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Abstract

The structural protein collagen is often called the sca ol of multicellular life. From bone
and cornea to the extracellular matrix and basement membranes of our vascular system,
collagen is a key provider of structural support across a broad range of biological tissues.

The unique versatility of collagen as a structural protein is crucially aided by its ability
to undergo self-assembly into intricate hierarchical structures. The hierarchical aggregates
of collagen are characteristic in displaying various types of structural polymorphism. Yet,
the biological functions of collagen are dependent on the structural features of its specific
polymorphic aggregates.

The study of structural polymorphism of collagen constitutes the central topic of this
thesis. Throughout the main chapters of this work, we aim to gain understanding of the
physical interactions and mechanisms that govern the existence and competition between
di Lerent polymorphic aggregates of collagen. To that end, we focus on the self-assembly of
the smallest distinct unit in the collagen structural hierarchy - the microfibril.

Beginning with chapter 2, we show that the spatial organisation of interacting amino
acids on the collagen molecular surface is chiral. We then demonstrate that this 3-
dimensional spatial arrangement of amino acids is a crucial determinant of the structural
features of collagen microfibrils as well as their polymorphisms. Continuing with chapter 3,
we investigate the impact of ionic e [edts, namely pH and pKa on the aggregation of collagen
microfibrils. We demonstrate how the aforementioned parameters as well as specific amino
acid interactions stabilise di Lerent polymorphic aggregates of collagen under varying ionic
conditions. Finally, in chapter 4, we study the polymorphisms of fibrous long-spacing
(FLS) collagens. We determine the physical interactions that lead to their formation and
predict the 3-dimensional molecular organisation within FLS collagen microfibrils.
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1

Introduction

1.1 A BRIEF INTRODUCTION TO COLLAGEN

The name of the structural protein collagen is assembled from the Ancient Greek words
killa  (glue)and genc (forming), thus meaning glue-producing [14]. It is no
exaggeration to say that the etymology accurately re ects the role of collagen in the bodies
of living organisms as the biological glue that holds and connects them together. Collagen
is the principal organic component of bone, imbuing it simultaneously with sti ness and
toughness - a combination of mechanical properties that is often considered mutually
exclusive [101]. At the same time, collagen is a major component of cornea, the outer layer
of the eye, wherein it plays a vital role in maintaining both its shape and transparency for
incoming light [73]. Collagen is also an important constituent of the biological network that
surrounds cells - the extracellular matrix, in which it contributes to mediating cell activity
and metabolism by acting as a bridge between mechanical and biochemical signalling
pathways [31].

The unique structural versatility of collagen is attributed to its ability to aggregate
into intricate hierarchical structures [101]. Individual collagen molecules, which in the rst
approximation can be thought of as long aspect ratio, semi- exible cylinders of length
L  300nm and diameter 1:5nm, spontaneously self-assemble into cylindrically symmetric
collagen brils, which span roughly 10-100nm in diameter and at least several orders
of magnitude more in length [99]. Collagen brils in turn assemble into higher-order
hierarchical structures, which form the basis of biological tissues such as bone, cornea and
the extracellular matrix [101].

Since at least the 1950s, a number of experimental studies have aspired to understand
the structural versatility characteristic of collagen aggregates by studying the organisation
of collagen molecules inside brils [91]. As anyone working with collagen knows, collagen
brils famously display the D-banding pattern -a D  67nm periodic pattern of light and
dark bands running along the long axis of the bril (see top of Figure 1.1 and Figure 1.2B).

1



2 Chapter 1. Introduction

Figure 1.1: Hodge-Petruska scheme for a D-banded collagen micro bril. The negatively
stained TEM image adapted from [118].

These dark and light bands appear in TEM (transmission electron microscopy) images
with negative staining. To understand what the D-banding pattern conveys about the
molecular organisation of collagen inside brils, we need to brie y recap the use of TEM
for characterisation of biological tissues, which is accessibly detailed in [23]. TEM achieves
contrast through di erences in the electron scattering that arise from di erent portions of
the analysed sample. Parts of the sample that heavily scatter the incoming electrons then
appear darker than those that scatter more lightly. The elements comprising biological
samples typically scatter electrons equally weakly, leading to poor image contrast. As such,
staining agents which contain electron-dense elements (such as uranium or tungsten) and
thus lead to strong scattering, are added to increase the image contrast. With negative
staining, the stain is allowed to remain and dry in and around the specimen. This way,
the stain can penetrate the spatial vacancies or in other words gaps inside the sample,
creating a dark background in the image. On a few occasions, we will also reference positive
staining, during which the sample is washed with a solvent following exposure to the stain.
As a result, only the stain that reacts and binds to the sample is imaged (typically binding
to charged amino acids).

