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Abstract

Synovial joints exhibit remarkable lubrication mechanisms, essential for the smooth artic-
ulation of bones. This intricate process is orchestrated by key biomolecular components,
such as hyaluronic acid, lipids, aggrecan, and glycoproteins. Lubricin, characterized by its
intrinsically disordered region and highly glycosylated structure, is part of these glycopro-
teins. Lubricin significantly contributes to reducing viscosity and ensuring the sustained
efficacy of synovial joints. The protein comprises two globular end domains and an intrin-
sically disordered central domain. The end domains bind to cartilage surfaces, allowing the
remaining protein to extend into the synovial fluid. The central domain, known as themucin-
like domain, is abundant in O-glycans and mainly responsible for lubricin functionality. The
O-glycans constitute approximately 30-35% of the entire lubricin structure. O-glycans play
a pivotal role in enabling lubricin to fulfill its highly specialized function. Despite the recog-
nized importance of O-glycans, a detailed understanding of their influence on the structure
and viscosity of lubricin remains elusive.

Using extensive molecular dynamics (MD) simulations, in this thesis we unveil the in-
fluence of O-glycans on the rheological and viscosity properties of lubricin. In the first part
of this thesis, our focus was on understanding how O-glycans influence the structure of lu-
bricin. To achieve this, glycosylated fragments of lubricin were generated and modeled, and
a suitable force field for intrinsically disordered glycoproteins was prepared. Five differ-
ent segments of lubricin, each with a length of 80 amino acids, were considered. Utilizing
Monte Carlo sampling, six different glycosylated fragments were introduced for each seg-
ment. Equilibrium molecular dynamics simulations were then conducted to explore the role
of glycans in the conformational properties of lubricin. The findings reveal that the pres-
ence of O-glycans induces a more extended conformation in fragments of the disordered
region of lubricin, resulting in a stiffer structure, and enhancing the exposure of lubricin to
solvent molecules. These changes in the lubricin structure are attributed to the electrostatic
and steric interactions imposed by the bulky side chains of O-glycans.

The second phase of our study focused on unraveling the influence of glycans on the vis-
coelastic behavior of liquid systems containing lubricin fragments. Specifically, we aimed
to understand how the solution viscosity may have been affected by the presence of this O-
glycosylated protein. To achieve this, we employed the Green-Kubomethod, i.e. we derived
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the zero-shear viscosity from the fluctuations of the pressure tensor in equilibrium molec-
ular dynamics simulations. In addition we carried shear-driven non-equilibrium molecu-
lar dynamics simulations to determine the viscosity under shear. Our simulations reveal
that, unlike pure water, systems containing lubricin display a pronounced shear-thinning
response. Furthermore, our findings demonstrate that glycosylation and the mass density
of lubricin chains play a crucial role in regulating the system viscosity and its response to
shear. Increasing mass density leads to higher viscosity, but the presence of O-glycans re-
sults in a reduction in solution viscosity and weakens shear thinning at high shear rates,
compared to non-glycosylated systems with the same density. The electrostatic and steric
interactions of O-glycans prevent the conglomeration and structuring of lubricin fragments,
thereby altering the viscoelastic properties of lubricin.

The results from our computational study provide a mechanistic understanding of pre-
vious experimental observations of lubricin, offering a more rational comprehension of its
function in the synovial fluid.
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Zusammenfassung

Synovialgelenke verfügen über bemerkenswerte Schmiermechanismen, die für die reibungslose
Bewegung der Knochen unerlässlich sind. Dieser komplizierte Prozess wird von wichti-
gen biomolekularen Komponenten wie Hyaluronsäure, Lipiden, Aggrecan und Glykopro-
teinen gesteuert. Lubricin, das sich durch seine intrinsisch ungeordnete Region und seine
hochglykosylierte Struktur auszeichnet, gehört zu diesen Glykoproteinen. Lubricin trägt
wesentlich dazu bei, die Viskosität zu verringern und die dauerhafte Funktionsfähigkeit der
Synovialgelenke zu gewährleisten. Das Protein besteht aus zwei globulären Enddomänen
und einer intrinsisch ungeordneten zentralen Domäne. Die Enddomänen binden an Knor-
peloberflächen, während das restliche Protein in die Synovialflüssigkeit eindringt. Die zen-
trale Domäne, die als mucinähnliche Domäne bekannt ist, ist reich an O-Glykanen und
hauptsächlich für die Funktionalität des Lubricins verantwortlich. Die O-Glykane machen
etwa 30-35% der gesamten Lubricinstruktur aus. O-Glykane spielen eine zentrale Rolle
dabei, dass Lubricin seine hochspezialisierte Funktion erfüllen kann. Trotz der bekannten
Bedeutung der O-Glykane fehlt ein detailliertes Verständnis ihres Einflusses auf die Struktur
und Viskosität von Lubricin.

Mithilfe umfangreicher Molekulardynamiksimulationen (MD) enthüllen wir in dieser
Arbeit den Einfluss von O-Glykanen auf die rheologischen und viskosen Eigenschaften von
Lubricin. Im ersten Teil dieser Arbeit konzentrierten wir uns darauf zu verstehen, wie O-
Glykane die Struktur von Lubricin beeinflussen. Zu diesem Zweck wurden glykosylierte
Fragmente von Lubricin erzeugt und modelliert, und es wurde ein geeignetes Kraftfeld für
intrinsisch ungeordnete Glykoproteine erstellt. Fünf verschiedene Segmente von Lubricin,
jedes mit einer Länge von 80 Aminosäuren, wurden berücksichtigt. Unter Verwendung
von Monte-Carlo-Sampling wurden für jedes Segment sechs verschiedene glykosylierte
Fragmente erzeugt. Anschließend wurden Gleichgewichts-Molekulardynamiksimulationen
durchgeführt, um die Rolle der Glykane für die Konformationseigenschaften von Lubricin
zu untersuchen. Die Ergebnisse zeigen, dass das Präsenz von O-Glykanen eine ausgedehn-
tere Konfpormation in Fragmenten der ungeordneten Region des Lubricins bewirkt, was
zu einer steiferen Struktur führt und das Lubricin den Lösungsmittelmolekülen erhöht aus-
setzt. Diese Veränderungen in der Lubricinstruktur werden auf die elektrostatischen und
sterischen Wechselwirkungen zurückgeführt, die durch die sperrigen Seitenketten der O-
Glykane verursacht werden.
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In der zweiten Phase unserer Studie ging es darum, den Einfluss von Glykanen auf das
viskoelastische Verhalten von flüssigen Systemen, die Lubricin-Fragmente enthalten, zu
entschlüsseln. Insbesondere wollten wir verstehen, wie die Lösungsviskosität durch die
Anwesenheit dieses O-glykosylierten Proteins beeinflusst wird. Zu diesem Zweck verwen-
deten wir die Green-Kubo-Methode, um die Null-Scherviskosität aus den Fluktuationen
des Drucktensors in Gleichgewichts-Molekulardynamiksimulationen abzuleiten. Außer-
dem führtenwir scherungsgetriebeneNicht-Gleichgewichts-Molekulardynamiksimulationen
durch, um die Viskosität unter Scherung zu bestimmen. Unsere Simulationen zeigen, dass
Systeme, die Lubricin enthalten, imGegensatz zu reinemWasser eine ausgeprägte scherverdün-
nende Reaktion zeigen. Darüber hinaus zeigen unsere Ergebnisse, dass die Glykosylierung
und die Massendichte der Lubricinketten eine entscheidende Rolle bei der Regulierung
der Viskosität des Systems und seiner Reaktion auf Scherung spielen. Eine Erhöhung der
Massendichte führt zu einer höheren Viskosität, aber das Vorhandensein von O-Glykanen
führt zu einer Verringerung der Lösungsviskosität und schwächt die Scherverdünnung bei
hohen Schergeschwindigkeiten im Vergleich zu nicht-glykosylierten Systemen mit der gle-
ichenMassendichte. Die elektrostatischen und sterischenWechselwirkungen vonO-Glykanen
verhindern die Zusammenballung und Strukturierung von Lubricinfragmenten und verän-
dern dadurch die viskoelastischen Eigenschaften von Lubricin.

Die Ergebnisse unserer Berechnungsstudie ermöglichen ein mechanistisches Verständ-
nis früherer experimenteller Beobachtungen von Lubricin und bieten ein rationaleres Ver-
ständnis seiner Funktion in der Synovialflüssigkeit.
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1
Introduction

Viscoelastic fluids are materials which exhibit complex rheological properties. As their
name suggests, they are characterized by a combination of viscous and elastic behaviors.
Thesematerials exhibit frequency-dependent energy storage and dissipation. When the fluid
is subjected to stress, its non-Newtonian properties become evident, manifesting in a viscos-
ity change during external shear flow. For instance, under high strain rates, the microscopic
structure of viscoelastic fluids undergoes deformation, leading to nonlinear rheological re-
sponses such as shear thinning or shear thickening [1–3]. Viscoelastic materials and vis-
cous fluids play a crucial role in diverse applications, ranging from biological structures to
industrial materials. Examples of their application include oil, molecular inks, Nafion inks,
cellulose hydrogels, and mucus [4–7].

The synovial fluid is a crucial viscoelastic element within the human body. It is present
in joints like the knee, hip, and shoulder. It plays a key role in enabling smooth movements
during different activities. The complex rheological characteristics of the synovial fluid arise
from the dynamic interplay among its components, which include hyaluronic acid, albumin,
phospholipids, and lubricin [8–11]. Previous studies have demonstrated that lubricin, a vital
mucinous glycoprotein and intrinsically disordered protein (IDP), plays a crucial role in
improving lubrication within synovial joints by efficiently reducing friction [12–14].

In the upcoming sections, we will provide biological insights into synovial joints, focus-
ing on essential components like lubricin and hyaluronic acid (HA). Additionally, we will
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scrutinize the illustration of some biological properties of proteins, including intrinsically
disordered and glycosylated ones.

1.1 Synovial joint

Abiological joint is where two ormore bones come together in the body. Human bodies have
different types of joints, with the synovial or diarthrodial ones (shown in Figure 1.1), like
the knee, hip, and shoulder, being the most common type [15, 16]. These joints enable the
bones to move freely and facilitate their motion [17]. They can achieve a very low friction
coefficient, ranging from 0.0005 to 0.04 (as a comparison that of Teflon is 0.05 to 0.2 [18])
and endure pressures of around 200 atm [19,20]. Healthy joints exhibit effective lubrication
and resistance to wear, withstanding over 100 million of shearing and loading cycles. These
remarkable lubricating properties and wear resistance are needed for facilitating smooth
movement of articulating bones on each other [21], and degradation of these properties can
result in osteoarthritis [22, 23].

Articular
cartilage

Synovial
membrane

Articular
capsule

Synovial
fluid

Bone

Bone

smart.servier.com

Figure 1.1. A schematic representation of a synovial joint. The interplay between articu-
lar cartilage and synovial fluid is crucial, providing exceptional lubrication essential for the
smooth articulation of bones.

The synovial joint is a complex structure made up of an articular capsule, two bony sur-
faces covered with hyaline cartilage, and synovial fluid (Figure 1.1). The articular capsule
is a fibrous connective tissue structure and shapes the boundaries of the joint space. The ar-
ticular cartilage, a thin, elastic, and fibrous connective tissue, covers the entire articulating
surface of each bone. The cavity between articular cartilages is filled with a viscous, non-
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Newtonian synovial fluid [17,24]. For example, in the human knee joint, the cartilage area is
around 120 cm2 and typically contains 1-2 ml of synovial fluid [25–27]. There are six dif-
ferent types of synovial joints in the human body, distinguished by the types of movements
they permit, namely planar, hinge, pivot, condyloid, saddle, or ball-and-socket [28, 29].

Various models have been proposed to explain the mechanisms facilitating the attain-
ment of low friction in this context. These include hydrodynamic and elastohydrodynamic
lubrication (especially applicable at high rates of motion and large separations between car-
tilages) [30,31], weeping [32,33], biphasic [34], and boundary lubrication (notably at direct
cartilage-cartilage contact) [35–39].

The achievement of effective lubrication in joint mechanisms is intricately linked to
the collaborative interactions between articular cartilage and synovial fluid, as well as their
key components such as Proteoglycan4 (PRG4), also known as lubricin, and hyaluronic
acid [40–42]. In the upcoming sections, we will probe deeper into the intricate details of
these biological components, exploring their roles and contributions to the overall lubrica-
tion mechanism within joints.

1.1.1 Articulate cartilage

Articular cartilage is a biological and highly specialized connective tissue found in synovial
joints. This hyaline cartilage is about 2 to 4 mm thick and has four zones: superficial,
middle, deep, and calcified zone. It lacks nerves and blood vessels and consists of a few
chondrocytes embedded within an extracellular matrix which is composed of water, colla-
gen II, proteoglycans, noncollagenous proteins, and glycoproteins (Figure 1.2, left) [43,44].
Articular cartilage, which is vital for keeping joints working well and preventing damage
to bones, not only withstands high loads but also provides a remarkably low coefficient
of friction. This combination enables smooth movements of bones even under high pres-
sure [45, 46].

The superficial zone, the outermost and thinnest layer of articular cartilage, makes up
about 10-20% of the total cartilage thickness. This zone experiences fluid flow and high
pressures because of its contact with the synovial fluid and the opposing cartilage (Fig-
ure 1.2, right). To ensure smooth movement at the joint surface, effective lubrication relies
on charged macromolecules like lubricin and hyaluronic acid, situated on the superficial
zone’s surface [47, 48].
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Figure 1.2. Schematic representation of articular cartilage structure and its surface.
The left side illustrates the whole structure of articular cartilage and its zones, while the right
side focuses on the superficial zone and its major components. Figure adapted from ref. [46]

1.1.2 Synovial fluid

Synovial fluid (SF) is a highly viscous, heterogeneous, and non-Newtonian (strongly shear
thinning) fluid that fills the spaces in the joint cavities (Figure 1.1). In synovial joints,
the principal role of SF is to provide both lubrication and nutrition. The typical volume
of synovial fluid in a regular human knee joint is approximately 1-2 mL. Its contribution,
along with cartilage, ensures synovial joints move smoothly and stay healthy [49–51].

The SF displays intricate rheological and tribological properties under shear. Its viscos-
ity ranges from 10–100 Pa∙s at zero-shear viscosities to approximately 0.01 Pa∙s at higher
shear rates [52, 53]. The viscoelastic characteristics of SF arise from components such as
hyaluronic acid and PRG4 (lubricin), along with various other elements like albumin, γ-
globulin, and lipids. Table 1.1 shows the composition of SF and each constituent’s concen-
trations [50].

1.2 Hyaluronic acid

Hyaluronic acid (HA), also known as hyaluronan, is a linear anionic biopolysaccharide and
glycosaminoglycan (GAG) chain. It was discovered in 1934 by scientists Karl Meyer and
John Palmer, who extracted it from bovine eyes. HA is composed of approximately 2000-
25000 repeating disaccharide units, specifically D-glucuronic acid (GlcA) and N-acetyl-
D-glucosamine (GlcNAc), linked by β (1→3) and β (1→4) glycoside bonds, respectively.
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Table 1.1. Key chemical composition and concentrations of main constituents in normal
synovial fluid [50, 54, 55].

Constituent Notation Concentration (mg/mL)

Glycosaminoglycan HA 1–4
Glycoprotein PRG4 0.05–0.35
Serum protein Albumin 8–12

γ-Globulin 2–7
Ions Na+, Cl− 7.28
Lipids 0.17–0.28
Small molecules Urea, Glucose 0.756
Water

Figure 1.3 illustrates the structure of HA and its units. This unbranched molecule carries
a negative charge and is found in various parts of the body, including the skin, eyes, heart
valves, and joints. Its molecular weight can reach up to 107 Da. HA exhibits strong hy-
drophilic properties due to the presence of COO- and OH- groups. In synovial joints, the
concentration of HA is about 3 mg/mL. Previous studies have shown that the viscoelastic
properties of synovial joints are strongly dependent on HA [56–61].

The rheological and structural properties of HA have been extensively investigated.
Luigi Ambrosio et al. [62] and Jihoon Kim et al. [63] demonstrated that HA can exhibit
either Newtonian or non-Newtonian behavior at varying concentrations. Their findings re-
vealed that an increase in the mass density of HA can shift the solution’s response from
Newtonian to shear thinning. Furthermore, the effects of ion concentration [64], system
pH [65], crosslinking [66], and molecular weights [67] on HA behaviors have also been
investigated.

1.3 Lubricin

Studies have shown that synovial joints need another vital ingredient to provide excellent
lubrication and work smoothly, which is called lubricin. In boundary conditions (when two
cartilages are under high load and very close to each other), lubricin plays a key role in keep-
ing our joints healthy by forming a protective and slippery layer on the surfaces of cartilage.
Lubricin, the superficial zone protein, reduces friction on the surface of cartilage [12–14].
It was first discovered in 1985 by David Swann [68].

Lubricin is encoded by the proteoglycan 4 gene and is expressed by synoviocytes and
superficial zone chondrocytes. It exists as a mucin-like glycoprotein and it is an intrinsically
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Figure 1.3. Schematic and atomistic representation of hyaluronic acid (HA) and its
chemical structure. HA is composed of GlcA and GlcNAc sugars and it can consist of up
to n=25,000 units [57].

disordered protein, lacking a specific structure, with 1404 amino acids and a length of ap-
proximately 200 nm ± 50 nm. Structurally, lubricin consists of three primary components:
two end domains designated as the N- and C-terminus (SMB- and PEX-like domains), and
a central domain recognized as the mucin-like domain (Figure 1.4) [69–71].

The terminal domains of lubricin consist of two somatomedin B (SMB)-like domains
at the N-terminus and a hemopexin (PEX)-like domain at the C-terminus, depicted in blue
and green in the figure 1.4, respectively. These domains showcase a distinct and ordered
structure, as illustrated in the 3D representation in figure 1.6. The terminal, globular, and
adhesive domains of lubricin, characterized by their non-glycosylation, positive charge, and
hydrophobic nature, enable effective attachment to the surface of cartilage proteins [72–
75]. This property allows the rest of the protein to extend into the synovial joint cavity,
contributing to lubrication and joint functionality. The binding to oligomeric matrix protein
(COMP), hyaluronic acid, collagen II, and fibronectin anchors lubricin to the surfaces of
cartilage [76–79].

