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... at the end of the day, you know at the end of the
day, anything - a benign object of any sort - you
could take anything, you could take a cheeseburger
and deconstruct it to its source!

— Devin Townsend, Deconstruction
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Abstract

The ability to solve the dynamics of biologicalmacromolecules using computer simulation
has been established as an essential tool of the biological sciences for over four decades.
Themost common technique is that of atomisticmolecular dynamics, whereby every atom
in a molecule is explicitly represented as a sphere of charge, and their trajectories are
computed from interatomic potentials. Simulating the dynamics of particularly large and
complex macromolecules containing millions of atoms or more remains computationally
demanding, despite the critical importance of understanding such systems for addressing
many research questions in molecular biology.

Coarse-grained molecular simulations address this by abstracting away atomic detail, in
order to reduce the computational power required to capture larger length and time scales.
Elastic rodmodels are a particular type of coarse-grained representation optimised to cal-
culate the deformation of long and thin objects, which are a common occurrence through-
out biology. The KirchhOff Biological Rod Algorithm (KOBRA) is one such model that
was developed recently, however, it does not capture any kind of intermolecular interac-
tions, thus limiting its application to systems where macromolecules are unlikely to come
into contact with each other.

The work presented in this thesis concerns the continued development of the KOBRA
simulation software, with a particular focus on the algorithms for repulsive steric interac-
tions and attractive van der Waals forces. Fibrinogen, a large and fibrous blood protein,
is used as an example macromolecule to place the results of the software development in
a biological context. The computational performance of KOBRA is tested for systems in
which hundreds of rods represent millions of atoms, the largest simulations to date with
the software. Additional simulations of fibrin protofibrils, assembled from interacting fib-
rinogen rods, are also presented. Wet lab experiments are also presented that analyse the
in-vitromechanical response of fibrinogen to flow using a fluorescent labelling assay.
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Chapter 1

Introduction

1.1 Biomolecular simulations

The advent of programmable digital computers in the 1930s [1] and the dominance of

Moore's law throughout the 20 th century [2] propelled the advancement of molecular

simulation. Some of the earliest simulations were simple statistical models of neutron

di�usion during nuclear �ssion, conducted at Los Alamos National Laboratory in 1948

[3, 4]. The �rst molecular dynamics (MD) simulation of a protein, bovine pancreatic

trypsin inhibitor, was published in 1977 [5] and contained around 500 atoms [6]. In the

present day, the dynamics of billion-atom systems are run on supercomputers containing

hundreds of thousands of CPU cores [7�9].

As the molecules of interest to researchers grow in complexity, it becomes necessary to

deploy investigative techniques that can go where experiments cannot, where technolog-

ical and practical barriers are reached [10]. The research challenges at the forefront of

biology - the mechanisms of Alzheimer's disease [11] and cancers [12], rapid responses

to future pandemics [13] and the design of next-generation biosynthetic materials [14],

to name just a few - are incredibly complex problems that demand a multidisciplinary

approach combining both experiment and computation [15]. Biomolecular simulations

are therefore an essential component of the biological sciences toolkit.

1.1.1 Atomistic molecular dynamics

For the simulation of entire molecules, one of the most well known computational meth-

ods is atomistic MD, where every atom within a molecule is represented as a hard sphere.

Interatomic interactions are represented by a sum of potential energy terms, collectively

referred to as a force �eld, a generic form of which may be written as

1



1. Introduction

Figure 1.1: Typical contributions to a molecular dynamics force �eld from covalent bonds (top)
and noncovalent interactions (bottom).
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where U(r N ) is the total potential energy for N atoms as a function of their positions, r N

(Figure 1.1).

The stretching and bending between covalently bonded atoms relative to their equilib-

rium states are captured by the �rst and second terms of Equation 1.1, respectively, both

of which are based on Hooke's law. The third term is a periodic function that captures

torsional deformations or twists about covalent bonds. The fourth term models noncova-

lent interactions between pairs of atoms, i and j ; the �rst part is van der Waals (VDW)

interactions, given by the Lennard-Jones (LJ) potential, and the second is electrostatic

interactions, given by the columb potential [16].