Having the fundamentals of TEM imaging down, we now proceed to interpret the
D-banding pattern in Figure 1.2B. This interpretation was rst given by Hodge & Petruska
in their seminal 1964 paper [90]. The authors proposed that collagen brils were comprised
of fundamental periodic subunits consisting of 5 collagen molecules, which are now known
as micro brils. A 2-dimensional scheme of a single periodic micro bril is shown in Figure
1.1. The micro bril is periodic in the sense that a given collagen molecule of length
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L  4:46D is succeeded in the axial direction by another collagen molecule following a gap
of size0:54D. Each periodic molecular array is then translated (staggered) in the axial
direction by the lengthscale D relative to its molecular neighbours, resulting in a series
of alternating gap and overlap regions that appear with axial periodicity corresponding
to the lengthscaleD. The gaps in the micro brillar structure are then interpreted to be
the sites that accumulate the electron-dense stain, hence giving the D-banding pattern
observed in TEM images.

Since the publication of Hodge & Petruska, multiple experimental studies found struc-
tural and mechanical evidence that supports the existence of 5-membered micro brillar
subunits in D-banded brils [83, 82, 43, 121]. Detailed X-ray scattering studies of micro b-
rillar structure by Orgel et al. [83, 82] have also revealed that collagen molecules inside a
micro bril do not appear as straight cylinders, as suggested by Figure 1.1. Instead, they
are supercoiled, meaning that the centrelines of the collagen molecules in a micro bril
follow a right-handed helical path. It should be mentioned, however, that despite all the
aforementioned experimental studies, isolated micro brils are yet to be experimentally
observed. Nevertheless, micro brils have come to be widely accepted as the fundamental
building block in the collagen structural hierarchy [82, 101, 10].

In the years following the work of Hodge & Petruska, it was increasingly realised that
D-banded brils are just one member of a large family of polymorphic aggregates that
collagen may form bothin vitro and in vivo under varying ionic and biological conditions
[120]. As can be seen in Figure 1.2, collagen brils may display a wide range of both axially
periodic and non-periodic morphologies. Figures 1.2A, D-F illustrate four types of brous
long-spacing (FLS) collagens, all of which are characterised by axial periodicities that
signi cantly exceed the lengthscaleD [22, 33]. This indicates that other stable periodic
axial molecular arrangements are possible in collagen aggregates. Figure 1.2C shows a
positively stained TEM image of segment-long-spacing (SLS) aggregates. The positive
staining pattern can be exactly matched to the distribution of charged amino acids in the
collagen sequence, leading to the conclusion that SLS aggregates are comprised of collagen
molecules arranged in-register, with no axial stagger [120]. Finally, Figure 1.2G shows
collagen brils that exhibit no periodic axial molecular order at all, demonstrating that
periodic molecular arrangement is not necessarily required for bril formation.

It is important to note that the majority of the aforementioned polymorphic collagen
brils forms in presence of additional charged molecular species, such as ATP (adenosine
triphosphate), chondroitin sulphate and proteoglycans among others [120]. This in turn
indicates that whilst collagen-collagen interactions may encode the diverse bril poly-
morphisms, additional interactions involving aforementioned charged molecular species
also play a crucial role. The exceptions to this rule are the D-banded brils, which form
spontaneously under physiological ionic conditions as well as the disordered brils in Figure
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Figure 1.2: Polymorphic collagen aggregates: (A). FLS ( brous long-spacing) | [22], (B).
D-banded [51], (C). SLS (segment-long-spacing) [120], (D). FLS IV [3], (E). Dispersed
FLS [33], (F). Compact FLS [33], (G). Disordered [51] . Image in panel (C) is obtained
using positively stained TEM. The remaining panels correspond to negatively stained TEM
images.

1.2G, which require acidic pH but otherwise form under the same experimental conditions
(see [51] for details).