Unlike the ordered structure of the end domains, the mucin-like domain lacks a spe-
cific structure and is highly O-linked glycosylated. This region comprises approximately
800 amino acids and extends to around 200 nm. It is rich in KEPAPTT motifs, proline,
threonine, and serine residues. Core I and core II types of glycans bind to threonine and
serine residues, comprising 30-35% of the whole structure. These O-glycans impart a neg-
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Figure 1.4. Structural overview of lubricin. Comprising two globular end domains (N-
and C-terminus) and a central mucin-like domain, lubricin plays a vital role in joint lubrica-
tion. The sticky end domains anchor the protein to cartilage, while the glycosylated central
domain reduces friction and provides essential boundary lubrication in joints [8, 12].

ative charge, rendering the region highly hydrophilic. The mucin domain is responsible for
the highly lubricating abilities of lubricin [80, 81]. For lubricin to be effective at boundary
lubrication, both its ability to bind to cartilage and the presence of O-linked glycans are
required [82].

1.3.1 O-glycans of lubricin

Previous studies have shown that lubricin undergoes post-translational modifications with
two types of O-linked glycans, namely CoreI and CoreII. These glycans are located in the
central region, specifically the mucin-like domain, and bind to serine (Ser) and threonine
(Thr) residues, making up about 150 kDa of the entire structure. These glycans play an
important role in providing boundary lubrication and reducing friction within joints. [68,
83–85].

In 2015, E. Svala and colleagues [86] conducted research on synovial fluid from horses
and discovered that lubricin consists of eleven different types of CoreI and CoreII O-glycans
(shown in Figure 1.5A). They found that approximately 90% of these glycans belong to the
CoreI type, with the remaining 10% being CoreII. These glycans are composed of sug-
ars such as Gal (D-Galactose), GalNAc (N-Acetyl-D-Galactosamine), GlcNAc (N-Acetyl-
glucosamine), Neu5Ac (N-Acetyl-NeuraminicAcid), andNeu5Gc (N-Glycolyl-Neuraminic
acid). Notably, Neu5Ac and Neu5Gc carry a negative charge. Figure 1.5A provides an
overview of the overall structure of these glycans, while Figure 1.5B illustrates the detailed
atomic arrangement of each sugar unit.
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Figure 1.5. Variety of lubricin O-glycans. (A) The 11 O-glycan types in lubricin are
categorized into CoreI and CoreII, composed of five distinct sugar groups. (B) Atomistic
representation of individual sugar units.

1.4 Intrinsically disordered proteins (IDPs)

Lubricin consists of three parts: the two end domains are globular (Figure 1.6, in blue and
green), while the central domain lacks a specific structure and is a disordered region (Fig-
ure 1.6 in pink). Intrinsically disordered proteins (IDPs) lack a stable secondary or three-
dimensional structure.

This lack of a confined 3D structure can create a larger interaction surface and can be
more suitable for post-translational modifications, allowing the localization of their structure
to introduce additional features. IDPs are usually rich in proline and charged residues but
have a low proportion of hydrophobic residues [88–90]. In the human body, around 51%
of all human proteins are IDPs or have an IDP region. They play a variety of important
functions in the human body across eight functional classes, including molecular assembly,
cellular signaling, transcription, molecular recognition, and more [91–93].

There are several experimental techniques to elucidate the structural and dynamic prop-
erties of IDPs, such as Nuclear Magnetic Resonance (NMR) Spectroscopy, Circular Dichro-
ism (CD) Spectroscopy, Fluorescence Spectroscopy, and Small-Angle X-ray Scattering
(SAXS) [94]. Another method to study IDPs is molecular dynamics simulations. Given
the limitations of atomic resolution in experimental methods, molecular dynamics simula-
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Figure 1.6. A three-dimensional view of lubricin’s structure. Lubricin is composed of
three structural components. It has two globular end domains (N and C terminus) high-
lighted in blue and green. The central mucin-like domain of lubricin has an intrinsically
disordered structure depicted in pink. This visualization is rendered by using a PDB-code
from AlphaFold [87].

tion emerges as a valuable tool to complement ensemble-averaged results of experimental
techniques, facilitating a deeper understanding of the structural and dynamic properties of
IDPs at the atomic level [95–97]. In the next chapter, I will delve further into this technique
and provide detailed insights into utilizing MD to generate reliable results for IDPs.

1.5 Aims of the thesis

Despite the abundance of data on the synovial joint, the connection between the physic-
ochemical properties of the molecular components and the macroscopic low-friction and
excellent lubrication response remains inadequately understood. A pivotal player in this
scenario is lubricin. This intrinsically disordered glycoprotein plays a crucial role in achiev-
ing excellent lubrication in synovial joints. However, there is a lack of an atomistic-level
understanding of how lubricin functions. In particular, the influence of glycans on the rhe-
ological and viscoelastic behavior of lubricin remained unknown. The primary objective of
this thesis is to address this question. To achieve this goal, molecular dynamics simulations
and associated computational tools are employed. Through the study and analysis of indi-
vidual and multi-chain lubricin fragments, this research investigates how these fragments
respond to varying levels of glycosylation and external shear stresses. The connection to
the macroscopic viscoelastic response is established through the calculation of the viscosity
and the structural properties that explain it.
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1.6 Organization of the thesis

The thesis is divided into three main chapters. Chapter 2 introduces the methods and ma-
terials used in the study, focusing on the theoretical background of molecular dynamics
simulations. It details how we prepared a suitable force field for studying glycoproteins,
specifically intrinsically disordered ones. Additionally, it explores methodologies for vis-
cosity calculations, encompassing the Green-Kubo method for zero shear viscosity deter-
mination and the box deformation method used to evaluate viscosities under external shear
stress.

The initial results chapter (chapter 3) explores the impact of O-glycans on the structure
of lubricin fragments. This chapter details our modeling approach for achieving atomic-
level resolution of lubricin fragments and presents the outcomes of equilibrium molecular
dynamics simulations for various glycosylated fragments of lubricin. Here we aim to un-
derstand the impact of O-glycans on the structural properties of lubricin.

Chapter 4 sheds light on the viscoelastic response of lubricin fragments to the differ-
ent levels of glycosylation and external shear stresses. In this chapter, by computing the
zero shear viscosity and viscosities, we aim to show how O-glycan can affect the viscosity
induced by lubricin.

In Chapter 5, the thesis closes with final concluding remarks and an outlook of future
work.
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2
Theory and methods

The advent of computers in the 20th century marked a juncture in the landscape of scientific
research. It altered the way researchers conduct their studies and introduced a new field to
science called computational physics. Computer simulations can provide a direct connec-
tion between the microscopic details of a system (such as the type, mass, and interactions
of atoms) and its macroscopic properties (pressure, volume, temperature, and viscosity).
In addition, in fields such as materials science, chemistry, and molecular biology, com-
puter simulations assist researchers in exploring conditions that are challenging or risky
to achieve in experiments. Computer simulation proves to be a valuable tool, particularly
when experiments encounter limitations, such as resolution issues or challenges involving
extreme temperatures or pressures [98–100].

In the field of molecular simulations, several computational methods are employed, in-
cluding Molecular Dynamics (MD), Monte Carlo (MC), and Brownian Dynamics (BD)
modeling techniques. In this study, MD simulations have been utilized to elucidate the
structure, function, and interactions of proteins. This method predicts the movement of
atoms and molecules, as well as their interactions, based on physical principles derived from
Newtonian physics [101–103]. For historical context, the first MD simulation took place
in 1957, conducted by Alder and Wainwright [104]. Around two decades later, in 1977,
McCammon et al. [105] achieved another milestone by conducting the first MD simulation
of a protein. Over the years, with advancements in computer power and improvements in
simulation methods and force field, MD simulations have evolved from simple statistical
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models to powerful tools capable of predicting properties of biological (like proteins, lipid
membranes, DNA, and RNA) and industrial materials.

In the upcoming section, I will delve into the principles and algorithms governing MD
simulations. Following that, we will explain the general theories and methodologies em-
ployed in this study, such as equilibrium and non-equilibrium MD simulations. Lastly, I
will elaborate on calculating zero shear viscosity and viscosity at various shear rates de-
rived from MD simulations.

2.1 Molecular dynamics simulations

In quantum mechanics, the dynamics of a molecular system is described by the Schrödinger
equation:

Ĥ|ψ(t)⟩=−ih̄
∂
∂ t

|ψ(t)⟩. (2.1)

In this equation, Ĥ describes the Hamiltonian, which is the sum of the kinetic and poten-
tial energy operators ( h̄2

2m∇2+V (r)). Here, ψ stands for the wave function, and h̄ represents
the reduced Planck constant. However, solving the Schrödinger equation for systems with
many particles, such as molecules containing numerous atoms (like a proteins or DNA), is
computationally expensive and often impractical.

The Born-Oppenheimer approximation [106] allows us to separate the movement of
atomic nuclei from the motion of electrons. This separation allows us to treat electronic
and nuclear motions independently. This approximation simplifies the equations, breaking
them into two parts: one for the changing position of nuclei and another for the stable states
of electrons. The Ehrenfest theorem [107] can then be applied to describe the motion of
atomic nuclei in a classical manner. Essentially, we move from a quantum mechanics de-
scription of atoms to a classical mechanics depiction of their motion. Studying systems in
classical mechanics is simpler, demands fewer computational resources, and is well-suited
for exploring biological systems such as proteins and DNA.

Transitioning to classical mechanics, the Newton’s equations of motion describes the
dynamics of particles. The MD simulation numerically solves Newton’s equation:

mir̈i = Fi, (i = 1, ...,N)

mi
∂ 2ri

∂ t2 =−∑
i̸= j

∂Vi j

∂ ri
,

(2.2)

to study the motion and behavior of atoms and molecules over time. Here, m, r, F, and V
represent mass, position, force, and potential energy, respectively. Solving these equations
for a system of N particles in three dimensions results in 6N first-order differential equations.
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By solving these equations at each time step, the position and velocitiy of the particles can
be determined.

In addition to the foundational Born-Oppenheimer approximation and the classical treat-
ment of atomic dynamics, MD simulation relies on another critical assumption: the utiliza-
tion of empirical force fields for describing interactions and the energy of the system. In the
next section, we will explain the force field in details.

2.1.1 Force fields and interaction potentials

In molecular dynamics simulations, we make certain assumptions, and the third assumption
necessitates a framework for discussing the system’s energy. This framework is called a
force field. A force field uses simple arithmetic functions to describe how atoms interact It
includes potential energies (Vi), which are functions of the atomic positions ri, describing
all the important connections between atoms.

Fi =−∇Vi = ∇V (r1,r2, ...,rN) (2.3)

The potential energy (Vi) of a system is typically divided into bonded and non-bonded
terms. Bonded terms involve interactions between atoms that are connected by chemical
bonds. This includes bond stretching (Vb), angle bending (Va), dihedrals (Vdih), and improper
dihedral interactions (Vimp.dih). Non-bonded terms deal with interactions between atoms that
are not directly linked by bonds. These interactions are modeled through a Lennard-Jones
potential (VLJ) for van der Waals interactions and a Coulombic potential (Vcoulomb) for elec-
trostatic interactions. These interactions are illustrated in Figure 2.1. A typical expression
for a force field function may defined as [108]:

V =
[
Vbond +Vangle +Vdihedral +Vimp.dihedral

]
bonded +[VLJ +Vcoulomb]nonbonded (2.4)

The bond energy in molecular dynamics force fields comes from the interaction between
two atoms, labeled i and j, when they form a covalent bond. This covalent bond is like a
connection between the atoms, and is described as a harmonic potential energy function,

Vbond = ∑
i j

1
2

kb
i j(ri j −bi j)

2, (2.5)

where kb
i j, ri j = |r j − ri|, and bi j represent the bond strength parameter, the actual distance

between the two bonded atoms, and the equilibrium bond length, represently.

In molecular dynamics force fields, the interaction among sets of three particles (labeled
i, j, and k) is described as an angular restriction. We use a simple formula, called a harmonic
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Figure 2.1. Bonded and non-bonded potential types in a classical force fields. A classi-
cal force field comprises two types of potentials: bonded (such as bond, angle, and dihedral)
and non-bonded (including LJ and Coulomb) interactions.

potential energy function, to calculate the energy associated with bending this angle. The
formula is represented as:

Vangle = ∑
i jk

1
2

kθ
i jk(θi jk −θ 0

i jk)
2, (2.6)

where kθ
i jk is the harmonic force constant, θi jk is the angle formed by the three bonded atoms,

and θ 0
i jk is the equilibrium angle.

Dihedral interactions, also known as torsional or proper dihedral terms, represent the
potential energy associated with the rotation of a series of four connected atoms (ijkl) around
a central bond. The dihedral angle represents the twist between two planes formed by pairs
of atoms (i, j, k) and (j, k, l). The potential energy function for a dihedral angle is commonly
represented as:

Vdihedral = ∑
i jkl

1
2

kϕ
i jkl(1+ cos(nϕi jkl −ϕ 0

i jkl)), (2.7)

where kϕ
i jkl is the force constant, ϕi jkl is the dihedral angle, and ϕ 0

i jkl is the equilibrium dihe-
dral angle.

Improper dihedrals are crucial in molecular dynamics simulations, maintaining planarity
in groups like aromatic rings and preventing distortions. The improper dihedral potential
energy is typically modeled using a harmonic potential energy function,

Vimp.dihedral = ∑
i jkl

1
2

kξ
i jkl(ξi jkl −ξ 0

i jkl)
2, (2.8)

, considering the force constant (kξ
i jkl), the improper dihedral angle formed by the four atoms

(ξi jkl), and the equilibrium improper dihedral angle (ξ 0
i jkl). Unlike proper dihedrals, im-

proper dihedrals serve the purpose of preserving planarity in specific molecular groups and
regulating the orientation of substituents around a central atom without involving rotations
about a bond.

14



The Lennard-Jones (LJ) potential, also known as the 12-6 potential, is a mathematical
model to describe the van der Waals interactions between atoms or molecules. The potential
energy between two atoms, i and j, as a function of their separation distance ri j is given by:

VLJ = ∑
i j

4εi j

[(
σi j

ri j

)12

−
(

σi j

ri j

)6
]
. (2.9)

Here, εi j, the depth of the potential energy well, represents the strength of the interaction,
and σi j is the distance at which the intermolecular potential between atom i and j becomes

zero. The LJ potential consists of two terms. The attraction term,
(

σi j
ri j

)6
, represents van

der Waals attraction at long-ranged interactions, and the repulsion term,
(

σi j
ri j

)12
, represents

Pauli repulsion at short distances.

Coulomb interaction, also known as electrostatic interaction, refers to the potential en-
ergy arising from the interaction between charged particles. The Coulomb potential energy
between two point charges, separated by a distance ri j, is given by Coulomb’s law:

Vcoulomb = ∑
i j

1
4πε0ε

qiq j

r2
i j

. (2.10)

Here in this equation, ε0 and ε are the vacuum permittivity and the relative permittivity of
the medium. qi and q j are the magnitudes of the charges of particles i and j.

The parameters of bonded and non-bonded potentials (parametres in eq. 2.5 to 2.10)
are determined through quantum mechanical calculations or adjusted by fitting them to ex-
perimental data from various sources like neutron, X-ray, and electron diffraction, NMR,
etc [109,110].

Several force fields, including amber [111], CHARMM [112], OPLS-AA [113], and
GROMOS [114], optimized for specific types of molecules, are available. In our research,
we employed two force fields to cover all materials in our system: amber99sb-star-ildnp [115,
116] for proteins and GLYCAM06 [117] for carbohydrates.

2.1.2 Integration of equations of motion

Once the interaction potentials (V) in the force field are defined, the classical Newtonian
equation 2.2 allows us to track the positions, velocities, and accelerations of particles over
time. Given that this equation operates in three dimensions and there are N particles in the
system, it results in a set of 6N interconnected first-order differential equations. Analytically
solving these 6N equations is impractical. Therefore, numerical methods are essential for
integrating these equations over time. Numerical integration methods in MD simulations
rely on Taylor expansions to approximate the continuous functions of particle positions and
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velocities at future time steps, based on their current values. This discretization of contin-
uous motion enables the numerical integration of equations of motion. Various integration
algorithms, including Euler, Verlet, Beeman, Predictor-Corrector, and the Runge-Kutta al-
gorithm, exist. In our study, we employed the leapfrog algorithm [118,119].

The leapfrog algorithm [120] is widely used as a numerical integrationmethod in compu-
tational physics, especially in the context of MD simulations. This is based on the second-
order Taylor expansion. The leapfrog algorithm updates particle positions and velocities
using the following equations:

vi

(
t +

∆t
2

)
= vi

(
t − ∆t

2

)
+

Fi(t)
mi

∆t,

ri (t +∆t) = ri(t)+vi

(
t +

∆t
2

)
∆t.

(2.11)

Despite the Leapfrog method being well-known for its energy conservation and stability,
it does have certain limitations. In this model, position and velocity cannot be calculated at
the same time, and its performance is highly sensitive to the chosen time step (∆t).

2.1.3 Simulation details and ensembles

The time step ∆t plays a crucial role in determining both the speed and precision of MD
simulations. It needs to strike a balance between being large enough to enhance simulation
speed and being small enough to accurately represent high-frequency vibrations in covalent
bonds, especially those involving hydrogen atoms and heavy atoms. Employing algorithms
like LINCS [121], SHAKE [122], and Settle algorithm [123] to constrain bond lengths or
angles can effectively eliminate high-frequency vibrations, allowing for the use of larger
integration time steps (∆t ≥ 2 fs).