There are a number of well-established molecular simulation programs, but the force
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1.1. Biomolecular simulations

�elds that they employ may be packaged separately [10, 17]. Some commonly used pro-

grams include AMBER [18], GROMACS [19] NAMD [20] and OpenMM [21], which

utilise force �elds such as AMBER, GROMOS [22], CHARMM [23] and OPLS [24]. Force

�elds usually exist in several forms, each optimised for a particular type of molecule or en-

vironment. For example, AMBER has force �eld variants that represent proteins, nucleic

acids, lipids, carbohydrates, ions or ligands [25].

The e�ects of the solvent on solute molecules must also be represented. In biomolecu-

lar simulations this solvent is usually liquid water at a temperature of around 300 K, or

room temperature. Many solvent models exist, but they can be broadly classi�ed into two

groups: explicit, where the trajectories of water molecules and ions are directly calculated

as part of the force �eld in Equation 1.1, and implicit, where the solvent is represented

more abstractly, such as a mean force that acts on the solute [26].

The reduction of atomic detail means that implicit solvents typically require much less

computing power than an explicit solvent over the course of a simulation. However, each

calculation per element per time step may be more expensive in the implicit solvent, e.g.

solving the electrostatic properties at a single grid point using the Poisson-Boltzmann

equation, versus the potential energy of a single water molecule.

The choice of solvent model for a biomolecular simulation will of course depend on the

system, although the solute is usually the main component of interest. Systems in which

the solvent can signi�cantly in�uence the behaviour of the solute, such as lipid bilayers,

may be represented more accurately with an explicit model [16].

1.1.2 Coarse-grained simulations

An implicit solvent is an example of coarse-graining, where the �delity of a simulation

is intentionally reduced in order to free up computational resources so that larger sys-

tems can be simulated for longer times. The choice of which components to represent

in a coarse-grained (CG) model will depend on the system in question, but usually the

dominant sources of force are retained, as these will contribute the most to the overall

dynamics of the system. In a sense, every molecular model is coarse-grained to some de-

gree, because it is computationally intractable to exactly calculate the trajectories of every

nucleus and electron in any molecule from �rst-principles quantum mechanics [16].

Particle-based CG models may group multiple atoms together as single spheres or pseu-

doatoms (Figure 1.2B, C) that respond to forces, thus reducing the degrees of freedom in

the system and the size of the resulting trajectories [16]. Models such as MARTINI [27],

CABS [28], UNRES [29] and SURPASS [30] may be characterised asN -bead, where N

refers to the number of pseudoatoms used to represent a side chain and the portion of the

backbone it bonds to. The corresponding force �eld may be physics-based and have a sim-

ilar form to Equation 1.1, or utilise predetermined knowledge of the molecular structure

3
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Figure 1.2: Increasingly coarse representations of crambin, a small plant protein (PDB: 1CRN
[32]). A) Atomistic, atoms are represented as spheres. B) Coarse-grained, up to four pseu-
doatoms per side chain. C) Ultra-coarse-grained, one pseudoatom per side chain. D) Continuum,
a tetrahedral mesh at 8 Å resolution. A, B and C adapted from [33].

and behaviour to further coarsen the system [31].

Coarser still are continuum mechanics models, which treat objects as smooth, continuous

materials and use a parameterised constitutive model to represent internal forces [34].

Unlike particle-based MD, continuum mechanics approximates the simulation domain

as a continuous �nite element mesh (Figure 1.2D) that deforms in response to forces [35,

36]. This abstraction of detail and the ability of meshes to adopt amorphous shapes means

that continuum mechanics can reach much larger length and time scales than MD [37]. At

sub-nanometre length scales the continuum approximation breaks down, in the physical

sense due to atoms becoming su�ciently resolved such that they cannot be reasonably

coarse-grained into continua [38], and in the technical sense due to large �uctuations in

energies leading to large mesh deformations over short periods of time. Large, sudden

deformations usually lead to numerical instabilities in the simulation [39].