As evidenced by Figure 1.2, collagen is a true polymorphic structure. Yet, the physical
properties of collagen-containing tissues, such as bone, cornea and the extracellular matrix
are crucially dependent on the speci c molecular organisation observed in D-banded brils
[30, 101]. This raises two crucial questions that we will return to repeatedly throughout this
thesis. (1). What physical interactions lead to the emergence of structural polymorphism
in collagen aggregates? (2). What physical mechanisms drive the competition between
polymorphic aggregates of collagen? We now proceed to outline the broad theoretical
approach that we take in tackling the aforementioned matters.

It would be a truly hopeless task to attempt to capture the complexity and diversity
of the entire collagen structural hierarchy, as such we will focus on its lowest rung - the
collagen micro bril. We will be interested in constructing a simple set of interaction
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potentials between collagen molecules that will then be used in an equilibrium micro bril
self-assembly model. Theoretical modelling of micro bril self-assembly is of utility for two
distinct reasons. Firstly, due to the relatively small system size, it is feasible to directly
link the physical interactions between collagen molecules with the emergent structural
properties of micro brils. Secondly, being the fundamental subunit in the collagen structural
hierarchy, the structure of the micro bril directly informs both the morphology (such as
D-banding) as well as the physical properties of higher-order assemblies in the collagen
structural hierarchy. As such, the acquired structural understanding is not con ned to the
micro brillar lengthscale.

There are three key structural characteristics of micro brils that we will study with the
aid of our self-assembly models. Firstly, it is the axial periodicity of the micro bril, instated
by periodically alternating gap and overlap regions. We will determine how the interactions
between collagen molecules encode the diverse set of axial periods observed in Figure 1.2.
Secondly, we will be interested in understanding the spatial arrangement of molecules in a
micro bril. Moving beyond the 2-dimensional Hodge-Petruska scheme of Figure 1.1, we
will identify the physical principles that determine the number of molecules in polymorphic
micro brils as well as the 3-dimensional packing of collagen molecules therein. The nal
structural feature that will be of interest to us, is the molecular supercoiling of collagen in
a micro bril. We will explain the physical origin of this molecular supercoiling as well as
the preference for right-handedness. We now proceed to outline the content of each thesis
chapter.

1.2 THESIS STRUCTURE

This thesis is written in a journal-style presentation and is comprised of three substantive
chapters written in a paper format. Each chapter begins with a preliminary remarks
section, which bridges the chapters and provides the background knowledge where necessary.

Chapter 2 introduces the intermolecular potentials that are used throughout the thesis
to model the interactions between collagen molecules. In constructing these potentials, we
introduce a novel approach to coarse-graining of the collagen molecular structure. Our
approach retains the 3-dimensional organisation of amino acids that comprise collagen,
enabling us to demonstrate the key role of their 3-dimensional spatial organisation in
determining the structural features of D-banded micro brils (Figure 1.2B). In particular,
for the rst time, we de ne physical interactions that give rise to molecular supercoiling
of collagen in micro brils. Finally, we introduce a novel type of emergent chirality that
appears at the micro brillar level and may be important for bone mineralisation.
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Chapter 3 addresses the role of ionic conditions in micro bril self-assembly. We propose
the rst physical model that predicts phase transitions between the disordered micro brils
(see Figure 1.2G) and D-banded micro brils. We demonstrate that this phase transition
is controlled by interactions involving speci ¢ ionisable amino acids. Further, we show
that under physiological ionic conditions, charged residue interactions preclude in-register
aggregation of collagen molecules (see Figure 1.2C), instead favouring formation of D-
banded micro brils. The last result is signi cant, as a number of previous theoretical
models have predicted that in-register aggregates of collagen represent a more energetically
stable conformation than D-banded brils, which disagrees with existing experimental
knowledge [53, 120].