Short and long range non-bonded interactions

Calculating non-bonded interactions in the force field (equation 2.9 and 2.10) is the most
demanding part of the integration step, involving a double sum over all atoms. A system
with N particles has N(N − 1)/2 pairwise interactions, leading to a quadratic increase in
computational cost. To enhance efficiency, short-range Lennard-Jones interactions are con-
sidered within a 1.0 - 1.2 nm cutoff distance. The Verlet list [124], by introducing a second
cutoff distance for short-range interactions, effectively reduces computational costs. Near-
est neighbor information is updated every 20 fs. For long-range electrostatic interactions, a
cutoff scheme is avoided due to potential artifacts. Instead, the particle-mesh Ewald (PME)
method [125,126] is employed, separating the Coulomb term into short and long-range com-
ponents. PME significantly improves scalability compared to direct calculation, thereby
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enhancing computational efficiency for both short and long-range interactions in the simu-
lation. For a system with N particles, Cutoff methods and PME can significantly reduce the
computational cost to O(N) and O(N logN), respectively [127].

Periodic boundary conditions

In MD simulations, we simulate a system within a finite box known as the simulation cell.
However, due to the limited size of the box and the finite number of particles, an artificial
effect occurs near the edges of the box. This effect can impact the behavior of particles and
impede the simulation of macroscopic systems. To address this limitation and move closer
to modeling macroscopic systems, periodic boundary conditions (PBC) can be used. Instead
of having particles interact with the physical boundaries of the box, PBC allows particles
exiting one side of the box to re-enter on the opposite side.

A Ba b c

d

efg

h

Figure 2.2. Periodic boundary conditions in 2D. A. This figure visually depicts the ap-
plication of periodic boundary conditions, allowing particles to enter or exit from all edges
of the simulation box. PBC enables the study of systems as if they were part of an infinite
space. B. The figure shows a real MD box, with the protein in the center, surrounded by its
periodic images.

To implement periodic boundary conditions (PBC), we consider an infinite set of repli-
cated boxes, referred to as imaged boxes, surrounding themain simulation box. Each imaged
box is identical to the main box, containing particles that move and behave in the same way.
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When a particle crosses the border of the main box, a corresponding particle from the im-
aged box enters the main box. As a result, the total number of particles, density, and charge
remain constant throughout the simulation. Figure 2.2A provides a visual representation of
this concept in 2D, with imaged boxes labeled a, b, c, d, e, f, g, and h. Figure 2.2B shows a
protein in the center, surrounded by its periodic images.

Temperature and pressure control

The utilization of Newton’s equations ofmotion, incorporating the leapfrog algorithmwithin
a periodic box, results in a microcanonical ensemble (NVE). This ensemble maintains a
constant number of particles (N), box volume (V), and system energy (E). In laboratory
conditions where experiments typically operate at a fixed temperature (T) and pressure (P),
it becomes essential to control temperature and pressure through the simulation process,
giving rise to canonical (NVT) and isothermal-isobaric (NPT) ensembles. This coupling
ensures a more accurate representation of the system’s behavior by maintaining a constant
temperature and pressure, aligning with experimental settings.

Temperature coupling involves regulating the system’s temperature, commonly achieved
using a thermostat algorithm. This tool adjusts the kinetic energy of particles to maintain
the desired temperature. In contrast, pressure coupling aims to regulate the pressure within
the system, often accomplished using barostats. Barostats adjust the volume of the simu-
lated system and modify the actual positions of particles to maintain the pressure at the de-
sired value. In Gromacs [108], various methods are available for temperature and pressure
coupling. Thermostat options include Berendsen [128], Nose-Hoover [129, 130], and V-
rescale [131], while barostat options encompass Berendsen [128], Parrinello-Rahman [132],
and c-rescale [133].

In our research, we employ the V-rescale and Parrinello-Rahman protocols to precisely
regulate both temperature and pressure according to our reference values. The V-rescale
method adjusts the kinetic energies of particles, ensuring temperature stability by rescaling
velocities during each simulation step. On the other hand, the Parrinello-Rahman proto-
col manipulates the simulation box dimensions to maintain the desired pressure conditions.
Together, these protocols contribute to the accurate and controlled simulation environment
essential for our study.

2.1.4 Lee-Edwards boundary conditions

Typically, classical periodic boundary conditions (PBC) are employed in MD simulations to
mimic an infinite system. However, in some cases in non-equilibrium molecular dynamics
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(NEMD) simulations, such as the deformation method, classical PBC may not be a suit-
able choice. Nevertheless, an alternative approach exists, known as Lees-Edwards periodic
boundary conditions (LEBCs), which offer a unique combination of laminar flow and peri-
odic boundaries. LEBCs, also referred to as sliding brick boundary conditions, help simulate
a large system experiencing a simple shear flow. This method is particularly valuable when
simulating large systems undergoing a simple shear flow, and it deals well with finite size
effects. The concept of LEBCs was introduced by Lees and Edwards in 1972, and since
then, it has become a widely adopted technique in shear-flow MD simulations. By permit-
ting particles to cross the simulation boundary, LEBCs enable changes in position and speed
in response to the boundary movement, enhancing the realism of the simulation [134–136].
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Figure 2.3. Lee-Edwards boundary conditions in 2D. A. Schematic visualization of Lee-
Edwards Boundary Conditions (LEBCs). In the case of shear flow along the z-direction, the
effect of LEBC will be similar to classical PBC when a particle crosses the edges from the x
and y directions. However, LEBC will induce changes in the position and velocities of par-
ticles that cross the z-direction. B. Application of LEBCs in a MD simulations of polymers.
Proteins are situated in the center, surrounded by their periodic images, showcasing the ef-
fectiveness of LEBCs in handling finite size effects and simulating shear-flow scenarios.

In Lee-Edwards boundary conditions, instead of replicating the simulation box in all
three dimensions, PBC is applied only along two directions (typically x and y), while the
positions and velocities in the third dimension (typically z) are updated differently. This
modification accounts for the shearing motion introduced in the simulation, allowing the
system to mimic the effects of continuous shear flow. Figure 2.3A illustrates a simple 2D
representation of LEBC. Moreover, Figure 2.3B presents a real example of LEBC derived
frommolecular dynamics simulations of polymers. In LEBCs, particles are allowed to cross
the simulation boundary. When a particle crosses the boundary, adjustments are made to its
position and velocity to account for the boundary movement. This ensures that particles can
move smoothly through the simulation box, mimicking the behavior expected in a system
undergoing shear flow. Mathematically, the transformation of coordinates (x,y,z) to the new
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coordinates (x′,y′,z′) under LEBCs can be expressed using a matrix: .
x′

y′

z′

=


1 0 ±γ̇∆tLz

0 1 0

0 0 1




x

y

z

 . (2.12)

Likewise, the transformation of velocity coordinates (vx,vy,vz) to new coordinates (v′x,v′y,v′z)
under LEBC is expressed using a similar matrix:

v′x
v′y
v′z

=


1 0 ±γ̇Lz

0 1 0

0 0 1




vx

vy

vz

 , (2.13)

In equations 2.12 and 2.13, γ̇ represents the shear rate and t denotes time. Shear rate is
equivalent to the ratio of shearing velocity to the box length orthogonal to the shear flow
(γ̇ = Vd/Lz). Additionally, in Figure 2.3, the variable d corresponds to γ̇∆tLz [137–139].
However, it is crucial to emphasize that equations 2.12 and 2.13 are transformations specif-
ically designed for a jump across the z-axis. The normal periodic boundary conditions apply
for jumps across the x and y axes.

2.2 Viscosity

Viscoelastic materials possess both viscosity and elasticity characteristics. Viscosity, a fun-
damental attribute of fluids, is crucial for understanding and predicting the behavior of liquid
flow. It represents a fluid’s resistance to deformation or flow, reflecting the internal friction
among its molecules, and is measured in pascal-seconds (Pa.s) in the SI units. Viscosity is a
dynamic fluid property influenced by factors such as temperature, composition, molecular
structure, concentration, pressure, and shear rate. The shear viscosity is a key parameter
characterizing how a fluid responds under shear stress. Understanding these rheological be-
haviors is essential for various applications, ranging from industrial to biological systems.
Fluids subjected to shear rates can display diverse responses, including Newtonian behavior,
shear-thinning, or shear-thickening, contingent on their specific characteristics and external
conditions. Figure 2.4 illustrates the response of a system to external shear flow. In New-
tonian systems, viscosity remains independent of shear rate. Conversely, in shear-thinning
and shear-thickening scenarios, viscosity decreases and increases with rising shear rates,
respectively (see Figure 2.4) [140, 141].

The shear viscosity of liquids can be determined using different experimental meth-
ods, including capillary viscometers, rotational viscometers, and falling sphere viscome-
ters [142, 143]. Apart from experimental approaches, MD simulations offer alternative

20



V
is

co
si

ty
 [P

a.
s]

Shear-thinning 

Newtonian

Shear-thickening

Shear rate  [1/s]

Figure 2.4. Viscosity behavior of fluids with respect to external shear rate The shear rate
can have different impacts on fluid viscosity: no change Newtonian behavior (no change),
shear-thickening (increase), and shear-thinning (decrease) responses.

means to calculate the viscosity of fluidic systems. In MD simulations, there are gen-
erally two main methods: equilibrium molecular dynamics (EMD) based on pressure or
momentum fluctuations and nonequilibrium molecular dynamics (NEMD). EMD involves
post-processing a standard MD trajectory, employing methods like Einstein–Helfand and
Green–Kubo methods. NEMD methods, on the other hand, require adjustments to the fun-
damental equations of motion or system boundary conditions. Techniques like the SLLOD
algorithm, periodic perturbation method, dragging parallel walls, and deforming the sim-
ulation box are utilized [144–146]. In our study, we employed two methods to determine
viscosities. We used the Green-Kubo method for zero shear viscosity and the box deforma-
tion method to assess the viscosity under different shear rates.

2.2.1 Green-Kubo method for zero shear viscosity

Zero shear viscosity (η) characterizes a fluid’s resistance to flow when there is no applied
shear stress, essentially reflecting viscosity under conditions where the shear rate is zero. In
EMD simulations, the Green-Kubo (GK) method is employed to determine the zero shear
viscosity of a system [147–149]. The GK method involves simulating an equilibrium fluid
under periodic boundary conditions and analyzing time-dependent stress fluctuations. By
integrating the autocorrelation function (ACF) of pressure tensor components over time, the
GK method yields a mathematical expression for this viscosity (η):

η = lim
t→∞

η(t) =
V

kBT
lim
t→∞

∫ t

0
⟨Pαβ (t) ·Pαβ (0)⟩dt, (2.14)

where, η , V, kB, T, Pαβ , and t represent the viscosity, system volume, Boltzmann constant,
temperature, components of the pressure tensor, and time, respectively. In this equation,
⟨Pαβ (t) ·Pαβ (0)⟩measures the ensemble average of the ACF of the pressure tensor elements,
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where α and β can take values x, y, or z.

To determine viscosity using the Green-Kubo method, multiple extensive EMD simu-
lations must be conducted. The number and time of these simulations are depended on the
size of the system and also the estimated viscosity. Subsequently, we can calculate the ACF
of all six independent diagonal and off-diagonal components of the pressure tensor (Pxy, Pxz,
Pyz, (Pxx −Pyy)/2, (Pxx −Pzz)/2, and (Pyy −Pzz)/2). Finally, by averaging the viscosities
obtained from different pressure elements and different replicas, the final value of viscosity
can be obtained [150,151].

2.2.2 Box deformation method for shear viscosity

In exploring the viscoelastic response of systems to external forces, non-equilibrium molec-
ular dynamics (NEMD) simulations prove to be a powerful tool for understanding dynamic
behaviors at themolecular level. NEMD, focusing on non-equilibrium phenomena, provides
insights into various aspects, including viscosity. Several methods within NEMD, such as
the SLLOD algorithm, box deformation, and dragging parallel walls, are employed to cal-
culate viscosity under different shear rates. These methodologies have been instrumental in
studying the molecular-level response of polymer solutions to shear forces [146, 152, 153].
In our study, we specifically utilized the box deformation method in shear-driven non-
equilibrium MD simulations to elucidate the viscosity of the lubricin system.

The box deformation method is employed to initiate a planar Couette flow within a
fluidic system, as illustrated in figure 2.5A. In this approach, by using Lee-Edwards bound-
ary condition, the simulation box undergoes deformation by laterally displacing the upper
wall, which moves consistently at a constant speed ’Vd = u’ along the x-axis. The distance
between the upper and lower walls (Lz) is denoted as ’h’. The velocity component (Vx)
of all particles within the simulation box is adjusted accordingly. This technique demon-
strates effectiveness in generating planar Couette flow, causing shear in the x direction while
aligning the velocity gradient with the z direction. Figure 2.5B shows the effect of the box
deformation method on a system with polymers. As evident here, this method imposes a
homogeneous shear flow on the system.

In Couette flow, the shear rate (γ̇) is determined by the velocity of the moving wall and
the separation between the walls, as given by

γ̇ =
u
h
, (2.15)

and shear viscosity (η) is then calculated by assessing the ratio between the ensemble aver-
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Figure 2.5. Visualization of the box deformationmethod A. It shows a simple illustration
of the box deformation method, which imposes Couette flow through a constant shear rate
on the system. B. Application of the box deformation method in a real molecular dynamics
(MD) simulations with a polymer system.

age of the component of the pressure tensor ⟨Pxz⟩ and the fluid’s shear rate, as expressed

η =
⟨Pxz⟩

γ̇
. (2.16)

To deform the simulation box, we utilized the GROMACS-2023-dev version, incor-
porating the Lees-Edwards boundary condition, as detailed here. Further information on
simulation details is available in Chapter 4.

2.3 Analysis of MD trajectories

Analyzing MD trajectories offers valuable insights into the dynamic behaviors of biological
molecules at the atomic level. These trajectories, depicting the positions and velocities of
atoms over time, are subjected to various analytical methods tailored to the specific goals and
types of MD simulations. Structural analysis, dynamic behavior, thermodynamic analysis,
free energy calculations, and so on are key analytical approaches. In our study, we employed
the radius of gyration, hydrodynamic radius, end-to-end distance, persistence length, and
solvent-accessible surface area (SASA) to assess the structural characteristics of single and
multiple protein chains. Additionally, nematic order, p2 value, and SASAwere employed to
investigate the behavior of multiple protein chains under external forces, specifically shear
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flow conditions. In the upcoming subsections, I will provide fundamental details about the
methods mentioned and guide on their application in the analysis of MD trajectories.

2.3.1 Radius of gyration and hydrodynamic radius

To assess and understand the structural characteristics of proteins in MD simulations, the ra-
dius of gyration (Rg) or hydrodynamic radii (Rh) can be used. These methods show the size
of structures and are very helpful to determine whether proteins are ordered or disordered.

The radius of gyration (Rg) serves as a size metric for polymers, helping us understand
how spread out or coiled up they are. Imagine a polymer as a chain of beads where each
bead represents an atom. Rg computes the average distance of atoms from the center of
mass of the entire polymer, taking into account the mass of each individual atom. This is
expressed mathematically as:

Rg =

√
∑i mi(ri −rcm)2

∑i mi
, rcm =

∑i miri

∑i mi
, (2.17)

where mi is the mass of each atom, ri is the position of each atom, and rcm is the center of
mass of the polymer [154].

In addition to Rg, hydrodynamic radii (Rh) can also be used to assess the structure of
a polymer chain. The Rh, also known as the Stokes radius in polymer physics, refers to
the effective size of a polymer chain as it behaves in a fluid or solvent environment. This
parameter takes into account hydrodynamic interactions and the polymer’s resistance to
movement through a solution. The value of Rh is defined by the equation:

1
Rh

≡ 1
N2 ⟨∑

i ̸= j

1
ri j

⟩, (2.18)

where ri j is the distance between atom i and j and N is the total number of atoms. Addition-
ally, the value of Rh may be obtained from the Stokes-Einstein equation:

Rh =
kBT

6πηD
, (2.19)

here, kB is Boltzmann’s constant, T is the temperature, η is viscosity and D is the diffusion
coefficient [155].

2.3.2 Persistence length

The persistence length (lp) in polymer physics serves as a measure of the stiffness or flexi-
bility of a polymer chain. It represents a characteristic length scale that quantifies how far
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a polymer chain can maintain a relatively straight configuration before undergoing signif-
icant bending due to thermal fluctuations. The lp is determined by examining the rate of
exponential decrease in the orientation correlation of bond vectors along the polymer chain:

⟨cosθ(s)⟩= ⟨ri.ri+s⟩/l2
b = exp(−slb/lp), (2.20)

here, ⟨cosθ(s)⟩ epresents the ensemble average of the cosine of the angle θ between bond
vectors separated by a distance s along the polymer chain. ⟨ri.ri+s⟩ denotes the ensemble
average of the dot product between the position vectors ri and ri+s corresponding to two
segments separated by s steps along the chain and lb is the average bond length. This value
can also be obtained by considering worm-like chain theory and the mean square end-to-end
distance [156–158].

2.3.3 Solvent-accessible surface area (SASA)

Solvent-accessible surface area (SASA) is a quantitative measure that provides insights into
the exposure of atoms or residues within a biomolecule to the surrounding solvent. Typically
measured in squared nanometers (nm2), this metric is particularly useful in the study of
various aspects of biomolecular behavior, including phenomena such as protein folding,
aggregation, ligand binding, and conformational changes.

In our analysis, we obtained SASA values for both single-chain and multiple-chain sys-
tems. For single chains, we computed the SASA value for each individual chain, offering an
overview of the protein’s structure and its compactness. In the case of multiple chains, we
calculated both the total SASA for all chains combined (ST ) and the SASA for each individ-
ual chain (Sk). To assess the interaction between chains and characterize their aggregation,
we calculated the ratio of the total SASA to the sum of individual chain SASA values:

S =
ST

∑#chains
k=1 Sk

. (2.21)

A value of S equal to 1 indicates complete dissociation of the chains, implying non-
interaction. Conversely, a lower S value approaching 0 suggests a higher degree of as-
sociation among the chains, indicating the formation of a condensed or aggregated state.
This approach provides valuable insights into the dynamic behavior and interactions within
biomolecular systems during MD simulations [159].