1.1.3 The biological mesoscale

X-ray crystallography is the gold standard experimental technique for determining pro-

tein structures in atomic detail [40], and cryoelectron microscopy (cryoEM) can capture

both near-atomic and lower resolution structures. The popularity of cryoEM has grown

rapidly over the past two decades, and as of 2022 over 21,000 density maps have been

published to the Electron Microscopy Data Bank [41].

However, compared to the atomistic regime, there are fewer established simulation tech-

niques that can capture the biologically relevant dynamics of these larger structures. This

is further complicated by the fact that many macromolecules are involved in multi-scale

processes that are di�cult to fully capture within a single simulation framework [42]. For

example, in human cytoplasmic dynein, the hydrolysis of ATP (several angstroms) pro-

duces the energy required for a series of conformational changes (tens of nanometres)

that are necessary for it to traverse the surface of microtubules (hundreds of nanometres
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to tens of micrometres) through many stepping events (tens of milliseconds) in order to

transport its molecular cargo [43, 44].

Although atomistic MD is capable of modelling a complete dynein monomer of around

one million atoms including water [45], it is currently impossible to simulate the dynam-

ics of such a highly detailed structure at the timescales for which it performs its biological

function [44]. Likewise, continuum mechanics and ultra-CG simulations can reach the

required length and time scales, but run the risk of neglecting the �ner details that may

signi�cantly impact larger scale dynamics. There is a length scale gap between the atom-

istic and continuum regimes of biomolecular simulation [36, 38].

Models have been devised that speci�cally target the biological mesoscalein order to ad-

dress some of the problems around inherently multi-scale biological systems. The mesoscale

is de�ned as encompassing systems with length scales of 10 to 500 nm, and time scales of 1

µs to 1 s, although the precise bounds have varied historically [36, 37, 46]. This de�nition

may be written more generally as exhibiting three characteristics:

1. The smallest lengths in the system are larger than atoms; the continuum approxi-

mation is obeyed.

2. Thermal �uctuations are important to macromolecular dynamics; the Péclet number

is small to moderate.

3. Dynamics are overdamped and �uid inertia is neglected; the Reynolds number is

small.

The Reynolds and Péclet numbers, Re and Pe, are dimensionless numbers that qualita-

tively describe the transport of matter in a system [47]. In an implicit solvent the di�u-

sion coe�cient of a spherical solute particle, subject to a viscous drag force, is given by

the Stokes-Einstein equation,

D =
kB T
6��R

; (1.2)

where D is the di�usion coe�cient (units m 2 s-1), kB is Boltzmann's constant, T is the

temperature (units K), � is the dynamic viscosity of the �uid (units Pa s) and R is the

hydrodynamic radius of the sphere (units m). This is valid in the low Reynolds number

limit, which is given by

Re =
uL�

�
; (1.3)

where u is the �ow speed (units m s -1), L is the length scale of interest (units m) and �

is the �uid density (units kg m -3). In molecular modelling L is usually the largest linear

dimension of the molecule being studied, e.g. length or radius, but at the macroscale it
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may represent the geometry of the system, e.g. pipe diameter. For Re� 1 viscous forces

dominate over inertial forces within the �uid [48]. The Péclet number, Pe, is the ratio of

the advection rate to the di�usion rate of a system,

Pe=
uL
D

=
_
L 2

D
; (1.4)

where _
 is the shear rate of the �uid. Transport is di�usion-dominated for Pe < 1 and

advection-dominated for Pe > 1 [49]. As Pe increases, su�ciently �exible or anisotropic

macromolecules may exhibit ordered arrangements, such as aligning in the �ow direction

[50, 51].

Fluctuating Finite Element Analysis (FFEA) is a mesoscale simulation software developed

at the University of Leeds which uses a modi�ed version of continuum mechanics that

is able to capture thermal noise [37, 52]. Globular macromolecules are represented as

3D viscoelastic meshes composed of tetrahedral elements that thermally �uctuate. The

equation of motion is given by the overdamped Cauchy momentum equation,

�
Du
Dt

= r � (� v + � e + � ) = 0 ; (1.5)

where � is the density, Du=Dt is the material derivative of the velocity with respect to

time, � v is the viscous stress arising from both internal (macromolecule) and external

(solvent) viscosities, � e is the elastic stress and� is the stochastic thermal stress.