Chapter 4 generalises the de nition of axial periodicity to account for FLS collagens
(see Figures 1.2A, D-F). We demonstrate that collagen-collagen interactions encode the
FLS collagen axial periodicities, which is contrary to the existing knowledge in the eld
[34, 120]. Furthermore we predict, starting from pairwise interactions between collagen
molecules, the 3-dimensional molecular packing for FLS | and FLS IV collagen micro brils.
This result is important, since 3-dimensional molecular packing models for FLS collagens
are, to the best of our knowledge, completely absent from literature.
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Chiral Interactions between Collagen Molecules
Determine the Collagen Micro bril Structure

Abstract

Collagen is the most abundant structural protein in animals, forming hierarchically
organised brils that provide mechanical support to tissues. Despite detailed structural
studies, the physical principles that govern the formation of the characteristic axially
periodic collagen micro bril remain poorly understood. Here, we demonstrate that the
3-dimensional spatial organisation of amino acids in molecular collagen determines its
supramolecular organisation. By combining statistical modelling of residue geometry
with sequence-informed interaction potentials, we show that the chiral spatial arrange-
ment of outward-facing residues and the elasticity of the triple helix control molecular
supercoiling. We demonstrate that the geometric arrangement of residues determines
the energetic selection of aggregate size in micro brils. Finally, we de ne a novel type
of emergent chirality at the micro brillar level, which may play a role in directing the
organisation of the mineral phase in bone.



Chapter 2. Chiral Interactions between Collagen Molecules Determine the
8 Collagen Microfibril Structure

2.1 PRELIMINARY REMARKS

The rst step in modelling collagen self-assembly involves describing the physical in-
teractions between collagen molecules. A single molecule of collagen is comprised of
approximately 3000amino acids, making it computationally intractable to directly evaluate
pairwise molecular interactions through techniques such as molecular dynamics simula-
tions. Coarse-grained theoretical approaches to modelling the energy of collagen molecular
interactions and subsequently the energy of collagen aggregates o er a computationally
tractable alternative and are one of the primary theoretical tools leveraged throughout
this thesis. A crucial step in such models involves deciding on an appropriate coarse-
grained representation of the collagen molecular structure. Discussing these coarse-graining
methods necessitates rst establishing the fundamental features of the collagen molecular
structure, which will be often mentioned throughout this thesis.

Table 2.1: Naming conventions for the set of 20 proteinogenic residues as well
as hydroxyproline.

aResidue Name Three Letter Abbreviation
Arginine Arg
Aspartic acid Asp
Glutamic acid Glu
Glycine bGly
Histidine His
Lysine Lys
Proline Pro
Hydroxyproline Hyp
Alanine Ala
Asparagine Asn
Cysteine Cys
Glutamine GIn
Isoleucine lle
Leucine Leu
Methionine Met
Phenylalanine Phe
Serine Ser
Threonine Thr
Tryptophan Trp
Tyrosine Tyr
Valine Val

& We have identi ed the residues that will be frequently mentioned throughout
this thesis in a boldface font.
b For convenience, we will sometimes shorten Gly further to G.
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We start by noting some elementary terminology pertaining to protein biochemistry.
In line with conventions in the eld, we will interchangeably refer to the amino acids that
comprise collagen as residues. There are 20 proteinogenic residues, which are commonly
referred to by their 3-letter abbreviations, which are summarised in Table 2.1. In collagen,
certain residues may undergo post-translational modi cations, which alter the residue
molecular structure. The most common type of post-translational modi cation is the
hydroxylation of proline into hydroxyproline [10]. For the latter, we reserve a separate
non-standard three-letter abbreviation Hyp.

Residues are distinguished from one another by their side-chains, also often referred to
as R-groups. Interactions between residue R-groups play a de ning role in both stabilisation
of the collagen molecular structure itself as well as in collagen-collagen interactions [53,
92, 14]. The speci c type of side-chain determines the types of interactions (electrostatic,
hydrophobic, covalent, hydrogen bonding etc.) that a given residue might partake in.
Figure 2.1 illustrates an example of a polypeptide comprised of 6 residues. As can be
seen with this example, the residue R-groups can di er drastically in terms of molecular
structure, size and steric conformation. For the purposes of calculating residue-residue
interactions, a common simpli cation is to represent the spatial coordinates of a residue
via a single point, corresponding to the spatial coordinates of the residue'€ atom. The
C atoms alternating with peptide bonds, comprise the backbone of a given polypeptide,
as can be seen in Figure 2.1 [37, 95]. In our calculations, we will often resort to this
approximation, for the purpose of tractability.