GROMACS, by employing the double cubic lattice method (DCLM) [160], provides a
dedicated module, gmx sasa, for computing this crucial structural feature.
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2.3.4 Nematic correlation function

The nematic correlation function (NCF) is a mathematical expression that describes the cor-
relation between the orientations of molecules at different positions. It provides information
about how the orientation of onemolecule influences another at a certain distance or position
within the system. In our investigation, we calculated this value to assess how the chains
tend to align in relation to each other.

Mathematically, the NCF, often represented as Πi j(r), is defined as the average of the
product of the molecular orientation at one point and the molecular orientation at another
point. The expression for NCF is given by

Πi j(r) = ⟨|ti · t j|⟩=
∑I ∑J>I ∑i∈I ∑ j∈J |ti · t j|δ (|ri − r j|− r)

∑I ∑J>I ∑i∈I ∑ j∈J δ (|ri − r j|− r)
, (2.22)

where i and j represent pairs of amino acids from two distinct protein chains I and J. The
range of Πi j(r) spans from 0.5 to 1.0. A value of 0.5 denotes a total lack of alignment,
indicating that the orientation of fragments is entirely random. In contrast, a value of 1.0
indicates perfect alignment, showcasing a uniform orientation of the fragments [158, 161].

2.3.5 The nematic order parameter P2

Alongside theNCF, the nematic order parameter P2 is another valuablemetric for illustrating
the orientation of a chain along a specific direction. The formula for P2 is given by:

P2 = ⟨3
2

cos2 θ − 1
2
⟩= 1

N

[
N

∑
i

3
2
(ui.d)2 − 1

2

]
. (2.23)

Here, θ denotes the angle between the average molecular orientation, ⟨...⟩ signifies an
average over all molecules in the system, ui represents a unit vector connecting two amino
acids, and d is a unit vector defining the preferred alignment direction. The resulting value
of P2 spans from 0 to 1, where 0 implies a completely random orientation, and a positive
value indicates nematic order or alignment [162–164].
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3
Effect of O-glycans on
lubricin’s structural properties

This chapter delves into the initial phase of our research, where our primary objective was
to unravel the influence of O-glycans on the structural properties of lubricin. To accomplish
this objective, we conducted equilibrium MD simulations at an all-atom resolution. We
combined parameters of IDPs and sugars to present a suitable force field for both protein
and glycan atomic interactions. The resulting force field laid the groundwork for our sim-
ulations. In the forthcoming sections, we will investigate the construction of this detailed
model, elucidating the methodology employed for its generation. Subsequently, we will
begin on a comprehensive exploration of our findings and illustrate how O-glycans play a
role in altering the structure of lubricin. Finally, we will wrap up with a section dedicated
to discussion, conclusions, and a glimpse into future prospects.

3.1 Introduction

Lubricin, also known as PRG4, is a glycoprotein and structureless protein that plays a pivotal
role in lubricating and protecting joints. Its primary function involves reducing friction in
boundary conditions and facilitating smooth and pain-free joint movements [12–14].

Lubricin comprises 1404 amino acids, with a length of approximately 200 ± 50 nm.
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Lubricin’s molecular structure is characterized by three distinct parts: two end domains and
a central part. The two folded terminal domains, referred to as the N- and C-terminal do-
mains (SMB- and PEX-like domains), are globular proteins with a positive charge and lack
glycosylation. On the other hand, the central domain, also known as the mucin-like domain,
is highly glycosylated, negatively charged, and hydrophilic. It also lacks a specific structure
and is rich in proline residues. Research indicates that the end domains are responsible for
anchoring the protein onto cartilage surfaces, while the mucin-like domain primarily func-
tions in providing excellent lubrication within joints. This lubricating property of lubricin
is intricately connected to its three structural components [69–75], drawing our attention to
the need for their more detailed exploration of these components.

Figure 1.4 shows a schematic illustration of lubricin, its three parts, and O-glycans. In
the central region, core I and core II O-linked glycans are attached to the hydroxyl group
of serine (Ser) or threonine (Thr) residues. These glycans constitute approximately 30-35%
of lubricin’s total structure. They also impart a negative charge to the protein through the
presence of sialic acid [80–82]. More informatoin about lubricin and its srtucture can be
found in section 1.3.

3.2 Atomistic model of lubricin and its O-glycans

In our investigation of the mucin-like domain of lubricin and the impact of O-glycans on
this structure using equilibruim MD simulations, we encountered two primary challenges.
The first challenge was related to the length of the sequence, while the second challenge
was associated with the type of O-glycans and their parameters in the MD force field. This
section outlines our approach in addressing and overcoming these challenges to gain insights
into lubricin’s molecular behavior.

3.2.1 Selecting lubricin fragments

The mucin-like domain of lubricin consists of approximately 800 amino acids [78]. Consid-
ering the entire sequence of the central domain in MD simulations would be prohibitively
expensive. To address this challenge and make the simulation feasible for all-atom equilib-
riumMD simulations, we opted to select smaller segments representative of the entire chain.
We considered the central domain from amino acid 220 to 1020 and divided this domain into
10 segments, each consisting of 80 residues.

In the next step, we determined the count of glycosylated, charged, and proline residues
for each segment, utilizing the sequence provided by Ali Liaqat et al. [69]. We considered
proline because previous studies have shown its contribution to structural disorder. Table 3.1
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shows the abundance of selected residues in the segments. The data in Table 3.1 indicates
no significant difference in the number of charged residues, while the abundance of glyco-
sylated and proline residues varies considerably. To choose representative segments for the
entire structure, we aimed to select specific segments based on the abundance of glycosy-
lated and proline residues.

Table 3.1. Total number of negative, positive, Proline, and glycosylated residues in each
lubricin segment

Total number of
Sequence Negative Positive Proline Glycosylated

221-300 10 9 7 15
301-380 9 14 14 24
381-460 7 11 25 27
461-540 8 11 26 25
541-620 7 12 25 25
621-700 11 8 26 8
701-780 7 12 22 15
781-860 7 10 23 12
861-940 13 12 12 11
941-1020 7 13 5 23

We have chosen five segments of lubricin, specifically 301–380, 461–540, 621–700,
781–860, and 941–1020. These segments collectively represent the physicochemical char-
acteristics of the protein, incorporating aspects like glycosylation, charged residues, and
proline content. For a visual representation of the selected segments, please refer to Fig-
ure 3.1, where they are delineated within grey boxes.

N-terminal
domain

C-terminal
domain

Mucin-like domain
200nm: fully extended~

Globular
domain

2-3 nm ~
Globular
domain

2-3 nm ~

461 – 540301 – 380 621 – 700 781 – 860 941 – 1020

AA ~1000AA ~200

Figure 3.1. Selected segments of lubricin in the study. Five selected segments of lu-
bricin, each comprising 80 amino acids, were chosen as representative segments capturing
the essence of the entire mucin-like domain structure.
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3.2.2 O-glycans of lubricin

As previously mentioned, the mucin-like domain of lubricin is heavily glycosylated, with O-
glycans attaching to the hydroxyl groups of serine/threonine (Ser/Thr) side chains. In 2015,
a study on synovial fluid from horses conducted by E. Svala and colleagues [86] proposed
eleven distinct oligosaccharides, categorized into Core I (90%) and Core II (10%) struc-
tures. These glycans consist of sugars such as Gal (D-Galactose), GalNAc (N-Acetyl-D-
Galactosamine), GlcNAc (N-Acetylglucosamine), Neu5Ac (N-Acetyl-Neuraminic Acid),
and Neu5Gc (N-Glycolyl-Neuraminic acid). Notably, both Neu5Ac and Neu5Gc possess
a negative charge. For a detailed representation, refer to Figure 1.5, which illustrates the
intricate structure of these eleven glycans.

In this segment, for simplicity, we have opted for six specific O-glycan types from a total
of eleven oligosaccharide variations. This choice considered the structure, composition, and
net charge of the glycans. Figure 3.2A illustrates the categorization of these eleven glycans
into six parts (a, b, c, d, e, and f), emphasizing their abundance (as a percentage) and net
charge (in blue). Notably, glycans within categories c, d, e, and f share the same net charge
and closely resemble each other in structure. Consequently, we selected only one type from
each of these categories. The excluded ones are depicted with reduced opacity, while the
chosen ones are displayed in a darker color. Figure 3.2B provides a visual representation of
the selected glycans and their respective abundance.

10.1% 1.3% 51.4% 28.0% 3.0% 6.2%

Type1 Type2 Type3 Type4 Type5 Type6

-2e
e f

-1e
-2e

0e

S

-1e
-1e

NeuAC: N-Acetylneuraminic acid

Gal: Galactos

GlcNAc: N-Acetylglucosamine

GalNAc: N-Acetylgalactosamine

Neu5Gc: N-glycolylneuraminic acid

A
a b c d

B

1.1%1.8%3.3%1.6%26.7%49.5% 1.3% 1.4%10.1% 1.9%1.3%

Figure 3.2. 11 Types of O-glycans of lubricin and Selected Ones for this Study. A. The
11 types of O-glaycans along with their charges and abundances. B. Six chosen types based
on their structure and charge for this study.
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FromAli Liaqat et al.’s study [69], we have information regarding the serine or threonine
residues that are attached to glycans. Segments 301–380, 461–540, 621–700, 781–860, and
941–1020 contain 24, 25, 8, 12, and 23 glycosylated residues, respectively. However, the
specific types of glycans binding to these glycosylated residues remain unclear, such as the
exact O-glycan binding at each position. To address this uncertainty, we adopted a Monte
Carlo sampling approach and leveraged the abundance information of each glycan (depicted
in figure 3.2B) to present six different distributions of glycans for each fragment.

In our methodology, one of these six fragments was maintained without any glycan to
serve as a non-glycosylated version. The other five fragments were randomly assigned each
type of glycan based on the percentage contribution to the total O-glycans. Following this
protocol, we generated one non-glycosylated and five distinct glycosylated versions for each
lubricin segment. The specific sugars attached at each glycosylation site in the resulting 25
cases are detailed in Tables 3.2 – 3.6. The inclusion of Neu5Ac, which imparts a predom-
inantly negative charge to most O-glycans, plays a substantial role in elevating the overall
negative charge of the fragments post-glycan addition. This effect results in varied cumula-
tive net-charge distributions, as depicted in Figure 3.3. For instance, fragments within the
301–380, 461–540, and 941–1020 regions exhibit a higher negative net charge compared to
others, owing to their elevated number of glycosylated residues. Table 3.7 provides infor-
mation on the net charge of all fragments.

301 – 380 621 – 700 781 – 860461 – 540 941 – 1020

Figure 3.3. Net charge variation in lubricin fragments with added O-glycans. The non-
glycosylated fragment of each segment is represented in grey, while colors ranging from
yellow to red illustrate the impact of glycans on the negative charge of the fragments.

In this section, we presented six glycan distributions for each lubricin segment. How-
ever, for MD simulations, a comprehensive force field covering both proteins and glycans
is essential. Due to the disordered nature of lubricin, we selected the amber99sb-star-ildnp
force field [115,116] with TIP4P-D [165] water model, which lacked glycans parameters. To
overcome this limitation, we integrated parameters from the glycans-specific GLYCAM06
force field [117]. The next section will provide details on the methodology used for this

31



integration and our MD simulation approach.

3.3 Single-chain equilibrium MD simulations

As detailed in Section 2.1.1, the execution of an MD simulations requires an appropriate
force field that encompasses all necessary parameters for the all materials within the system.
Lubricin is a disordered and glycosylated protein [12,69,84,166]. Given its disordered na-
ture, we initially utilized the amber99sb-star-ildnp [115,116] force field with TIP4P-D [165]
water model, known for its efficacy in capturing the structural properties of intrinsically dis-
ordered proteins according to previous studies [167,168]. Nevertheless, the original version
of this force field did not support the glycans in the system. To address this gap, wemodified
the force field, introducing a new version to cover both proteins and glycans comprehen-
sively. For the glycans, the GLYCAM06 force field supplied the required parameters. As
this force field was in Amber format, the ACPYPE script [169, 170] was employed to con-
vert the parameters into GROMACS format. In the subsequent step, these parameters were
added to amber99sb-star-ildnp to support 12 different types of glycosylated versions of Ser
and Thr. Through this process, we developed a unified force field that was employed for all
our simulations.

Non-glycosylated

Glycosylated

Figure 3.4. Initial structure of lubricin fragment. The upper structure depicts a non-
glycosylated fragment, while the lower one shows the lubricin fragment with glycans in
yellow, blue, and purple. Additionally, in glycosylated one, Ser and Thr residues are colored
in red.

The initial fully elongated linear configuration of lubricin segments, representing a non-
glycosylated fragment, was generated using the Avogadro software package [171]. Sub-
sequently, O-glycans were added to the glycosylated residues of fragments based on their
glycan types, as detailed in Tables 3.2 to 3.6, using the glycam.org server. Figure 3.4 illus-
trates examples of the non-glycosylated and glycosylated initial structures.

In this phase of the study, all MD simulations were executed utilizing the GROMACS
software suite (version 2020) [172]. The initial structures were positioned within the center
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Table 3.2. Glycosylated residues of the 301–380 segment and their five distinct O-glycan
types across five different fragments.

Glycosylation site O-glycan type
fragment1 fragment2 fragment3 fragment4 fragment5

304 Type4 Type4 Type2 Type4 Type4
305 Type3 Type3 Type3 Type4 Type3
306 Type5 Type4 Type4 Type4 Type1
310 Type1 Type4 Type4 Type3 Type3
312 Type4 Type4 Type4 Type4 Type6
316 Type3 Type1 Type3 Type4 Type3
317 Type1 Type4 Type4 Type3 Type1
324 Type3 Type4 Type3 Type3 Type3
325 Type3 Type3 Type3 Type4 Type3
332 Type4 Type4 Type1 Type6 Type3
345 Type3 Type3 Type4 Type3 Type4
346 Type3 Type1 Type3 Type3 Type2
351 Type3 Type3 Type4 Type4 Type3
353 Type3 Type2 Type1 Type3 Type4
354 Type3 Type4 Type3 Type3 Type5
360 Type3 Type3 Type3 Type4 Type3
361 Type3 Type4 Type3 Type4 Type4
362 Type5 Type4 Type4 Type3 Type3
367 Type3 Type3 Type6 Type3 Type4
369 Type4 Type1 Type3 Type4 Type4
370 Type4 Type3 Type4 Type4 Type3
373 Type3 Type3 Type5 Type3 Type6
376 Type1 Type3 Type5 Type4 Type3
377 Type4 Type4 Type4 Type4 Type3
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Table 3.3. Glycosylated residues of the 461-540 segment and their five distinct O-glycan
types across five different fragments.

Glycosylation site O-glycan type
fragment1 fragment2 fragment3 fragment4 fragment5

462 Type3 Type4 Type4 Type3 Type3
463 Type4 Type2 Type4 Type3 Type3
470 Type1 Type3 Type3 Type1 Type1
471 Type1 Type3 Type3 Type3 Type4
477 Type3 Type3 Type4 Type1 Type1
478 Type2 Type1 Type3 Type3 Type3
485 Type2 Type3 Type2 Type1 Type3
493 Type6 Type3 Type3 Type4 Type3
494 Type3 Type3 Type3 Type4 Type1
501 Type3 Type4 Type4 Type2 Type1
502 Type1 Type4 Type3 Type5 Type3
509 Type4 Type4 Type4 Type3 Type4
510 Type4 Type3 Type3 Type4 Type3
511 Type3 Type4 Type6 Type5 Type4
515 Type4 Type3 Type3 Type3 Type4
517 Type3 Type1 Type5 Type4 Type6
518 Type3 Type4 Type3 Type3 Type3
525 Type1 Type6 Type3 Type4 Type6
526 Type3 Type3 Type4 Type3 Type3
527 Type3 Type3 Type3 Type4 Type3
529 Type3 Type1 Type6 Type3 Type4
532 Type3 Type6 Type4 Type4 Type4
533 Type3 Type3 Type3 Type3 Type3
534 Type4 Type3 Type4 Type1 Type3
540 Type4 Type4 Type4 Type4 Type3
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Table 3.4. Glycosylated residues of the 621-700 segment and their five distinct O-glycan
types across five different fragments.

Glycosylation site O-glycan type
fragment1 fragment2 fragment3 fragment4 fragment5

627 Type1 Type3 Type2 Type1 Type1
676 Type3 Type3 Type1 Type3 Type3
683 Type4 Type3 Type3 Type3 Type1
684 Type4 Type3 Type6 Type4 Type4
691 Type1 Type3 Type4 Type3 Type4
692 Type3 Type3 Type5 Type3 Type1
699 Type3 Type3 Type4 Type1 Type1
700 Type3 Type3 Type3 Type4 Type4

Table 3.5. Glycosylated residues of the 781-860 segment and their five distinct O-glycan
types across five different fragments.

Glycosylation site O-glycan type
fragment1 fragment2 fragment3 fragment4 fragment5

781 Type5 Type3 Type1 Type3 Type6
784 Type3 Type3 Type3 Type3 Type5
785 Type3 Type4 Type3 Type3 Type4
792 Type3 Type3 Type4 Type4 Type4
793 Type3 Type4 Type1 Type4 Type3
805 Type3 Type3 Type1 Type3 Type3
811 Type6 Type3 Type3 Type1 Type3
812 Type4 Type4 Type3 Type6 Type1
813 Type3 Type6 Type3 Type4 Type3
829 Type3 Type3 Type4 Type3 Type1
837 Type3 Type3 Type1 Type4 Type4
838 Type3 Type4 Type4 Type3 Type6
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Table 3.6. Glycosylated residues of the 941-1020 segment and their five distinct O-glycan
types across five different fragments.