The form of the stresses in Equation 1.5 is known as the Kelvin-Voigt constitutive model,

which is one of the simplest representations of a viscoelastic material. The thermal stress

is chosen such that its statistical properties satisfy the �uctuation-dissipation theorem,

which states that any form of viscous dissipation must have an associated stochastic ther-

mal noise [53, 54].

Attempting to represent �brous proteins with FFEA tetrahedral meshes leads to numerical

instabilities, as the smallest elements are resolved at the length scale of the �bre diameter,

which may only be a few atoms wide. It is therefore desirable to have mesoscale models

speci�cally designed for modelling rod-like objects.

1.2 Biological rod models

Fibrous macromolecules are ubiquitous in biology and branch multiple length scales. A

classic example is the DNA double helix, which, in addition to its function as the basis

of protein synthesis, is also popular as a building block for biosynthetic structures due to

its binding speci�city and well-understood structural properties [55]. The eukaryotic cy-

toskeleton contains microtubules (MTs) and �lamentous actin (F-actin) that act as tracks
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along which motor proteins can transport cellular cargo; dynein and kinesin use MTs and

myosin uses F-actin [43, 56]. Von Willebrand factor is a blood glycoprotein that mediates

platelet adhesion to the vessel walls during clot formation [57], and may adopt compact

or elongated structures depending on the �uid environment [58]. Polymeric substances

such as keratin [59], collagen [60], �brin [61], cellulose [62] and chitin [63], are found

in a diverse range of organisms, yet often produce �brous intermediate structures during

their formation, which can span from the nanoscale to the macroscale [64].

1.2.1 Theory of elastic rods

Particle-based simulations are capable of modelling �brous proteins, but a `rod model' is

used here here to mean some coarse-grained methodology in which the anisotropy of the

macromolecule constitutes an integral part, e.g. the slender body approximation, which

de�nes rods as having an aspect ratio L=2R � 1, where L is the length and R is the cross-

sectional radius. Brief summaries of some popular rod models are presented here, with

a particular focus on elasticrod models, which are able to represent the internal material

properties of the rod and how these modulate its response to external forces.

Proteins are biological polymers and there is a well-established body of literature con-

cerning their mathematical description [54]. An ideal or freely-jointed chain is the most

basic polymer model, consisting of a discrete series of points with a �xed segment length

between them. The points undertake a random walk due to thermal noise, and the orien-

tation of the segments are independent of each other; the chain is highly �exible and does

not capture material properties. Despite chains being anisotropic in shape when fully

extended, the unconstrained random walk tends to produce compact, globular shapes,

although these can extend and align in response to �ow [51, 65]. Ideal chains are not

generally classi�ed as rod models.

For �brous proteins exhibiting a higher degree of sti�ness, i.e. semi-�exible, the worm-

like-chain (WLC) or Kratky-Porod model is more suitable. A protein is represented as a

linear chain of segments subject to thermal �uctuations at �nite temperature. The orienta-

tions of two given segments exhibit an exponential decorrelation as the distance between

them increases, which may be written as



t (s) � t (0)

�
= e� s=Lp ; (1.6)

where t is the tangent vector at some distance,s, along the chain, and L p is the persistence

length parameter over which the bending sti�ness decays. The chain behaves as a rigid

material for s < L p or a �exible material for s > L p [54, 66].

