Distances above 6 Å are plotted as white space.
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Figure 10.38: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of γ-D crystallin molecules in the solution comprising of 100 mg mL−1 of γ-D
crystallin at 300 K. The shortest distance (here in Å) between the residue pairs is represented
with a heat map on the right. Distances above 6 Å are plotted as white space.
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Figure 10.39: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of γ-D crystallin molecules in the solution comprising of 100 mg mL−1 of γ-D
crystallin at 320 K. The shortest distance (here in Å) between the residue pairs is represented
with a heat map on the right. Distances above 6 Å are plotted as white space.
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Figure 10.40: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of γ-D crystallin molecules in the solution comprising of 100 mg mL−1 of γ-D
crystallin at 320 K. The shortest distance (here in Å) between the residue pairs is represented
with a heat map on the right. Distances above 6 Å are plotted as white space.
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Figure 10.41: Time evolution of residue-residue contacts that appear within 6 Å between
different pairs of γ-D crystallin molecules in the solution comprising of 100 mg mL−1 of γ-D
crystallin at 320 K. The shortest distance (here in Å) between the residue pairs is represented
with a heat map on the right. Distances above 6 Å are plotted as white space.

10 Appendix

212

time frame = 1 ns + cut-off = 0.3 to 0.6 nm

time frame = 2 ns + cut-off = 0.3 to 0.6 nm

time frame = 2 ns + cut-off = 0.4 to 0.7 nm

time frame = 2 ns + cut-off = 0.5 to 1.0 nm

Figure 10.42: Probability of overall close contact residues for all protein solutions, compared
at different restriction parameter values.
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time frame = 1 ns + cut-off = 0.3 to 0.6 nm

time frame = 2 ns + cut-off = 0.3 to 0.6 nm

time frame = 2 ns + cut-off = 0.4 to 0.7 nm

time frame = 2 ns + cut-off = 0.5 to 1.0 nm

Figure 10.43: Number of initial close contact residues for all protein solutions, compared at
different restriction parameter values.
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time frame = 1 ns + cut-off = 0.3 to 0.6 nm

time frame = 2 ns + cut-off = 0.3 to 0.6 nm

time frame = 2 ns + cut-off = 0.4 to 0.7 nm

time frame = 2 ns + cut-off = 0.5 to 1.0 nm

Figure 10.44: Probability of overall close residue pairs for all protein solutions, compared
at different restriction parameter values.
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time frame = 1 ns + cut-off = 0.3 to 0.6 nm

time frame = 2 ns + cut-off = 0.3 to 0.6 nm

time frame = 2 ns + cut-off = 0.4 to 0.7 nm

time frame = 2 ns + cut-off = 0.5 to 1.0 nm

Figure 10.45: Number of initial close contact residue pairs for all protein solutions, compared
at different restriction parameter values.
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