Glycosylation site O-glycan type
fragment1 fragment2 fragment3 fragment4 fragment5

941 Type4 Type3 Type1 Type3 Type3
943 Type3 Type5 Type1 Type3 Type3
944 Type3 Type4 Type1 Type3 Type3
945 Type4 Type3 Type4 Type3 Type4
954 Type3 Type1 Type3 Type3 Type3
956 Type3 Type4 Type3 Type1 Type3
957 Type6 Type4 Type3 Type4 Type3
958 Type3 Type3 Type3 Type3 Type3
961 Type3 Type3 Type4 Type3 Type2
962 Type1 Type6 Type3 Type3 Type3
963 Type3 Type2 Type6 Type4 Type1
964 Type3 Type4 Type4 Type3 Type3
965 Type4 Type1 Type3 Type3 Type3
968 Type3 Type3 Type4 Type1 Type3
975 Type6 Type4 Type3 Type4 Type4
978 Type1 Type2 Type5 Type3 Type3
979 Type4 Type3 Type6 Type3 Type1
980 Type1 Type3 Type3 Type4 Type4
986 Type4 Type3 Type3 Type6 Type4
987 Type3 Type3 Type4 Type1 Type3
988 Type6 Type3 Type3 Type1 Type1
1012 Type4 Type3 Type3 Type4 Type1
1014 Type3 Type6 Type4 Type3 Type4
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Table 3.7. Net charge comparison between glycosylated and non-glycosylated fragments
for different lubricin segments.

Segment Non Glycosylated
sequences glycosylated fragment1 fragment2 fragment3 fragment4 fragment5

301-380 5 -22 -27 -27 -33 -25
461-540 3 -25 -28 -33 -26 -26
621-700 -3 -11 -11 -13 -11 -10
781-860 3 -11 -14 -8 -13 -12
941-1020 6 -23 -22 -22 -19 -18

of a simulation box shaped like a dodecahedron and solvated with TIP4P-D [165] water
molecules, accompanied by 150 mM NaCl ions. Additional ions were introduced to coun-
terbalance the net charge of the fragments. The resultant systems were composed of ap-
proximately 0.36 to 0.92 million atoms, with detailed atom count information available in
Table 3.8.

The systems underwent energy minimization employing a steepest descent algorithm
until the maximum atomic force fell below 1000 kJmol−1 nm−1. Subsequently, thermaliza-
tion took place in the NVT ensemble at 310 K using the velocity rescaling thermostat [131]
over 1 ns (with a coupling time of 0.1 ps). The solvent was then relaxed in the NPT ensem-
ble at 1 atm with the Parinello–Rahman barostat [132] for 2 ns (using a coupling constant
of 2.0 ps and reference compressibility of 4.5×10−5 bar−1). During both equilibration
stages, a harmonic force (with an elastic constant of 1000 kJmol−2) was applied to restrain
the position of the glycosylated-protein heavy atoms.

For production runs under the NPT ensemble, periodic boundary conditions were ap-
plied, and position restraints on heavy atoms were released. The velocity rescale thermo-
stat and the Parrinello-Rahman algorithm were utilized during production runs to maintain
a constant temperature and pressure. Each of the 30 different fragments underwent three
replicas, each lasting 200 ns (see Table 3.8). Electrostatic interactions were taken into ac-
count in our simulations by the Particle Mesh Ewald algorithm [125]. Short-range inter-
actions were simulated using a Lennard Jones potential, with the calculations limited at a
cutoff distance of 1.0 nm. Constraints were applied to bonds involving hydrogen atoms
within the fragments, and this was achieved through the utilization of the LINCS algo-
rithm [173]. The Verlet Buffer was employed to manage neighbors, incorporating a toler-
ance of 0.005 kJmol−1 ps−1. Updates to neighboring interactions were executed at regular
intervals, precisely every 10 steps. The numerical integration of the equations of motion
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was accomplished using the Leap Frog algorithm, employing discrete time steps set at 2 fs.

3.4 Results

To explore the influence of O-glycans on the structural attributes of lubricin, we introduced a
diverse set of 30 lubricin fragments, each characterized by distinct glycan distributions (Fig-
ure 3.5A). Each system underwent an equilibriumMD simulation, extending over a duration
of 200 ns. Notably, for each fragment, three independent replicas were executed to ensure
robust and reliable outcomes (Figure 3.5B). This process yielded equilibrium structural en-
sembles, focusing on individual fragments. Figure 3.5 illustrates the outlined protocol for
this section.

Monte Carlo
x3

x3

Equilibrium MD
simulation

Equilibrium MD
simulation

A B

t = 200 ns

t = 200 ns

Figure 3.5. Molecular dynamics (MD) protocol to analyze O-glycan impact on lubricin
structure. A. Five distinct glycosylation distributions for each of the five 80-amino acid
long lubricin segments were introduced usingMonte Carlo sampling. The non-glycosylated
fragment is represented by the blue line, while the yellow symbols illustrate the O-glycans.
B. Three independent equilibrium MD simulations, each lasting for 200 ns, were conducted
for all fragments.

Following the completion of our simulations, we conducted an in-depth exploration of
the acquired data. In the following, it will be shown how O-glycans influence the con-
formational dynamics of lubricin. This analysis focused on key parameters such as radius
of gyration, end-to-end distance, solvent-accessible surface area (SASA), and persistence
length.
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Table 3.8. Details of the equilibrium molecular dynamics simulations for single-chain sys-
tems.

Peptide Glycosylation Atoms of Atoms of Simulation Simulation
peptide (no.) system (no.) replicas (no.) length (ns)

30
1-
38
0

non-gly. 1223 0.58M 3 200
fr.1 3443 0.66M
fr.2 3527 0.57M
fr.3 3671 0.55M
fr.4 3791 0.92M
fr.5 3599 0.72M

46
1-
54
0

non-gly. 1182 0.43M 3 200
fr.1 3438 0.80M
fr.2 3594 0.78M
fr.3 3822 0.76M
fr.4 3522 0.40M
fr.5 3522 0.60M

62
1-
70
0

non-gly. 1182 0.56M 3 200
fr.1 1854 0.53M
fr.2 1854 0.50M
fr.3 2022 0.52M
fr.4 1854 0.61M
fr.5 1818 0.41M

78
1-
86
0

non-gly. 1177 0.49M 3 200
fr.1 2353 0.50M
fr.2 2413 0.36M
fr.3 2149 0.36M
fr.4 2377 0.40M
fr.5 2437 0.67M

94
1-
10
20

non-gly. 1255 0.52M 3 200
fr.1 3547 0.72M
fr.2 3511 0.53M
fr.3 3511 0.79M
fr.4 3307 0.71M
fr.5 3223 0.59M
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3.4.1 O-glycans expand the structure of lubricin fragments

For the initial investigation of the impact of glycans on the structure of lubricin, we calcu-
lated the radius of gyration (Rg), end-to-end (E2E) distance, and solvent-accessible surface
area (SASA). These parameters provide insights into the size, shape, and structural char-
acteristics of the fragments. Beyond their direct relevance to our study objectives, these
observations also serve to assess the equilibration of the fragments over the 200 ns simula-
tion period.

Radius of gyration

The initial metric under consideration was the Rg, a crucial parameter in assessing the com-
pactness of the fragments. The influence of glycans on the overall structure of a fragment
is illustrated in Figure 3.4A and B. The presence of bulky glycans contributes to alterations
in the overall size of the fragments, attributed to the bulky side chains. To facilitate a mean-
ingful comparison between non-glycosylated and different type of glycosylated fragments,
our analysis focused exclusively on the backbone atoms for Rg calculation, omitting the
contribution of glycans.

We calculated the Rg for each fragment at every time step, capturing the transition from
fully extended to equilibrated structures. Figure 3.6 displays these dynamic changes over
time. Notably, the fragments underwent a partial collapse within the initial tens of nanosec-
onds, ultimately adopting conformations within a range of approximately 2.3 to 3.9 nm.

Figure 3.7 displays the distribution of Rg for non-glycosylated and glycosylated frag-
ments. For every 20 ns of simulation, the cumulative distribution of whole glycosylated
fragments was calculated, and the same procedure was applied to non-glycosylated frag-
ments. The figure reveals that the average Rg of glycosylated fragments is higher compared
to non-glycosylated ones. This observation suggests that O-glycans possess the potential to
expand the structure of lubricin fragments.

In addition to the Rg values, Figures 3.6 and 3.7 offer insights into whether the simulated
time of 200 ns is adequate for the investigation. Both figures indicate that, on average, the
fragments reached an equilibrium state after approximately 100 ns. Therefore, the first half
of the simulation can be considered for achieving equilibrium, while the second half can be
utilized for analyzing and studying the impact of O-glycans on lubricin structure.

Hence, to evaluate the influence of O-glycans on the structure of each lubricin fragment,
the average Rg was calculated from the data in the second half of the simulations (from 100 to
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Sequence 621-700

Sequence 301-380 Sequence 461-540

Sequence 781-860

Sequence 941-1020

Figure 3.6. Evolution of the radius of gyration over time for lubricin fragments with
different glycosylation levels. Equilibrium MD simulations were conducted for five dif-
ferent segments of lubricin, each with six distinct fragments featuring different distributions
of O-glycans (including one non-glycosylated and five glycosylated chains). Three inde-
pendent replicas were executed for each system, each extending over 200 ns.

200 ns). Figure 3.8 illustrates the relationship between the number of glycosylated residues,
the net charge of the fragment, and the average Rg.

For a more in-depth exploration of the effect of O-glycans, we compared the equilibrium
Rg of fragments to two essential parameters: their total number of glycosylated residues
and their net charge, as depicted in Figure 3.8. Figure 3.8A illustrates that as more glycans
are added to the lubricin fragments, their conformation becomes less compact, indicating
a more extended structure. This direct relationship is attributed to the bulky side chains
of O-glycans and their negative charge (see Figure 3.2). In the subsequent analysis of net
charge, Figure 3.8B reveals the correlation between the net charge of lubricin fragments and
their level of compactness. This figure shows that an increase in charge corresponds to an
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Figure 3.7. Radius of gyration distribution for glycosylated and non-glycosylated frag-
ments over time. The boxplots illustrate the distribution of Rg values throughout the sim-
ulations. For each 20 ns interval of the simulation, the cumulative distribution of entire
fragments was computed. Both glycosylated and non-glycosylated fragments show a trend
towards equilibrium after around 100 ns, with glycosylated fragments exhibiting a higher
average, indicating the expansion of their structural dynamics.

increase in the size of the fragments, following a V-shaped pattern. This pattern aligns with
observations in other intrinsically disordered proteins (IDPs) [167, 168].

In Figure 3.8B, a linear regression analysis of the data, expressed as Rg = aq|q|+ bq,
resulted in a slope of aq = 0.036 nm/e, a value approximately one-fourth smaller than that
reported in previous studies on other IDPs phosphorylation (0.048 nm/e) [167, 168]. The
increased ionic strength (150mM) employed in this study, compared to the 100mM used
in [167,168], may account for the observed weaker response of rg to changes in charge. An-
other possible factor could be the larger size of O-glycans compared to phosphoryl (PO3)
groups. This size effect might reduce the strength of the impact change on the confor-
mational changes of the fragments. The intercept, bq = 2.72 nm, closely aligns with the
estimate for a random coil adapted to IDPs [174] (Rc = R0 ·N0.588 = 2.61 nm, where R0 =

0.19 nm, and N is the number of amino acids, specifically N = 80 in our case). Previous
studies reported a significantly smaller intercept ( 1.7 nm) [167, 168]. The intercept serves
as an indicator of the overall size of the chains under neutral conditions. These results in-
dicate that conformational changes are related to both the bulky size of sugars and their
charge. In this scenario, the bulky sugars, potentially acting as spacers, tend to promote
more expanded conformations of the lubricin backbone fragments compared to other IDP
fragments with comparably smaller standard [168] or phosphorylated [167] amino acid side
chains. For further assessment, we also calculated the end-to-end distance and SASA for
all fragments. Both parameters exhibit a similar trend as the radius of gyration. However,
SASA provides a more detailed overview of the bulky side chains of glycans and their im-
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A B

Figure 3.8. Impact of O-glycans on the extension of lubricin fragments. Radius of
gyration Rg as a function of (A) the number of glycosylated residues and (B) the net charge
of the fragment q. Each data point represents values obtained from three independent MD
simulations (average ± s.e., n = 3). Dashed lines represent linear regressions of the data,
described by Rg = aNN + bN (A) and Rg = aq|q|+ bq (B), with fitting parameters aN =

0.036 [nm], bN = 2.77 [nm], aq = 0.036 [nm/e], and bq = 2.72 [nm]. Cartoons illustrate
the conformation of a glycosylated and a nonglycosylated fragment (protein: grey, sugars:
orange).

pact on the structural changes. In the next section, more information about these parameters
will be provided.

E2E distance and SASA

In Figure 3.9, the results of the E2E distance of lubricin fragments are presented, which align
well with the findings for Rg. Figure 3.9A displays the data distribution of E2E distance for
each 20 ns interval of glycosylated and nonglycosylated fragments. This figure shows that
the fragments undergo a collapsing process during the initial 100 ns, reaching a roughly
constant value thereafter, indicative of an equilibrated structure. Moreover, on average,
glycosylated fragments exhibit a higher E2E distance than nonglycosylated ones. For a
more detailed analysis, the average E2E distance of each fragment was calculated from the
second half of the simulation. Figures 3.9B left and right illustrate the correlation between
E2E distance and the number of glycosylated residues, as well as the absolute charge of
fragments. These results closely align with the Rg findings, indicating that O-glycans can
indeed expand the conformation of lubricin fragments.

In the subsequent analysis to highlight the impact of the bulky side chains of glycans,
we computed the SASA values for the fragments. In contrast to the radius of gyration, we
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B

A

Figure 3.9. End-to-end distance analysis for glycosylated and non-glycosylated lu-
bricin fragments. A. Data distribution of E2E distance for each 20 ns interval of glycosy-
lated and non-glycosylated fragments. The collapsing process during the initial 100 ns is
followed by a stable equilibrated structure. Non-glycosylated fragments, on average, exhibit
a shorter E2E distance compared to glycosylated fragments. B. Correlation between E2E
distance and the number of glycosylated residues (left) and absolute charge of fragments
(right). Each data point represents values obtained from three independent MD simulations
(average ± s.e., n = 3).
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Figure 3.10. SASA analysis for glycosylated and non-glycosylated lubricin fragments.
A. Distribution of SASA values for both glycosylated (in green) and non-glycosylated (in
blue) fragments. B. Correlation between SASA and the number of glycosylated residues.
Each data point represents values obtained from three independentMD simulations (average
± s.e., n = 3).

considered the entire structure of lubricin fragments, including both the backbone and its
O-glycans. The calculations were focused on the second half of the simulation, where the
fragments reached an equilibrated state. Figure 3.10 illustrates the obtained SASA results.

The distribution of SASA results for glycosylated and non-glycosylated fragments is de-
picted in Figure 3.10A. Notably, a significant disparity exists between the non-glycosylated
and glycosylated fragments, underscoring the substantial impact of O-glycans. This dispar-
ity reflects the presence of O-glycans, signifying their role as bulky side chains. For a more
detailed exploration of the influence of O-glycans, Figure 3.10B presents the correlation be-
tween SASA and the number of glycosylated residues. This figure illustrates a clear trend
where an increase in the number of sugar residues leads to a dramatic rise in the SASA of
lubricin fragments. This observation is well-matched with the results from the experimen-
tal study conducted by Brito and colleagues [175]. They demonstrated that the presence
of glycans leads to a higher SASA value, and also decreases the aggregation propensity of
glycosylated chains. These findings provide additional insights into the significant effect of
O-glycans on the surface accessibility of the fragments.

3.4.2 O-glycans enhance the stiffness of lubricin fragments

Another aspect that we were interested in exploring was how glycans could alter the stiffness
of lubricin. To evaluate this property, we calculated the persistence length of lubricin frag-
ments, as detailed in Section 2.3.2. Figure 3.11 presents the correlation between the stiffness
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A B

Figure 3.11. Persistence length of lubricn fragments. Persistence length as a function of
the number of glycosylated residues (A) and the absolute net charge of fragments (B). Each
data point represents values obtained from three independent MD simulations (average ±
s.e., n = 3).

of lubricin fragments and both the number of glycosylated residues (3.11A) and the absolute
net charge of the fragments (3.11B). The results reveal a clear relationship wherein the num-
ber of glycans and the net charge of fragments can influence the stiffness of lubricin. An
increase in the number of glycans corresponds to an increase in the SASA value (indicative
of steric interaction) and also an increase in the net charge of the fragments. Thus, glycans,
through their steric and electrostatic interactions, have the potential to impact the stiffness
of lubricin. In summary, the presence of O-glycans contributes to increased stiffness in the
structure of lubricin.

3.5 Discussion

This chapter aimed to understand howO-glycans impact the structural properties of lubricin.
The protein features a disordered region extensively adorned with sugars (Figure 1.4). To
delve into this, we employed all-atom equilibrium MD simulations, combining force fields
for disordered proteins and glycans. In modeling the mucin-like domain of lubricin, we
strategically selected five segments. For each segment, six different fragments were pre-
sented, incorporating various O-glycan types (Figure 3.1). Subsequently, we conducted
three independent simulations for each of the 30 distinct lubricin fragments, each spanning
200 ns. This comprehensive approach allowed us to thoroughly explore the dynamics and
interactions within the disordered region of lubricin under the influence of O-glycans. To
gain a deeper understanding of the glycan effect, we calculated Rg, E2E, SASA, and per-
sistence length after conducting simulations. The results revealed that O-glycans can both
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expand the conformational structure and increase its stiffness. These changes arise from the
strong steric and electrostatic interactions of the bulky side chains of the glycans. These
simulations provide valuable insights into the structural changes induced by O-glycans.

The dynamic conformations of IDPs are intricately regulated by various post-translational
modifications, including phosphorylation [167,168,176], methylation [177], and glycosyla-
tion [175,178]. One distinguishing characteristic of glycosylation, setting it apart from other
post-translational modifications, lies in the size of the attached part. In contrast to phospho-
rylation or methylation, where relatively small side chains are added to protein residues,
glycosylation involves the attachment of large and bulky glycans. This distinctive feature
becomes particularly evident in proteins such as lubricin, which exhibits a complex and
dense glycosylation pattern (Figure 3.8B). As a result, glycosylation induced more extended
conformations in lubricin fragments compared to those observed in other IDPs with a sim-
ilar sequence length [167, 168] (Figure 3.8B). However, the size of the fragments exhibits
a linear increase with their net charge, resembling a V-pattern [167, 168]. This underscores
the significant influence that electrostatics wield in dictating the conformation of IDPs and
highlights the capacity of post-translational modifications to finely tune these conforma-
tions.