Cosserat rod models are more complex than WLCs, possessing more elastic degrees of

freedom at a cost of being more computationally expensive. Considering the formulation
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Figure 1.3: Four types of elastic deformation represented across the worm-like chain, Kirchho�
and Cosserat rod models. The material orientation frame, d i , is attached to the centreline, r (s), at
a distance,s, along the rod. Adapted from [67].

by Corazza and Singh [67], a rod is de�ned as a continuous curve with a centreline vector,

r (s), and material orientation frame, d i (s), where i = f 1; 2; 3g, that vary depending on the

distance, s, along the curve. Two strain vectors, u (s) and v(s), characterise deformations

in the rod and are given by

dd i

ds
= u � d i

dr
ds

= v ;
(1.7)

where u(s) is associated with bending and twisting, and v(s) with shearing and exten-

sion/compression (Figure 1.3). Kirchho� rods are a subset of Cosserat rods that only

represent bends and twists [68]. These frameworks do not prescribe that rods be discrete,

but they are usually implemented as such in molecular simulations for practical reasons.

Furthermore, the external forces that cause deformations are arbitrary, so thermal �uctu-

ations are not included by default as with WLCs.

1.2.2 Applications to microscale systems and beyond

Microscale systems of the cytoskeletal reorganisation have been simulated by specialised

programs that extend elastic rod models to capture more complex biophysical and bio-

chemical e�ects. The 2D AFINES software can explore systems tens of micrometres in

size, in times on the order of seconds. Discrete chains of F-actin are represented as po-
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lar, extensible WLCs that sterically interact via an excluded volume potential [69]. By

varying �lament length and the concentration of cross-linking chemical species, distinct

structural phases of actin networks were revealed that were bundled, polarity-sorted, and

contracted [70].

At an equivalent spatiotemporal scale to AFINES, the 3D MEDYAN [71] and Cytosim

[72] software packages represent cytoskeletal �laments as semi-�exible chains of inter-

connected segments that can sterically interact; MEDYAN captures stretching and bend-

ing deformations between segments, but Cytosim only allows bending. The dynamics

of �laments and other di�using structures such as molecular motors are solved in Cy-

tosim and AFINES by overdamped Langevin dynamics, and in MEDYAN by a stochastic

reaction�di�usion scheme coupled to mechanical energy minimization. Across all three

models, the inter-�lament mechanical bonds formed by motors and cross-linkers are rep-

resented as harmonic potentials. The MEDYAN software was recently extended to rep-

resent cellular membranes as 2D elastic sheets that can stretch, bend, and sterically repel

�laments [73].

Virtual AFM simulations with MEDYAN revealed F-actin bundling and alignment in the

direction of applied force was mediated by both mechanical and chemical cytoskeletal

activity at fast and slow timescales, respectively [74]. Cytosim was used to investigate

how the coarse graining of di�erent ensembles of a motor protein, non-muscle myosin 2,

a�ected their contractile dynamics [75].

The drag force experienced by macromolecules immersed in a viscous �uid decays with

the dominant length scale in the system [76]. The anisotropy of rods therefore makes

them particularly susceptible to hydrodynamic forces, more so than globular macromolecules

with similar masses. Long-range hydrodynamic interactions additionally cause the dy-

namics of nearby rods to become coupled [77]. There are many mathematical frameworks

that attempt to combine elasticity and hydrodynamics, which add a considerable degree

of complexity to the modelling [78, 79].

The model of aquatic locomotion by Fauci and Peskin [80] represented a slender organism

as an elastic rod that could stretch and bend, which was immersed in a 2D �uid �eld and

driven by a sinusoidal force. Huang and Jawed [81] simulated the rotation of two teth-

ered, helical Kirchho� rods at low Reynolds number, and were able to reproduce the �ag-

ellar bundling that is typically observed in bacterial swimming. The macroscopic Cosserat

model by Gazzola et al. [82] captured hydrodynamics, surface friction and motility, and

was applied to a diverse set of systems including bacterial swimming, slithering locomo-

tion, and the formation of twisted DNA structures under hundreds of newtons of tensile

force.

Macroscopic elastic rod models are not limited to biological objects. Du et al. [83] applied

a non-shearing Cosserat rod model to real-time simulation of electronic cables in the con-
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text of computer-aided design for aerospace devices, where deformations are primarily

driven by gravitational and frictional forces. Inextensible surgical thread was modelled

as Kirchho� rods by Wang et al. [84], devised to be su�ciently fast to allow for real-time

haptic feedback in a surgical simulation program, and to handle large bending deforma-

tions required for accurate modelling of knots.