Armed with biochemical vocabulary, we now proceed to describe the molecular structure
of collagen [10]. Collagen is a brillar protein, characterised by a lengthL  300nm and a

Figure 2.1: Molecular structure of a Gly-Glu-Leu-Gly-Asp-Lys polypeptide. The 2-
dimensional structure has been generated usingyPept package [81].
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diameter 1:5nm, see top of Figure 2.2A. The collagen molecule itself is an aggregate of
three left-handed helical polypeptides, known as -chains. If the -chains are identical,
then the resulting collagen molecule is termed homotrimeric and, in the converse case,
heterotrimeric. The characteristic feature of -chains is the presence of a repetitive sequence
motif [Gly-X-Y], where X and Y are often Pro or Hyp respectively. The presence of Gly
residues in every third sequence position is crucial for the association of-chains. During
-chain trimerisation, the centrelines of helical -chains are deformed into right-handed
helices in a process commonly referred to as supercoiling. Right-handed supercoiling of
-chains results in the burial of Gly residues on the inside of the resulting collagen molecule,
enabling formation of inter-chain hydrogen bonds that stabilise the whole trimeric assembly
[8]. The R-groups of residues in the X and Y sequence positions end up on the surface of
the resulting polypeptide assembly, leaving them open for interactions [14]. The resulting
trimerisation domain is known as the triple helix, which is shown in Figure 2.2A. In the

Figure 2.2: (A). (TOP) Schematic representation of the collagen triple helix with telopeptide
domains. (BOTTOM) Space- lling diagram of a section of the triple helix. (B). Schematic
representation of a triple helix section in terms of the comprising residues. Gly has been
shortened to G. Images adapted from [118, 8].
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majority of cases of interest to this thesis, the triple helical region is an uninterrupted
domain that corresponds roughly to 95% of the collagen molecule. The rest of the collagen
molecule is comprised of N- and C-terminal non-helical telopeptide domains. Although
the telopeptide domains may play a catalytic role in collagen self-assembly, they are not
essential for it [64]. Throughout this thesis we will focus on the interactions between triple
helical regions of collagen molecules and will thus use the terms collagen molecule and
triple helix interchangeably.

It is helpful to distinguish between the start and end of a collagen molecule, which
we conventionally take to be the N-terminus (starting with the N-terminal telopeptide)
and the C-terminus (ending with a C-terminal telopeptide). Within the triple helix, the

-chains are not in register, but instead have a single residue o set along the long axis of
the triple helix, which can be seen at the bottom of Figure 2.2B [8]. The single residue
o set is crucial for formation of stabilising hydrogen bonds involving Gly residues [8].
We conventionally refer to the most N-terminal -chain as trailing, the most C-terminal

-chain as leading and the remaining -chain as middle.

We nish the description of collagen molecular structure with some helpful nomenclature
that we will often use. Collagen refers broadly to a family of proteins, with almost 30
distinct branches, which are commonly referred to as collagen types [10]. In all cases that
will be of interest to us in this thesis, a collagen of a given type can be identi ed using the
following nomenclature

a(X) b(X) o(X); (2.1)

where the subscriptsa; b; care integers denoting the dierent -chains andX is a Roman
numeral that identi es the collagen type. Across the 28 distinct collagen types that have
been identi ed thus far, the number of -chains can vary signi cantly from just one

in the case of type Il and Il collagens to six in collagen type IV [14]. Altogether, 44
distinct -chains are known to be encoded across the collagen family [14]. The order of
the -chains is important, as it a ects the 3-dimensional residue organisation. Notation

in equation (2.1) speci es the -chains from left to right as trailing, middle and leading
respectively. Whenever two -chains separated by 1 residue stagger are identical, without
loss of meaning, we will use a compressed notation. For example, we will writex(1)[ 1(1)]2

to mean (1) 1(1) 1().

Having familiarised ourselves with the molecular structure of collagen, we proceed with
discussion of molecular coarse-graining approaches. The most common coarse-grained
representation of the collagen triple helix, that has been in use at least since the early
1970's [53], is the so-called linear collagen molecule, which is shown in Figure 2.3. We
will base our description of the linear triple helix on the recent work of [95]. Residues
located at approximately the same positions along the long axis of the triple helix are
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Figure 2.3: Linear coarse-graining approach to collagen molecular structure. Image adapted
from [8].

grouped into segmentss;. An interaction between two such segments is then given by

1 X
"(siis) = 4 ."(Ri;Rj); (2.2)

Ri2si;

Rj 2s;
where "(Rj; Rj) is the pairwise interaction energy between residue®; and R; and the
summation is taken over the 4 possible pairs of residues from segmergsand s; (recall that
Gly residues are buried inside the triple helix and are not available for interaction). The
pairwise molecular interaction between two linear collagen triple helices is then calculated
by summing up all pairwise segment interactions in a given geometrical arrangement.