In addition to exploring electrostatic interactions, we investigated the influence of bulky
side chains by analyzing SASA (see section 3.4.1). The alterations in conformational prop-
erties observed in our study are intricately linked to both steric and electrostatic effects.
However, in our current investigation, we are unable to discern between these two factors.
To address this, a potential solution could involve neutralizing the glycans and conducting
additional MD simulations for glycosylated fragments of lubricin with uncharged glycans.
This proposed protocol aims to specifically unveil the impact of steric interactions, provid-
ing valuable insights into the distinct contributions of steric and electrostatic factors on the
structural properties of lubricin.

In our investigation, we opted for smaller fragments of lubricin, aiming to choose rep-
resentative segments that capture the essence of the entire structure. However, it is crucial
to acknowledge that lubricin possesses two globular end domains, potentially exerting an
influence on its overall structural properties. To comprehensively consider the complete
structure of lubricin, a higher resolution is required (lubricin has approximately 1400 amino
acids and 185 O-glycans [69]). The Martini3 force field [179] has demonstrated its capa-
bility to replicate the properties of intrinsically disordered proteins. Nevertheless, when it
comes to glycans, there is a lack of appropriate and well-defined parameters. Therefore,
to encompass the entirety of lubricin’s structure, it becomes imperative to establish a suit-
able model and parameters specifically tailored for the glycans. This approach ensures a
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more accurate representation of the interplay between lubricin and glycans in the context
of structural dynamics. In addition to martini, coarse-grained models employing one bead
per amino acid, like CALVADOS [180, 181] have been quite successfull for IDPs. If it is
only about the equilibrium structural properties of glycosylated IDPs, these models could
be considered.

In addition to the intriguing results obtained from equilibrium MD simulations, we now
have 30 distinct equilibrated structures of lubricin fragments. These equilibrated structures
will be used to study and understand the viscoelastic properties of lubricin. In the upcom-
ing chapter, our focus will be on investigating the viscosity of lubricin fragments and the
influence of glycans on these properties. Two different methods were employed in MD
simulations—Green-Kubo method and shear-driven non-equilibrium MD simulation—to
calculate both zero and non-shear viscosities.
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4
O-glycans and lubricin’s
viscosity and shear thinning

In the previous chapter, we explored the outcomes concerning individual lubricin fragments
and their structural properties in relation to O-glycans. These findings revealed that O-
glycans have the capacity to expand lubricin fragments and increase their stiffness, owing
to their steric and electrostatic interactions. In this chapter, our focus shifts to a multi-chain
system of lubricin fragments. Our primary objective is to determine the viscosity of lubricin
and understand the molecular factors influencing lubricin’s role in minimizing viscosity
within synovial joints, as well as how O-glycans contribute to the viscosity mediated by lu-
bricin. To attain this goal, we employed both equilibrium and shear-driven non-equilibrium
MD simulations to calculate zero shear viscosity and shear viscosities across a range of shear
rates [6, 145, 182].

In the upcoming sections, we will explore the equilibrium molecular dynamics (EMD)
and non-equilibriummolecular dynamics (NEMD) simulationmethods utilized for viscosity
determination. Subsequently, we will present simulation results that provide insight into the
influence of O-glycans on the viscosity of lubricin. Finally, we will discuss the outcomes,
shedding light on the response of the multi-chain system to external shear flow.
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4.1 Introduction

Shear-thinning is a rheological property commonly observed in various non-Newtonian and
complex fluids like polymers, colloids, and certain biological substances. In simple terms,
it refers to the phenomenon where the viscosity of a solution decreases as the applied shear
rates increase [183]. This behavior is widespread in both industrial and biological systems,
ranging frommolecular inks andNafion to cellulose hydrogels, mucus, and blood [5–7,184].
Notably, synovial fluid, which lubricates joints, exhibits shear-thinning behavior [42, 185,
186].

The flow properties and shear-thinning characteristics of synovial fluid are intricately
linked to its diverse components, including aggrecan, hyaluronic acid, lubricin, and others
(see Table 1.1 for details). These components collaborate with proteins on the cartilage sur-
face, such as collagens, proteoglycans, and noncollagenous proteins, facilitating the smooth
movement of bones against each other [187–189]. To optimize lubrication and provide ex-
cellent boundary lubrication, during bone movement, a reduction in viscosity is essential.
Lubricin, an intricate glycosylated and disordered protein, plays a pivotal role in friction re-
duction. While its globular end domains easily attach to the cartilage surface, the central part
(mucin-like domain) extends into the synovial fluid, predominantly governing this lubrica-
tion process. However, the detailed mechanisms at the atomistic level, especially regarding
the function of the glycosylated central part of lubricin, remain unclear (see section 1.3 for
more details).

To address this question, we investigated the impact of O-glycans on the viscoelastic
behavior of lubricin using the Green-Kubo [147, 148] and box deformation [146, 190, 191]
methods in EMD and NEMD simulations.

Our findings reveal that glycosylation expands lubricin fragments and reduces inter-
molecular clustering. In terms of viscosity, O-glycans alter the viscoelastic behavior of
lubricin. They enable lubricin to reduce the viscosity of the fluid and also exhibit a shear-
thinning response to external shear stress. This implies that glycosylated lubricin exhibits
lower overall viscosities when compared at similar mass densities, and furthermore, these
viscosities exhibit a less pronounced decrease under shear conditions. By elucidating the
structural and rheological characteristics of glycosylated lubricin, this study contributes to
a deeper understanding of synovial joint dynamics.
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4.2 Methods

To achieve our objective, we utilized both equilibrium and non-equilibrium MD simula-
tions. EMD simulations provide a comprehensive overview of the system in equilibrium.
Specifically, by utilizing the Green-Kubo method, we can calculate the zero shear viscos-
ity. To understand the behavior of lubricin fragments under shear flow, we utilized the
box deformation method to impose a planar Couette flow. This method allows us to ob-
tain viscosities under different shear rates. Both methods will be elucidated in detail in the
upcoming sections.

4.2.1 Multi-chain equilibrium MD simulation

To establish how lubricin glycosylation affects the medium viscosity, we considered five
distinct lubricin systems with varying levels of glycosylation, molar concentration, and
mass density. We considered a system containing 30 non-glycosylated fragments (w.o.
ρ=66.5 kg/m3). To provide a comparative extreme state, we introduced another system
with 30 highly glycosylated fragments of lubricin (w.+ ρ=230.6 kg/m3). Both of these sys-
tems had the same molar concentration (N=30). For comparison, we included a third system
with 101 non-glycosylated fragments (w.o. ρ=226.6 kg/m3) to match the mass density of
the glycosylated system. This arrangement allowed us to compare a glycosylated system to
two non-glycosylated systems with the same mass and molar density. To create a system
that more closely resembles reality, we opted for a configuration comprising 30 randomly
glycosylated peptides (w. ρ=160. kg/m3). Additionally, to specifically study the influ-
ence of glycans, we established a system with 73 non-glycosylated peptides, ensuring it had
the same mass density (w.o. ρ=158.6 kg/m3). Further simulation details can be found in
Table 4.1.

Here, all MD simulations were conducted using the GROMACS software suite (version
2020) [172]. For each system, peptides (obtained from the single-chain MD simulations)
were placed at the center of a simulation box, which had a cubic shape with dimensions
of 25 × 16 × 16 nm. The system was solvated with TIP4P-D [165] water molecules
and supplemented with 150 mM NaCl ions. Additional ions were added to neutralize the
net charge of the systems. The resulting systems consisted of approximately 0.8 million
atoms, and detailed atom count information is available in Table 4.1. The systems un-
derwent energy minimization employing a steepest descent algorithm until the maximum
atomic force fell below 1000 kJmol−1 nm−1. Subsequently, thermalization took place in
the NVT ensemble at 310 K using the velocity rescaling thermostat [131] over 4 ns (with a
coupling time of 0.1 ps). The solvent was then relaxed in the NPT ensemble at 1 atm with
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Table 4.1. Details of the equilibrium molecular dynamics for multi-chain systems.

Glycosylation Chains Number ρ Atoms of Simulation Simulation
level of chains [kg/m3] system replicas length

system (no.) (no.) (ns)

Non
non-gly. of 30 66.5 0.83M 4 200
301-380

random from 73 158.6 0.82M 4 200
Non all non-gly.

fragments
Non non-gly. of 101 226.6 0.81M 4 200

301-380
Medium random from 30 160.5 0.82M 4 200

all fragments
Highly fragment4 of 30 230.6 0.81M 4 200

301-380

the Parinello–Rahman barostat [132] for 4 ns (using a coupling constant of 2.0 ps and ref-
erence compressibility of 4.5×10−5 bar−1). During both equilibration stages, a harmonic
force (with an elastic constant of 1000 kJmol−2) was applied to restrain the position of the
glycoscylated and non-glycosylated protein heavy atoms.

For production runs under the NPT ensemble, periodic boundary conditions were ap-
plied, and position restraints on heavy atoms were released. The velocity rescale thermo-
stat and the Parrinello-Rahman algorithm were utilized during production runs to maintain
a constant temperature and pressure. Each system underwent four replicas, each lasting
200 ns (see Table 4.1). Electrostatic interactions were taken into account in our simulations
by the Particle Mesh Ewald algorithm [125]. Short-range interactions were simulated us-
ing a Lennard Jones potential, with the calculations limited at a cutoff distance of 1.0 nm.
Constraints were applied to bonds involving hydrogen atoms within the fragments, and this
was achieved through the utilization of the LINCS algorithm [173]. The Verlet Buffer was
employed to manage neighbors, incorporating a tolerance of 0.005 kJmol−1 ps−1. Updates
to neighboring interactions were executed at regular intervals, precisely every 10 steps. The
numerical integration of the equations of motion was accomplished using the Leap Frog
algorithm, employing discrete time steps set at 2 fs.

After the equilibration phase, the final conformations were chosen for subsequent vis-
cosity calculations. Figure 4.1 A and B schematically illustrate this process for both non-
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Figure 4.1. Equilibrium and non-equilibriumMD simulation protocol for multi-chain
systems. The protocol was applied to both glycosylated and non-glycosylated fragments.
Initially, a 200 ns MD simulation was conducted under equilibrium conditions. Subse-
quently, an extensive equilibration simulation was performed to obtain zero shear viscosity.
Finally, the box deformation method was employed to impose Couette flow and determine
viscosities under shear flow. Here, the non-glycosylated fragment is depicted by the blue
line, while the yellow symbols illustrate the O-glycans.

glycosylated and glycosylated systems. In each case, an initial 200 ns simulation was con-
ducted, followed by two separate simulations to determine zero shear viscosity and viscosi-
ties under shear flow. we conducted two equilibriumMD simulations, each lasting 2000 ns,
for every multi-chain system to evaluate zero shear viscosity. Additionally, we performed
shear-driven non-equilibrium MD simulations to assess viscosities under shear flow. Both
parts will be elaborated upon in the following sections.

4.2.2 Shear-driven non-equilibrium MD simulation

The shear-driven non-equilibrium MD simulations followed the equilibrium MD simula-
tions for multi-chain systems. These simulations aimed to investigate the impact of shear
flow and glycosylation on the viscosity of lubricin fragments assemblies, utilizing the shear
deformation method.

In the box deformation method, the imposition of a planar Couette flow on the sys-
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B

A t = 0 t > 0

Figure 4.2. Box deformationmethod for viscosity calculations under shear flows. A. To
induce Couette flow and assess shear viscosity, we employed the box deformation method,
deforming the simulation box at a shear rate γ̇ . Initial system configurations from equilib-
rium MD simulations (t = 0) and subsequent snapshots at t > 0 are illustrated, with lubricin
fragments highlighted in blue. B. Velocity profiles for each shear rate were derived through
box deformation method (in purple color). The dashed black line represents the linear fit.
The output shear rates (u/h) are indicated in the legend. Additionally, the anticipated shear
rates are 0.94, 0.625, 0.50, 0.25, 0.125, 0.06, and 0.03 ns−1.

tem [192] enables us to determine the viscosity of the system. In this approach, the simula-
tion box experiences deformation as the upper wall is laterally displaced at a constant speed
u along the x-axis (Figure 2.5A), where the upper wall is located at z = h, and h denotes the
box size along the z-axis. Additionally, to generate a planar Couette flow, Lees-Edwards pe-
riodic boundary conditions [134,135] are employed. Figure 4.2 provides an overview of this
method, illustrating the deformation of the simulation box in a specific direction (Figure 4.2
A) and inducing a linear shear flow (Figure 4.2 B).

In the context of Couette flow, the shear rate (γ̇) is determined by both the velocity
of the moving wall and the separation between the walls, as described by Equation 4.1.
Subsequently, the shear viscosity (η) is calculated by examining the relationship between
the component of the pressure tensor ⟨Pxz⟩ and the shear rate of the fluid, as expressed in
Equation 4.2.

γ̇ =
u
h
. (4.1)

η =
⟨Pxz⟩

γ̇
. (4.2)

During this phase of the investigation, we employed the GROMACS-2023-dev version,
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Table 4.2. Parameters of shear-driven non-equilibrium MD simulation

Deforming speeds Shear rates Simulation length
(nm/ns) (ns−1) (ns)

0.5 0.03 600
1.0 0.06 400
2.0 0.13 200
4.0 0.25 100
8.0 0.51 100
10.0 0.63 50
15.0 0.95 50

which integrates the Lees-Edwards boundary condition, to compute the viscosities of lu-
bricin fragments under shear flow using the box deformation method. Since the initial sys-
tems were derived from the last conformation of the previous simulation, which was in
equilibrium MD, we only repeated the equilibration step in the NPT ensemble to be sure
our systems are fully equilibrated. The solvent underwent relaxation in the NPT ensemble
at 1 atm with the Parinello–Rahman barostat [132] for 4 ns, using a coupling constant of
2.0 ps and a reference compressibility of 4.5×10−5 bar−1. Throughout both equilibration
stages, a harmonic force (with an elastic constant of 1000 kJmol−2) was applied to restrain
the position of all heavy atoms.

In the box deformation method, the use of the NPT ensemble is not feasible. Instead,
we employed the NVT ensemble for production runs, applying the Lees-Edwards bound-
ary condition and releasing position restraints on heavy atoms. During production runs, the
velocity rescale thermostat was exclusively used to ensure a constant temperature. Electro-
static interactions were taken into account in our simulations by the Particle Mesh Ewald
algorithm [125]. Short-range interactions were simulated using a Lennard Jones potential,
with the calculations limited at a cutoff distance of 1.0 nm. Constraints were applied to
bonds involving hydrogen atoms within the fragments, and this was achieved through the
utilization of the LINCS algorithm [173]. The Verlet Buffer was employed to manage neigh-
bors, incorporating a tolerance of 0.005 kJmol−1 ps−1. Updates to neighboring interactions
were executed at regular intervals, precisely every 10 steps. The numerical integration of the
equations of motion was accomplished using the Leap Frog algorithm, employing discrete
time steps set at 2 fs.

For each of the five different systems outlined in Table 4.1, we subjected them to seven
distinct shear rates, with three replicas conducted for each shear rate. The duration of the
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simulations ranged from 50 to 600 ns, varying based on the applied shear rate. To achieve
these shear rates, we employed seven distinct deforming speeds: u = 0.5, 1.0, 2.0, 4.0, 8.0,
10.0, and 15.0 nm/ns. Additionally, the h value was maintained at 15.9±0.1 nm across all
systems. Further details can be found in Table 4.2. Upon completion of the simulations, we
obtained the pressure elements Pxz using the GROMACS tool, gmx energy. The ensemble
average pressure elements ⟨Pxz⟩ were computed using Python. Subsequently, employing
Equation 4.2, we calculated the viscosity for each system.

4.2.3 Zero shear viscosity

In NEMD simulations, calculating viscosities at extremely low shear rates is highly chal-
lenging due to the significant time investment. To bridge the gap between experimental
studies (typically below 105s−1) and our simulations, we focused on determining the zero
shear viscosity (η) of lubricin. This parameter represents a fluid’s resistance to flow in the
absence of applied shear stress, providing insights into the impact of O-glycans on viscoelas-
tic behavior, particularly at low shear rates.

Here, we computed the zero shear viscosity (η) using equilibrium MD simulations and
the Green-Kubo method [147–149]. This method necessitates an equilibrium MD simula-
tion under periodic boundary conditions, where viscosity is determined by analyzing time-
dependent stress fluctuations. Mathematically, viscosity is obtained by integrating the au-
tocorrelation function (ACF) of the pressure tensor components over time, as expressed in
the following equation [145,149]:

η = lim
t→∞

η(t) =
V

kBT
lim
t→∞

∫ t

0
⟨Pαβ (t) ·Pαβ (0)⟩dt, (4.3)

where, η , V , kB, T , Pαβ , and t represent the viscosity, system volume, Boltzmann con-
stant, temperature, components of the pressure tensor, and time, respectively. The term
⟨Pαβ (t) · Pαβ (0)⟩ measures the ensemble average of the autocorrelation function (ACF)
of the pressure tensor elements, where α and β can take values x, y, or z. In our cal-
culation for better accuracy, we considered all six independent diagonal and off-diagonal
components of the pressure tensor (Pαβ = Pxy, Pxz, Pyz, (Pxx −Pyy)/2, (Pxx −Pzz)/2, and
(Pyy −Pzz)/2) [150, 151]. Figure 4.3 illustrates these three steps.