1.2.3 The KOBRA simulation software

The KirchhO� Biological Rod Algorithm (KOBRA) [85] is a mesoscale elastic rod model

that was recently developed alongside the FFEA software, which by itself is incapable of

modelling �brous proteins in a numerically stable manner. Discrete rods can stretch, bend

and twist, so KOBRA is technically an extended form of the Kirchho� model (Figure 1.3).

Dynamics are primarily driven by thermal noise, and interfaces can be de�ned between

rods and tetrahedral meshes to transmit forces between large complexes. A summary of

the physics is presented in Chapter 2.

Rod-rod interactions were not included in the �rst version of KOBRA. Consequently, rods

are able to pass through each other in a nonphysical manner and attractive protein-protein

interactions cannot be represented. Such features are an essential component of molecular

simulation programs [16], so their development was the primary focus of this project.

Although development could proceed with generic rod structures, selecting an example

protein would provide an opportunity to validate the software in a biologically relevant

context. Fibrinogen, a �brous blood protein [61], was ultimately chosen based on the

following criteria:

1. Its structure has a slender aspect ratio,L=2R � 1

2. Its structure and function are relevant at the biological mesoscale: lengths of 10 to

500 nm, times of 1µs to 1 s.

3. Its function critically depends on intermolecular interactions.

4. It is has an extensive body of literature, from which a rod model may be parame-

terised.

1.3 Fibrinogen

1.3.1 Physiological background

Haemostasis is the process by which platelets and other blood proteins form blood clots

that staunch the �ow of blood at an area of damaged tissue in vertebrates [57]. One such

protein, �brinogen (clotting factor I), undergoes thrombin-catalysed polymerisation dur-

ing the �nal stages of the coagulation cascade into the �lamentous �brin network, which
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provides critical strength and stability to the clot microstructure (Figure 1.4). Once bleed-

ing has ceased and the clot is no longer needed, �brin is broken down by plasmin into

fragments during �brinolysis [61, 86, 87].

Figure 1.4: A) Cartoon of a �brin-stabilised blood clot plugging a ruptured vessel. B) SEM image
of a blood clot, with red blood cells and �brin strands visible, scale bar 5 µm. B adapted from [88].

Cardiovascular diseases (CVDs) are the leading cause of death globally and are expected

to account for over 22 million deaths per annum by 2030 [89], so investigations into its

pathologies are of vital importance to public health. Myocardial infarctions, ischaemic

strokes and thromboembolisms are CVDs in which blood clot structure is important in

determining the structure and progression of the thrombus [87, 90, 91]. Fibrinogen poly-

merisation is an essential step of blood clot formation, so research into its function can

therefore improve understanding of the molecular basis of these diseases and aid in the

discovery of new therapeutics. In addition to its role in common CVDs, abnormal quan-

tities or functionalities of �brinogen characterise a set of rare hereditary diseases known

as �brinogenemias [92]; �brinogen may also erroneously misfold to form amyloid �brils,

leading to kidney failure [93].

1.3.2 Molecular structure of �brinogen

Fibrinogen is a 340 kDa hexameric glycoprotein complex with an end-to-end length of 45

nm and cross-sectional diameter of 5 nm at its widest point (Figure 1.5A, B). Its quaternary

structure is a `dimer of trimers': each half of a �brinogen molecule consists of three protein

chains, A� (66.1 kDa), B� (54.4 kDa) and 
 (48.5 kDa) [94], joined together by disul�de

bonds [86].
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Figure 1.5: Native structure of human �brinogen. A) X-ray crystal structure showing the central
nodule, � -nodules, 
 -nodules and coiled-coils (PDB: 3GHG [95]), combined in-silico with the
NMR structure of recombinant bovine � C-domain fragment (PDB: 2JOR [96]), and the residues
of �brinopeptides A and B (FpA and FpB). No structure is available for the � C-connector regions,
but they are shown for completeness. B) Schematic representation. Disul�de bonds, cross-linking
sites and carbohydrates are labelled with residue numbers. Adapted from [97].