The linear coarse-graining approach in Figure 2.3 imposes the assumption that collagen
molecules are completely unconstrained when it comes to rotational degrees of freedom.
In that instance, every pairwise residue interaction in equation (2.2) is equally likely to
occur and thus the equal weighting of every'(Rj;R;) term is indeed valid. Questioning
the validity of the linear model for the collagen molecular structure was the starting point
for much of the work that will be presented in this thesis.

Chapter 2 establishes one of the key ideas that will reappear throughout the other
chapters of this thesis. We introduce a novel approach to calculating pairwise interactions
between collagen molecules, which incorporates a coarse-grained 3-dimensional molecular
structure of the collagen triple helix. We will show that the information encoded in the
three-dimensional interaction potential between two collagen molecules can be represented
in the form of 28 one-dimensional interaction potentials. These 28 interaction potentials
arise due to the helical spatial organisation of the X and Y residues on the molecular surface
of collagen. As we shall see in this chapter, our approach not only makes the problem of
calculating the three-dimensional pairwise interaction potentials computationally tractable,
but also explains for the rst time, the key structural features of collagen aggregates, which
most importantly cannot be understood using models that utilise linear coarse-graining for
the collagen molecular structure.
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2.2 INTRODUCTION

Collagen is by far the most abundant protein in the extracellular matrix, connective tissues,
skin, and bones [10, 101]. It provides the sca old that enables the organisation of cells
into tissues. As a key structural biomaterial, it in uences a multitude of multicellular
processes, from bone mineralisation to invasions of cancer cells [101, 62] and has even
been linked to the Cambrian explosion of multicellular life [108, 38]. Since collagen is
essential for maintaining tissue structure and function, it is a key focus in regenerative
medicine, wound healing, orthopaedics, dermatology, and cardiovascular health. Recent
advances in biochemical engineering have produced the amino acid sequences of thousands
of natural collagens [80] and have enabled the design of synthetic collagen mimetic peptides
[122]. The biocompatibility of collagen mimetic peptides, their tunable properties, and
their potential to replicate natural collagen structures make them indispensable for tissue
engineering [119].

At the physical level, the versatility of collagen as a structural protein arises from its
propensity to assemble into brils, bundles of brils, and intricate hierarchical brillar
matrices. Molecular collagen, the smallest unit in the brillar hierarchy, is a semi- exible
molecule approximatelyL ~ 300nm long [100] and1:5nm in diameter. It is made up of
three left-handed helical polypeptide strands ( -chains) supercoiled in a right-handed triple
helix, see Figure 2.5A and Table 2.2. In each strand, abouil000amino acids are arranged
in a sequence with the regular sequence motif of [Gly-X-Y], where Gly is glycine, and X
and Y may be various amino acids but most often proline (Pro) and hydroxyproline (Hyp),
respectively. Collagen is classi ed into nearly thirty distinct types, with each type varying
in the amino acid composition and the hierarchical structures that it forms [10]. In this
work, we focus primarily on the supramolecular structures formed by brillar collagens, of
which type | collagen is the most abundant.

Collagen readily assemble# vivo and in vitro in brils, with typical diameters between
10nm and 100nm and lengths that are orders of magnitude larger than their diameters
[99]. One salient feature of collagen brils is the periodic axial density modulations, which
appear as regular alternating light and dark bands with periodD  67nm in negatively
stained TEM samples, see Figure 2.4A. The period valueD, is highly conserved across
di erent collagen types, although notable variations occasionally occur, even within the
same tissue [36, 10]. The regularity of the banding pattern is crucial for the mechanical
strength of brils and collagen-rich tissues [26].

A simpli ed and widely used explanation for the banding pattern, known as the
Hodge-Petruska scheme, was proposed in 1964 (see Figure 2.4B) [90]. It envisages a two-
dimensional stack of aligned straight molecules of length., each shifted by the distanceD
relative to its neighbour. The banding pattern is explained by the assumption that brils
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