Upon analyzing the results of non-zero viscosities, the systems with 73 and 101 non-
glycosylated chains are expected to have a high zero shear viscosity. Given that the Green-
Kubo method is particularly effective in fluids with relatively low viscosity, typically below
20 mPa∙s [144, 193], we decided to exclude non-glycosylated systems with medium and
high mass density from this calculation, as their expected viscosity was anticipated to be
high. Therefore, we selected three specific systems: 30 non-glycosylated (w.o.), 30 medium
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A B C

Figure 4.3. Zero shear viscosity calculation using the Green-Kubo method. A. Pressure
components (Pαβ ) were extracted from equilibriumMD simulations. From each simulation,
we have six different components, and here, the time-trace of one component is shown. B.
From the six pressure components, the average autocorrelation is computed for each inde-
pendent simulation. C The zero shear viscosity is determined from the average autocorrela-
tion of all pressure components using Equation 3 (refer to methods). Zero shear viscosity is
derived by solving equation 4.3 of averaged the autocorrelation of all pressure components.
The gray curves depict the viscosities of all 50 independent replicas, and the black curve
represents the overall average. The viscosity is extracted from the plateau-highlighted re-
gion, with values reported as the average ± standard error.

glycosylated (w.), and 30 highly glycosylated (w.+) systems to determine the zero shear
viscosities.

For equilibration, as the initial configurations were derived from the final conformation
of the equilibrium MD simulations of multi-chains, we skipped energy minimization and
NVT ensemble considerations. However, to ensure a fully equilibrated system, we con-
ducted two prolonged simulations (each lasting 2000 ns) for each system within the NPT
ensemble. Under the NPT ensemble, periodic boundary conditions were applied, and po-
sition restraints on heavy atoms were released. The velocity rescale thermostat and the
Parrinello-Rahman algorithm were employed during production runs to maintain a constant
temperature and pressure. Electrostatic interactions were considered in our simulations us-
ing the ParticleMesh Ewald algorithm [125]. Short-range interactions were modeled using a
Lennard Jones potential, with calculations limited to a cutoff distance of 1.0 nm. Constraints
were applied to bonds involving hydrogen atoms within the fragments, achieved through the
utilization of the LINCS algorithm [173]. The Verlet Buffer was utilized to manage neigh-
bors, with a tolerance of 0.005 kJmol−1 ps−1. Updates to neighboring interactions were
performed at regular intervals, precisely every 10 steps. The numerical integration of the
equations of motion was accomplished using the Leap Frog algorithm, employing discrete
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time steps set at 2 fs.

We computed the viscosity, by extracting 25 conformations at 8 ns intervals from the
last 200 ns of each of the two 2000 ns equilibrium simulations. This resulted in a total of
50 extracted conformations for each of the three systems under consideration. To initiate
the equilibration of these configurations, a 2 ns NPT ensemble simulation was conducted.
Subsequently, production run simulations were executed in the NVT ensemble, spanning a
duration of 20-100 ns for each configuration, with the objective of obtaining the zero shear
viscosity. In these production run simulations, only the velocity rescale thermostat and peri-
odic boundary conditions were applied. To ensure a reliable estimate of the autocorrelation
function (ACF) due to the high fluctuations of the pressure tensor, the pressure tensor com-
ponents were recorded with a higher output frequency of 10 fs. Subsequently, the ACF
(Figure 4.3B) was computed using the pressure elements. For each of the 50 independent
simulations, the zero shear viscosity (η) was determined by averaging the results of the six
distinct pressure components and solving equation 4.3. The final viscosity of each lubricin
system was obtained from the average over the 50 values (Figure 4.3C).

4.3 Results

The results of this study can be categorized into twomain sections: viscosity and rheological
properties of lubricin systems under external shear stress. In this section, we will initially
focus on the viscosity of lubricin and investigate howO-glycans can alter the viscosity of lu-
bricin. First, we compute the viscosity of water to validate our methodology. Subsequently,
we explore the rheological changes in lubricin under external shear stress with different
shear rates. This investigation involved the calculation of various parameters, including the
radius of gyration, end-to-end distance, solvent-accessible surface area (SASA), nematic
order, and the P2 value.

4.3.1 Viscosity of pure water

To validate our simulation protocol, we examined the viscosity of TIP4P-D water molecules
[165], which was used throughout our simulations. Due to the Newtonian behavior of water,
i.e. its viscosity does not depend on the applied shear, we anticipated a constant value for
both zero shear or under sheared conditions.

Given the relatively short simulation time required for water systems and our interest
in understanding the impact of system size, we opted for various box sizes: 3×3×3, 4×4×4,
5×5×5, and 6×6×6 nm. These boxes were filled with TIP4P-D water molecules, and fol-
lowing equilibration processes (energy minimization, NVT, and NPT), five independent
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Figure 4.4. Zero shear viscosity of TIP4P-D water molecules. To determine the zero
shear viscosity of TIP4P-D water molecules, four different simulation boxes were selected,
and five independent simulations were conducted for each system. The zero shear viscos-
ity was calculated by solving Equation 4.3 using the autocorrelation of three off-diagonal
pressure components (gray curves). The black curve represents the overall average. The
viscosity values are extracted from the plateau-highlighted region, with reported values as
the average ± standard deviation.
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Table 4.3. Viscosities obtained for water at the indicated shear rates. For comparison ex-
perimental value and previous estimates are also shown.

Shear velocity Shear rate Viscosity
(nm/ns) (ns−1) (mPa·s)

10 2.48 0.74 ± 0.03
8 1.99 0.76 ± 0.08
4 0.99 0.99 ± 0.29
2 0.50 0.68 ± 0.17
1 0.25 0.95 ± 0.42

Experimental data [194] 0 0.69
Computational data [195] 0 ∼ 0.9 ± 0.1

replicas were conducted for each system, each lasting 10 ns. Due to the simplicity of the
water system, we used only three off-diagonal components of the pressure tensor (Pxy, Pxz,
Pyz) to calculate viscosity. Figure 4.4 illustrates the temporal evolution of viscosities for
each system. We obtained 0.76 ± 0.04, 0.74 ± 0.04, 0.77 ± 0.03, and 0.77 ± 0.01 mPa∙s
for the zero shear viscosity of the 3×3×3, 4×4×4, 5×5×5, and 6×6×6 boxes, respectively.

In the next step, to calculate non-zero shear viscosities, an 8×4×4 nm3 box was filled
with 4300 TIP4P-D water molecules. We selected five different shear rates (Table 4.3),
and for each rate, three simulation replicas were conducted. To equilibrate, all systems
underwent energy minimization, NVT, and NPT ensembles. Finally, for the shearing part,
simulations were conducted in the NVT ensemble at a temperature of 310 K, following the
same simulation protocol as explained in Section 4.2.2. After finishing the simulation, we
calculated the viscosities using pressure elements and Equation 4.2. Table 4.3 shows the
viscosity for each shear rate.

Our results affirm the anticipated Newtonian behavior of the water system, demonstrat-
ing that the viscosity remains unaltered under shear stress. Furthermore, the viscosities
obtained from our simulations closely align with both experimental values [194] and other
computational results [195]. This outcome validates our simulation protocol. It also estab-
lishes a reference for evaluating the viscosity of systems containing lubricin fragments.

4.3.2 O-glycans decrease viscosity of lubricin

After validation of our simulation protocol to compute the viscosity, we proceeded with
the calculation of the viscosity for systems containing O-glycosylated lubricin fragments
(Figure 4.5).
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We obtained the zero shear viscosity for three systems (with 30 chains, N=30), as de-
picted in Figure 4.5A, B, and C. Each figure shows the viscosities of 50 different replicas
in grey, with the overall average presented in black. The final viscosity value was selected
based on the point where the average curve reached a plateau state. The vertical grey column
indicates the region used to calculate viscosity. Notably, in these three cases, the systems
had 30 chains with the same molar mass but varied in glycosylation level and mass density.
An increase in glycosylation level or mass density necessitated a longer simulation time to
reach the plateau state.

For non-zero shear viscosities, for all considered systems, the box deformation method
induced a linear velocity profile (Figure 4.2B). Viscosities could then be calculated from
the resulting terminal velocities using Equation 4.2. Figure 4.5D presents the viscosities
under various shear rates. To provide an overall context, results from zero shear viscosity
and water (in grey color) viscosities are also included. Here, Carreau and Power-law fits
were employed to describe the shear rate dependence of the system [196,197].

Figure 4.5D presents the viscosities of both water andmulti-fragment lubricin systems at
zero shear and various shear rates. In the case of the pure water system, viscosities exhibit an
independent response to external shear stress, aligning with the expected behavior of New-
tonian fluids where viscosity remains unchanged in the presence of shear. These viscosities
are consistent with previous studies [194,195]. However, unlike the water system, there is a
non-Newtonian and shear-thinning behavior for all systems containing lubricin fragments.
This indicates that the viscosity of these systems changes with each shear rate, decreasing
from zero to high shear rates. In general, lubricin systems present higher viscosity values
compared to pure water systems, indicating that they are more viscous.

In the context of lubricin systems, viscosities exhibit variations at different shear rates, in
contrast to the behavior observed in pure water. As the shear rate increases, the calculated
viscosity decreases, signifying a shift towards a non-Newtonian regime characterized by
shear-thinning behavior. Additionally, the response of viscosity to shear shows significant
variations across different systems. Both the level of glycosylation and mass density play a
crucial role in altering the viscoelastic properties of lubricin. These findings highlight that
an increase in protein mass density corresponds to an elevation in viscosity, as evident in the
comparison of curves representing different densities (indicated by various colors). More-
over, the results indicate that glycosylation contributes to a reduction in viscosity. Within
the same mass density, glycosylated systems (orange and green solid lines) exhibit lower
viscosity compared to their non-glycosylated counterparts (dashed lines). Additionally, gly-
cosylation decreases the shear-thinning behavior of the system. That is, in both highly and
medium glycosylated systems, the slope in the viscosity-shear curve is lower than that of
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Figure 4.5. Viscosity and shear thinning behavior of lubricin multi-fragments. Zero
shear viscosity of 30 non-glycosylated (A), 30 medium glycosylated (B), and 30 highly gly-
cosylated (C) fragments is obtained using theGreen-Kubomethod. The black curve displays
the average of 50 independent replicas for each system. Additional technical details can be
found in section 4.2.3. (D) Non-zero shear viscosities of lubricin fragments were obtained
from shear-driven non-equilibriumMD simulations (see more details in section 4.2.2). Five
systems were selected with different glycosylation levels and mass densities. Open symbols
(w.o) represent non-glycosylated systems with varying mass densities, while closed sym-
bols (w. and w.+) denote glycosylated systems. TIP4P-D water viscosity is also displayed
in grey for comparison.

62



their non-glycosylated counterparts.

In this section, we explored how O-glycans impact the viscoelastic behavior of lubricin.
Our investigation revealed that systems containing glycosylated lubricin fragments display
a strong shear-thinning behavior and changes in mass density and glycosylation level sig-
nificantly alter such behavior. To explore deeper into the molecular mechanisms underlying
these viscosity modifications, we examined various rheological properties of lubricin frag-
ments. In the following section, we elucidate how shear stress and glycosylation dynami-
cally influence the viscosity of lubricin.

4.3.3 Structural changes of lubricin under shear stress

Having established the influence of O-glycans on the viscosity and shear-thinning behavior
of lubricin fragments, we proceeded to investigate the molecular factors underlying these
alterations. Our analysis centered on specific structural characteristics within these mix-
tures, delving into aspects such as elongation, aggregation, and alignment responses of the
lubricin fragments when subjected to external shear stress.

Elongation

To assess the elongation of individual chains, we computed the radius of gyration. In Fig-
ure 4.6A, the impact of the shear on the Rg is illustrated. Under zero shear viscosity and
in the same molar mass (N=30), glycosylation increases the Rg of the system, while an in-
crease in mass density for non-glycosylated systems results in a lower Rg. After applying
external shear stress to the systems, all chains adopt more elongated conformations, and an
increase in shear rate induces a further increase in Rg indicating that the chains adopt more
elongated conformations under shear stress. Highly and medium glycosylated systems have
higher Rg than non-glycosylated systems. Due to the influence of external shear flow, chains
exert force on each other, compelling alignment along the shear flow, which results in non-
glycosylated systems with higher mass density exhibiting a higher Rg compared to zero
shear rate conditions. Note that other elongation metrics, such as the end-to-end distance
(Figure 4.6B), extension along the flow direction (Figure 4.6C), and hydrodynamic radius
(Figure 4.6D) further support the findings of Rg.

In summary, at zero shear rate, the elongation properties of lubricin fragments are signif-
icantly influenced by mass density and glycosylation. Glycosylation enhances elongation,
while an increase in mass density in non-glycosylated systems leads to more compact frag-
ments. Under shear stress, elongation is determined by both mass density and glycosylation
level. In systems with the same mass density, glycosylation extends the fragments, causing
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them to become more expanded—an effect attributed to the electrostatic repulsion between
negatively-charged sugars. Interestingly, non-glycosylated systems lack this repulsion, yet
mass density still regulates the system’s response to shear stress.

Aggregation

In the subsequent analysis to comprehend the influence of glycosylation on the aggregation
tendency of lubricin systems, we computed the solvent-accessible surface area (SASA) for
both glycosylated and non-glycosylated systems under various shear stresses. Figures 4.7A
and B illustrate the results of SASA for the entire protein conglomerate and individual
chains, respectively. Glycosylation primarily regulates the SASA of lubricin fragments,
with an increase in glycosylation level corresponding to an increase in the SASA of chains
(Figure 4.7A). In non-glycosylated systems, an increase in mass density does not alter the
SASA of individual chains, consistent with the results for individual chains. For both gly-
cosylated and non-glycosylated cases, shear stress induces a small increase in SASA, but an
increase in shear rate does not impose any significant changes in SASA.

However, for the SASA of the entire system (Figure 4.7B), an increase in mass density
results in a higher value for SASA. In systems with the same mass density, non-glycosylated
systems exhibit a higher value of SASA due to the greater number of chains in the system
(101 and 73 compared to 30 chains). Another significant result from this figure is the change
in SASA for non-glycosylated systems, which is not observed in glycosylated systems. In
high mass density systems, shear stress increases the SASA of the entire system.

Subsequently, to investigate and comprehend the aggregation tendencies of the systems,
we calculated the ratio of the SASA of the entire protein conglomerate to the sum of the
SASA of each individual chain (Equation 2.21). Figure 4.7C illustrates the impact of shear
stress on aggregation and the interaction behavior of the lubricin mixtures. Here, when the
value of the ratio is equal to 1, it indicates complete dissociation of the chains, implying
non-interaction. Conversely, a lower value approaching 0 suggests a higher degree of as-
sociation among the chains, indicating the formation of a condensed or aggregated state
(additional details are provided in section 2.3.3). In non-glycosylated systems, changes in
mass density influence the aggregation and intermolecular interactions between fragments.
As the mass density increases, chains tend to aggregate and exhibit more interactions. How-
ever, in glycosylated systems at the same mass density as non-glycosylated systems, there
are no significant changes. This implies that glycosylated systems remain dispersed, and
increasing their mass density does not lead to increased aggregation. Another noteworthy
result is the distinct response of glycosylated and non-glycosylated mixtures to shear. In all
cases, after the imposition of shear stress, there is an increase in aggregation or intermolecu-
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w.o. glycans ( = 67 kg/m³, N= 30)ρ
w.o. glycans ( =159 kg/m³, N= 73)ρ
w. glycans ( =161 kg/m³, N= 30)ρ
w.o. glycans ( =227 kg/m³, N=101)ρ
w.+ glycans ( =231 kg/m³, N= 30)ρ

Figure 4.6. Impact of shear stress on the elongation of lubricin fragments. Radius of
gyration (A), end-to-end distance (B), extension along shear flow (C), and hydrodynamic
radius (D) as a function of shear rate (γ̇). Symbols represent data obtained from Equilibrium
(zero shear rate) and shear-driven non-equilibrium (non-zero shear rates) MD simulations
(average ± standard error, n = 4). These five different systems have varying mass density
and glycosylation levels. Dashed lines represent non-glycosylated systems (w.o.), while
solid lines indicate glycosylated ones (medium glycosylated: w. and highly glycosylated:
w.+). The same color indicates the same mass densities.
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lar interactions between fragments. However, non-glycosylated chains tend to disaggregate
and have fewer interactions with increasing shear stress. Conversely, glycosylated systems
display insensitivity to shear, and their aggregation tendency remains unchanged.

Alignment

For further investigation, we explored the alignment of lubricin fragments with different gly-
cosylation levels andmass densities. This involved computing both the Nematic Correlation
Function (NCF) and the ordering parameter (P2 value). These parameters offer insights into
how the fragments align relative to other chains. The NCF tracks the coordinated orientation
of all chains, considering their radial distribution function (refer to section 2.3.4 for details).
The P2 value quantifies the orientational order in a system and provides information about
the bulk alignment (see section 2.3.5).

Figure 4.8 depicts theNematic Correlation Function (NCF) for all systems across various
shear rates, where values of 0.5 and 1 represent fully random and fully aligned chain config-
urations, respectively. This figure shows that external shear stress enhances the alignment
of chains in all cases, indicating an increased alignment with higher shear rates. In non-
glycosylated systems, mass density significantly influences fragment alignments, resulting
in a higher degree of alignment at increased density. This effect is observed both locally,
considering first-neighbor chains (depicted in the grey column), and for distant chains (illus-
trated by purple double-headed arrows). On the other hand, in glycosylated systems, mass
density does not significantly alter alignment properties for distant chains, but it contributes
to higher alignment at short distances. Glycosylation itself does not have discernible effects
on the alignment of systems. However, it can influence the first-neighbor distance of chains
or create more spacing between these chains due to the presence of bulky glycan side chains.