Both halves together give the molecule a characteristic shape with three globular nodules,

two distal and one central, connected by triple coiled-coils with a diameter of 2 nm. The

central `E' nodule contains the N-termini of the chains, including the �brinopeptides A

and B (FpA and FpB), and the distal `D' nodules contain the globular C-termini of B �

and 
 , with a diameter of 5 nm [95, 97]. The C-terminus of the A � chain, referred to

as the � C region, consists of an intrinsically disordered � C-connector (A � 221-391) that

ends in the globular � C-domain (A � 392-610) [98], which is most commonly attached to

the E nodule [99], but can extend out from the molecule up to lengths of � 21 nm [100].

Ongoing research is exploring the potential existence of small, folded structures within

the unresolved sections of � C [101].

The high �exibility of the � C region means that it has not been successfully crystallised;

the structure of human � C is unknown, but bovine � C-domain fragments have been de-

termined by NMR [96] and �brinogen molecules have been visualised with their � C re-

gions by high resolution AFM on a graphite substrate [100, 102]. Around 70% of clottable

�brinogen exists in-vivo as a `high molecular weight' variant with MW = 340 kDa and full

length � C regions, and 25% as a `low molecular weight' variant with MW = 305 kDa due

to truncation of � C [103, 104].
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1.3.3 Formation of the �brin network

The polymerisation of �brinogen into the �brin network (Figure 1.6A) begins when it is

converted into �brin monomers in the presence of thrombin, which proteolytically cleaves

FpA and FpB from the N-termini of A � and B� chains, respectively, in the E nodule. This

exposes A and B `knobs' that go on to form non-covalent interactions between a and b

`holes' located in the C-termini of 
 and B� chains, respectively, on other monomers [61,

86]. Monomers (Figure 1.6B) link together longitudinally via knob-hole interactionsand

covalent cross-links [90] to form half-staggered, double-stranded oligomers [105] that

typically range from 2 to 25 monomers long (Figure 1.6C). Oligomers that reach a critical

length of 20-25 monomers or 0.5-0.6µm are known as proto�brils [106], which laterally

aggregate to form branched, twisted �bres hundreds of nanometres in diameter (Figure

1.6D) that constitute the �brin network (Figure 1.6E). In-vitro clotting experiments have

shown the gel point of �brinogen, characterised by a sudden increase in solution viscosity,

to be on the order of minutes, with further branching and elongation of �bres continuing

thereafter [107, 108].

A:a knob-hole interactions are essential for polymerisation, occurring earlier and exhibit-

ing greater strength than B:b interactions [61]. Single-molecule pulling experiments by

Litvinov et al. [110] found that A:a interactions have a peak rupture force of around 35

pN and exhibit catch-slip behaviour, where the application of force initially strengthens

the bond up to a maximum value, after which the bond weakens.

B:b interactions are thought to play a role in lateral aggregation of proto�brils, since clots

formed solely from A:a interactions were shown to have thinner clot �bres [87]; polymeri-

sation with mutants lacking � C regions also yielded thinner �bres [102]. A simulation

time of 10 ms is insu�cient to sample the formation of B:b interactions via CG MD [106].

When �brinogen is converted to �brin, � C detaches from the E region and its length in-

creases substantially [102], increasing the e�ective radius of oligomers [106] and reducing

the critical length required for proto�bril aggregation to occur.

1.3.4 Impact of �ow on polymerisation

In a Newtonian �uid the viscous stress, � (units Pa), experienced by immersed molecules

due to �ow is proportional to the �ow velocity gradient,

� = �
@u
@y

; (1.8)

where y is the axis perpendicular to the �ow direction [111]. In reality, the highly crowded

molecular environment of blood plasma causes it to exhibit non-Newtonian behaviour

[112, 113], but this approximation is nonetheless useful for explaining some aspects of

the viscous behaviour of �brinogen [114].
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