In the subsequent analysis to scrutinize the alignment of lubricin fragments more closely,
we divided the NCF into short (d < 4nm) and long (d > 4nm) distances. Figure 4.9A
and 4.9B illustrate the short and long alignment of different systems under various shear
rates, respectively. In both cases, shear rates enhance chain alignment. For short-range
alignment, the alignment of non-glycosylated systems increases with mass density, while
glycosylated systems exhibit lower values of NCF compared to their counterparts. In the
long range, it is evident that mass density regulates the alignment and orientation of sys-
tems, while glycosylation does not play a significant role. The results from the P2 value of
the ordering parameter in Figure 4.9C align well with the results of NCF in the long range,
indicating the substantial influence of mass density on the alignment of lubricin fragments.
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w.o. glycans ( = 67 kg/m³, N= 30)ρ
w.o. glycans ( =159 kg/m³, N= 73)ρ
w. glycans ( =161 kg/m³, N= 30)ρ
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C

Figure 4.7. Impact of shear stress on the aggregation and interaction of the lubricin
fragments. The averaged SASA of individual fragments (A) and the sasa of whole chains
altogether (B), as a function of shear rate (γ̇), are calculated for five different systems. C.
Aggregation tendency (Stot/∑Si) is obtained by using equation 2.21 Symbols represent data
obtained from Equilibrium (zero shear rate) and shear-driven non-equilibrium (non-zero
shear rates) MD simulations (average ± standard error, n = 4). Dashed lines represent non-
glycosylated systems (w.o.), while solid lines indicate glycosylated ones (medium glycosy-
lated: w. and highly glycosylated: w.+). The same color indicates the same mass densities.
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Figure 4.8. Impact of shear stress on the alignment of lubricin fragments. Nematic
Correlation Function (NCF) depicting the alignment of non-glycosylated (top row) and gly-
cosylated (bottom row) systems with different mass concentrations (columns) as a function
of radial distance. Distinct shear rates are represented by different colors, from yellow to
black. An NCF value of 0.5 signifies a random chain orientation, while 1.0 indicates full
alignment. The gray area corresponds to the region of nearest neighbors, displaying height-
ened alignment.
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Figure 4.9. short and long range alignment of lubricin fragments. The NCF of short
distances (A), long distances B ans also p2 value of ordering parameters C as a function of
the radial distance. Symbols represent data obtained from Equilibrium (zero shear rate) and
shear-driven non-equilibrium (non-zero shear rates) MD simulations (average ± standard
error, n = 4). Dashed lines represent non-glycosylated systems (w.o.), while solid lines
indicate glycosylated ones (medium glycosylated: w. and highly glycosylated: w.+). The
same color indicates the same mass densities.
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4.3.4 Viscosity and structural characteristics

Having analyzed the structural changes of lubricin in detail, we next asked which of these
structural properties can explain the change in viscosity across shear flow. We assessed the
viscosity ratio between glycosylated and non-glycosylated systems (η(w.)/η(w.o.)) and
compared it with the ratios of the radius of gyration (Figure 4.10A), solvent-accessible sur-
face area (Figure 4.10B), and nematic order parameter (Figure 4.11) between glycosylated
and non-glycosylated systems (X(w.)/X(w.o.)).

Figure 4.10C-D and Figure 4.11C-D illustrate the relationship between viscosity and
structural properties in both the medium (green) and high (orange) mass density regimes.
These results emphasize a linear correlation with the aggregation or inter-chain interactions
of lubricin fragments. This correlation is much weaker for other structural observables.
Therefore, the shear-thinning behavior of lubricin fragments is more correlated with the
clustering of chains than with other structural properties. Thus, in conclusion, shear thinning
can be explained by that lubricin aggregates less when exposed to higher shear. In addition,
the response of lubricin multi-chain system to shear stress is significantly influenced by both
the protein density and the level of glycosylation. We can also conclude that this tendency
to cluster is not only shear-dependent but also strongly altered by protein density and the
level of glycosylation.

4.4 Discussion

In this chapter, we investigated how O-glycans influence the viscoelastic and rheological
properties of multi-chain systems consisting of lubricin fragments. To assess the viscosity
response to shear, we employed both equilibrium and non-equilibrium MD simulations to
calculate the viscosity at zero and non-zero shear rates. For obtaining zero shear viscosity,
the Green-Kubo method was utilized in equilibrium MD simulations. On the other hand, to
determine the viscosity of lubricin systems under varying shear rates, we employed the box
deformation method in shear-driven non-equilibrium MD simulations. To investigate the
impact of lubricin and its glycosylation on medium viscosity, we opted for a computation-
ally efficient strategy. Rather than examining the entire disordered region, comprising 800
amino acids and 185 glycans, we concentrated on short glycosylated fragments extracted
from it. This approach enables the replication of lubricin content in a compact volume unit,
marking a promising initial step in this research direction. A key finding of our investigation
is that O-glycans have the capacity to decrease viscosity and mitigate shear thinning behav-
ior in systems when compared to their non-glycosylated counterparts with the same mass
density. Our results indicate that the presence of bulky side chains of O-glycans, influenced
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Figure 4.10. Rheological properties and viscosity of lubricin fragments. A. Radius
of gyration (Rg) and B. aggregation tendency (Stot/∑Si) of medium (green) and highly
(orange) glycosylated systems and their non-glycosylated counterparts as a function of shear
rate (γ̇). Symbols represent data obtained from equilibrium (zero shear rate) and shear-
driven non-equilibrium (non-zero shear rates) MD simulations (average ± standard error,
n = 4). Dashed lines represent non-glycosylated systems (w.o.), while solid lines indicate
glycosylated ones (medium glycosylated: w. and highly glycosylated: w.+). The same
color indicates the same mass densities. C-D. The viscosity ratio η(w.)/η(w.o.) is plotted
against the ratio of radius of gyration and aggregation tendency. Correlation coefficients (r)
are shown for each dataset.
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Figure 4.11. Alignment properties and viscosity of lubricin fragments. Nematic cor-
relation function in short (d < 4 nm) (A) and long (B) distance as a function of shear rate
(γ̇) in both the medium (green) and high (orange) mass density regimes. Symbols represent
data obtained from equilibrium (zero shear rate) and shear-driven non-equilibrium (non-zero
shear rates) MD simulations (average ± standard error, n = 4). Dashed lines represent non-
glycosylated systems (w.o.), while solid lines indicate glycosylated ones (medium glycosy-
lated: w. and highly glycosylated: w.+). The same color indicates the same mass densities.
C-D. The viscosity ratio η(w.)/η(w.o.) is plotted as a function of the ratio X(w.)/X(w.o.),
with X = NCFmax, i.e. the maximum of the NCF, at short-range (C) and the long-range (D)
separations. Correlation coefficients (r) are shown for each dataset.
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by steric and electrostatic interactions, reduces the aggregation tendency. This reduction in
aggregation tendency contributes to a weakening of the shear-thinning behavior in response
to external shear stress.

To validate our viscosity protocol, we initially calculated the viscosities of a pure water
system. Figure 4.5D illustrates that the viscosity of water remains independent of external
shear stress and exhibits consistency. This outcome aligns well with the expected Newto-
nian behavior of water systems. Furthermore, the computed viscosity values for water are
in agreement with experimental data [198] and another computational model [195]. Con-
sequently, the TIP4P-D water model [165] proves to be a suitable choice for investigating
IDPs and their viscosity.

To evaluate the viscosity of lubricin fragments, we employed both equilibrium and shear-
driven non-equilibrium MD simulations. For non-zero shear viscosities and to achieve a
linear velocity profile representative of Couette shear flow, we applied the box deformation
method along with Lees-Edwards periodic boundary conditions [135]. The GROMACS
package [172], specifically the GROMACS-2023-dev version (GROMACS-2023-dev ver-
sion), which incorporates these methods, was utilized for our simulations (see section 4.2.2).
This method offers ease of setup compared to alternatives, such as systems with two moving
walls. Additionally, it aligns more closely with biological or experimental settings, where
walls are typically absent. Figure 4.2B depicts the velocity profile obtained from our simula-
tions and confirms that this methodology is capable of reproducing sustained planar Couette
flows. However, there are limitations to this method. Due to the need for extended simu-
lation times, especially for large systems, and the requirement for substantial deformation
velocities to achieve a linear velocity profile, it becomes challenging to compute viscosities
at small shear rates. To overcome this limitation, EMD simulations and the Green-Kubo
method [145,199] can be employed. In this method, viscosity at zero shear can be obtained
from the autocorrelation of pressure tensor components, as detailed in Section 4.2.3. These
methods help bridge the gap between experimental observations [200] and our shear-driven
non-equilibriumMD simulation results. Nevertheless, this method is only applicable to sys-
temswith a zero shear viscosity below 20–30mPa.s [144,193]. Therefore, we employed this
approach exclusively for systems expected to exhibit low viscosity values, such as medium
and highly glycosylated systems and the dilute system of non-glycosylated ones.

Lubricin is known to play a crucial role in providing effective lubrication in synovial
joints [9, 11–13, 45]. Our findings reinforce this by revealing that O-glycans, through their
steric and electrostatic interactions, contribute to reducing the viscosity of lubricin. The
viscosity results obtained for lubricin fragments closely align with those reported in exper-
imental studies conducted by Ludwig et al. [200]. Furthermore, our simulations confirm

73

https://gitlab.com/gromacs/gromacs/-/merge_requests/3141
https://gitlab.com/gromacs/gromacs/-/merge_requests/3141


a Newtonian behavior in pure glycosylated lubricin, consistent with experimental observa-
tions [200]. However, there are minor discrepancies between our estimates for glycosylated
systems and the experimental results. One contributing factor is our focus on small lubricin
fragments, while the experimental study considered the entire chain. This discrepancy may
result in some entanglement or surface attachment of lubricin proteins in the experimental
setting, which is not captured in our study, where all fragments are fully unentangled. Ad-
ditionally, there is a difference in the mass density of proteins; in our study, mass densities
(ranging from 60 to 230 kg/m3) are at least 500 times higher than the experimental protein
density [200]. A potential solution to address these differences and enhance accuracy is to
employ a coarse-grained model of lubricin and consider the entire chain in future investi-
gations. However, as mentioned in Chapter 3, the utilization of the coarse-grained model
in Martini3 necessitates the parameterization of glycans. This is essential due to the current
lack of appropriate and well-defined parameters for glycans in the force field.

Our findings demonstrate that O-linked glycosylation plays a crucial role in regulat-
ing viscoelastic behavior of lubricin under different shear stresses. To understand how O-
glycans impact the viscosity and shear-thinning response of lubricin fragments at the atom-
istic level, we examined the elongation, aggregation, and alignment of lubricin fragments
under various shear stresses. The presence of glycans prevents the formation of conglom-
erates, likely due to steric and electrostatic repulsion between fragments. This leads to in-
creased inter-fragment spacing, accommodating water, and reduced intermolecular interac-
tions. In contrast, non-glycosylated systems form conglomerates with limited water spac-
ing and pronounced intermolecular interactions after shear stress-induced extension (Fig-
ure 4.10D). Intriguingly, neither the elongation (Figure 4.10A) of the chains nor their align-
ment (Figure 4.11C, D) directly correlates with this mitigation. Overall, the reduction in
viscosity due to shear is suggested to be linked to the amount of space between chains avail-
able to the solvent. It is plausible that other highly glycosylated systems, such as mucin or
aggrecan, exhibit a similar behavior when subjected to shear [201, 202]. In our study, we
demonstrated that lubricin, particularly through its O-glycans, has the capacity to decrease
the viscosity of synovial fluid.

It is important to recognize that effective lubrication in joints is a intricate interplay
involving various components, including both cartilage and synovial fluid. Furthermore,
the rheological properties and surface characteristics of cartilage can exert a significant in-
fluence on lubrication, especially in boundary conditions. To gain a more comprehensive
understanding of the precise mechanisms governing joint function, further research becomes
essential. These systems could consider longer lubricin chains and other synovial compo-
nents, such as hyaluronic acids, known to impact fluid viscosity [200]. Additionally, incor-
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porating boundary effects like surface attachment [42] would enhance the realism of such
simulations.
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5
Conclusions and future
perspectives

Lubricin is an essential constituent of synovial joints, whose function is to act as lubricant
within joints. It is a multi-domain protein connected by a long intrinsically disordered glyco-
sylated region. The O-glycans are believed to play a pivotal role in the lubrication function
of this protein, by reducing the viscosity in a shear-dependent fashion [12–14, 68, 83–85].
However, the molecular mechanism underlying this response has remained largely unkown.
The main goal of this thesis was to elucidate the molecular mechanisms underlying the lu-
brication response of lubricin, particularly focusing on the role of the glycans.

To attain this objective, this dissertation comprised two main parts. In the first part, we
delved into modeling glycosylated lubricin fragments, at an atomistic level of resolution,
considering an appropriate molecular interaction force field for intrinsically disordered gly-
coproteins, which could subsequently be utilized in equilibrium Molecular Dynamics sim-
ulations. Lubricin, with approximately 1400 amino acids and 185 O-glycans [69], is a large
and complex protein. Due to computational constraints, we selected smaller fragments of
lubricin to make the simulations feasible, focusing on representative segments that encap-
sulate the essential physicochemical features of the entire structure. Then, we generated
six different glycosylation fragments for each segment using the Monte Carlo sampling ap-
proach. Accordingly, we systematically explored the influence glycans had on the structure
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of lubricin fragments. In the second part of our investigation, we focused on evaluating
the viscoelastic properties of systems containing lubricin. This involved employing both
the Green-Kubo [147–149] and box deformation [146, 152, 153] methods, respectively, to
determine the viscosity of the medium in response to shear, the glycosylation and density of
lubricin. Through these approaches, we aimed to unravel the intricate interplay of lubricin
and its O-glycans, shedding light on their collective role in determining the viscoelastic
behavior of synovial fluids.

First, we investigated the influence of O-glycans on the structural properties of single-
chain short lubricin fragments, capturing the essential physico-chemical ingredients of its in-
trinsically disordered region, such as proline content, charged, hydrophilic, and glycosylated
residues (chapter 3). Through the calculation of different structural indicators, including the
radius of gyration, end-to-end distance, solvent-accessible surface area (SASA), and persis-
tence length, we we demonstrate that O-glycans have the potential to expand the structure of
lubricin. Specifically, a higher abundance of glycans correlated with a more elongated struc-
tures. Glycans contribute to an increased exposure of lubricin to the surrounding solution
molecules, by steric and electrostatic repulsion. The presence of O-glycans also increased
the persistence length of the fragments, thereby indicating these type of carbohydrates have
an impact increasing the stiffness of lubricin too.

In the second part of this thesis (chapter 4), we focused on the viscosity a direct de-
scriptor of the viscoelastic behavior of lubricin, which connects with its main biological
function acting as lubricant. In this section, to validate our protocol for computing zero
shear viscosity and viscosities under different shear rates, we obtained the viscosity of pure
water. As anticipated, pure water exhibited a Newtonian behavior, i.e. the obtained vis-
cosities were independent of shear stress. Furthermore, the obtained value closely aligned
with experimental estimates [194] and other computational studies [195]. In particular, we
recapitulated the viscosity predicted for the TIP4P-D water model, the water model that we
used throughout this thesis and which has been specifically designed for the simulation of in-
trinsically disordered segments [165]. These findings provided confirmation of the validity
of our protocol to compute the viscosity. After confirming the validity of our protocol, we
proceeded to calculate the viscosity of different lubricin systems with varying levels of gly-
cosylation, as well as different molar and mass densities. Contrary to water, the presence of
glycosylated lubricin fragments induced a pronounced shear-thinning response. The results
revealed that glycosylation and mass density play a crucial role in regulating the viscosity.
An increase in mass density induced an elevation in system viscosity. However, under the
same mass density, O-glycans were found to attenuate the viscosity and shear-thinning be-
havior of the system compared to their non-glycosylated counterparts. To elucidate the exact
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mechanism behind this viscosity reduction, we examined various elongation, aggregation,
and alignment parameters of lubricin fragments. Our results indicate that the presence of
O-glycans prevents aggregation and reduces the interaction between chains. Additionally,
this leads to a more open space between chains, facilitating solvent molecule penetration.
We believe these physico-chemical structural features, that we unravel through this study,
give lubricin the ability to respond to external shear flows to thereby regulate the medium
viscosity and thereby influence the lubrication of the synovial joint.

Encouragingly, the viscosities we estimated for glycosylated systems are comparable
to the experimental results reported by Ludwig et al. [200]. However, it is important to
note that our study employed a higher density and shorter protein chains compared to the
experimental study. Despite these differences, we successfully captured the shear-thinning
behavior of the lubricin system.

It is essential to acknowledge that our study concentrated on small fragments of lubricin
and selected glycans, offering a limited perspective on the comprehensive mechanism be-
hind excellent joint lubrication. Effective joint lubrication is a synergistic outcome involving
contributions from both cartilage and synovial fluid components. Moreover, the rheology
and surface characteristics of cartilage play a pivotal role in influencing lubrication, espe-
cially in boundary conditions. Therefore, further research is imperative to achieve a compre-
hensive understanding of the precise mechanisms governing joint function. In the upcoming
section, we will outline some ideas and viewpoints to better understand how synovial joints
work.

Due to computational limitations, in our study, we focused on small parts of lubricin
that capture essential aspects of its structure. However, it is important to note that lubricin
has two globular end domains that could influence its overall structure. To fully understand
lubricin’s structure, we need higher-resolution methods (given its 1400 amino acids and 185
O-glycans [69]). While coarse-grained models like Martini3 [179] or one bead per amino
acid (CALVADOS [180, 181]) exist for disordered proteins, there is a lack of parameters
for glycans. Developing these parameters would enable a more comprehensive study of
lubricin’s complete structure. Moreover, this parameterization could help include other joint
components (like hyaluronic acid, aggrecan, collagen, etc.) in our analysis.

To enhance viscosity calculation, employing a coarse-grained approach allows us to
model the entire length of lubricin with all its glycans. This expanded scope facilitates vis-
cosity calculations at lower shear rates. Another avenue for refinement involves introducing
collagen or other cartilage components into the system [76–79]. Binding lubricin to these
components before subjecting them to shear flow can offer a more realistic simulation.

Moreover, including additional synovial joint components provides a comprehensive
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overview of the lubrication mechanism. Components such as hyaluronic acid and aggrecan
play crucial roles in joint function and should be considered for a more holistic understand-
ing [40, 50, 54, 55, 202].

The insights derived from this study significantly deepen our understanding of themolec-
ular intricacies of lubricin. These findings underscore the importance and impact of O-
glycans on lubricin, highlighting their crucial role in contributing to the proper lubrication
mechanism of joints. Moreover, the results shed light on the intricate interplay between lu-
bricin’s conformational dynamics and its vital role in finely modulating lubrication within
the complex context of synovial joints.
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