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Zusammenfassung

Seidenfasern sind aufgrund der kontrollierten Selbstassemblierung ihrer Proteinbausteine, den
Spidroins, ein auflergewohnlich widerstandsfahiges Biomaterial. Die Kombination aus
Dehnbarkeit und hoher ReiRfestigkeit hangt von der mikroskopischen Zusammensetzung
innerhalb der Faser ab: kleine und starke Beta-Faltblatt-Kristalle, welche hauptséchlich aus
Polyalaninen bestehen, sind in eine flexible, amorphe Matrix mit hohem Glycerinanteil
eingeschlossen. Die innere Molekulstruktur der Seidenproteine und die daraus resultierende
hohe Empfindlichkeit gegeniiber Dehnstrémungen sind von grundlegender Bedeutung fiir das
Spinnen von Seidenfasern. Der Mechanismus von stromungsinduzierter Selbstassemblierung
sowie relevante Dynamiken einzelner Seidenproteine unter Stromungseinfluss sind jedoch
weitgehend unbekannt.

Um eben diese Dynamiken sowie die Selbstassemblierung von Spinnenseidenproteinen unter
gleichférmiger Strémung zu untersuchen, wurde in der vorliegenden Arbeit ein Bottom-up
Ansatz verwendet. Hierfiir wurden Nicht- Gleichgewichts- Molekulardynamik- Simulationen
(MD Simulationen) angewandt, um diese Prozesse auf zwei Skalen zu eruieren: Zum einen
einem atomistischen Modell mit expliziter Beschreibung des Wassers sowie zum anderen ein
grobkorniges Modell, welches Hydrodynamiken durch Multi-Partikel-Kollisionen integriert.
Eine vorherige Implementierung und systematische Untersuchung von MD-Simulationen mit
gleichformiger Stromung wurde auf Basis der GROMACS MD-Software durchgefthrt, um die
Bedeutung von Strémung auf Spinnenseidenmolekle atomistisch zu analysieren.

Wird ein gebundenes einzelnes Seidenpeptid gleichmaRiger Stromung ausgesetzt, fihrt dies zu
einem Ubergang von aufgewickeltem zu gestrecktem Peptid, wobei dieses eine Vielzahl von
Zwischenzustanden durchlduft. Dieser Veranderungsprozess ist abhangig von der mittleren
Stromungsgeschwindigkeit. Stromungsinduzierte Strukturveranderungen einzelner Spidroins
weisen eine auffallige Tendenz von Alaninketten in Beta-Faltblatt-Konformationen auf.
Atomistische Simulationen des Assemblierungsprozesses bei niedrigen Strdmungsraten
zeigten, dass sich Kontakte innerhalb der Ketten hauptsachlich in den Polyalanin-
Wiederholungen bilden. Dies ist eine geeignete Voraussetzung fur die Kristallbildung sowie
das Fibrillieren. Des Weiteren konnten Beta-Faltblatt-Formationen bei geringen Strémungen
festgestellt werden, was bestatigt, dass Stromung die Kristallbildung fordert. Die Erkenntnisse
wurden mit den grobkornigen Hydrodynamiksimulationen in  Aminosaurelésungen
komplementiert, bei welchen die Seidenproteine als halbflexible Blockcopolymere betrachtet
wurden. Hierbei zeigte die Beobachtung der Oligomerbildung, dass Spidroins schneller
aggregieren, wenn sie weniger ausgedehnt sind. Bei mittleren Peptidextensionen (ca. 60-70%)
nimmt die Spidroinausrichtung zu, wéhrend sich ihre Assemblierung aufgrund der reduzierten
Fluktuation orthogonal zur Strémungsrichtung verlangsamt.

Das mikroskopische Verstandnis von Spidroindynamiken, welches in dieser Arbeit vorgelegt
wird, ist voraussichtlich fir andere stromungsabhangige Proteine relevant.



Abstract

Silk fibers are outstandingly tough biomaterials, a result of the controlled self-assembly of their
protein building blocks, spidroins. The combination of extensibility and high tensile strength
relies on the microscopic composition within the fiber: small and strong beta-sheet crystals
formed mainly by poly-alanine repeats enclosed into a flexible amorphous matrix of glycine-
rich repeats. The internal molecular structure of silk proteins makes them sensitive to an
elongational flow, which is a crucial factor for spider silk fiber spinning. However, the
mechanism of flow-induced silk self-assembly, as well as the relevant dynamics of single silk
proteins under flow remain largely unknown.

In the present work, a bottom-up approach was used to study the dynamics and self-assembly
of spider silk proteins under uniform flow conditions. We used non-equilibrium molecular
dynamics (MD) simulations to study these processes at two scales, an atomistic model with
explicit water, and a coarse-grained model with hydrodynamics incorporated by multi-particle
collision dynamics. To be able to analyze the role of the flow on spider silk molecules
atomistically, a prior implementation and systematic study of uniform flow MD simulations
were carried out based on the GROMACS MD software. Subjecting a tethered single silk
peptide to uniform flow leads to a coiled-to-stretch transition involving a multitude of
intermediates states, the process of which depends on the mean flow velocity. The flow-induced
structural changes of single spidroins exhibit a prominent tendency of alanine residues to be in
beta-sheet conformation. All-atom simulations of the assembly process at low flow regimes
revealed that the interchain contacts happen primarily in the poly-alanine repeats, which is a
suitable condition for crystal formation and fibrillation.

We also found beta-sheets formation at low flow regimes, confirming that flow promotes crystal
formation. We complemented these findings to the more coarse-grained hydrodynamic
simulations at aminoacid resolution, treating the silk proteins as semi-flexible block
copolymers. We observed that the spidroins aggregate faster when they are less extended by
monitoring oligomer formation in time. At medium peptide extensions (around 60-70%), the
spidroin alignment increases, while their assembly slows down because of the reduced
fluctuations orthogonal to the flow direction. The microscopic understanding of the spidroin
dynamicsprovided in this work is likely relevant for other flow-dependent proteins.
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Introduction

1.1 Spider Silk

Spider silks are biomaterials made of proteins called spidroins, which self-assemble into
a variety of fibers. Orb-weaving spiders have evolved to spin up to seven types of silk
fibers for different biological functions, which vary in mechanical properties, structure and
constituent proteins [[1, 2]]. A special combination of low density, high tensile strength and
large extensibility renders some of these fibers remarkably tough.

The mechanical properties of a specific silk type depend on their molecular structure
and their manufacturing process. Unraveling the process of spider silk formation is an im-
portant step towards fabricating bioinspired fibers. This allows to take advantage of the
fact that silks are produced under environmentally friendly conditions: a highly energy ef-
ficient process that takes place at ambient temperatures and involves renewable resources.
In contrast to silkworms, spiders are difficult to domesticate and under these circumstances
produce a small amount of silk [3]. Therefore, a large-scale production of spider silk fibers
requires expression and purification of silk proteins using recombinant DNA technologies
and artificial spinning. The latter is a key factor to obtain a fiber with the desired mechanical
performance. It has not yet been possible to synthetically manufacture a fiber with the same
characteristics of the natural one, reflecting the precise control involved in the assembly

pathway of spidroins.
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A broad knowledge of the biosynthesis of spider silk would permit to build tailored
biomaterials with a variety of functionalities, since different silk properties like biocompat-
ibility, biodegradability and mechanical performance are encoded in the protein sequence.
Currently, silk proteins are being used as prototypes to synthesize tunable polymeric ma-
terials [4, (3, [6]. However, the underlying self-assembly mechanism remains to be fully
understood.

Orb-weaving spiders are masters in making and spinning tunable biopolymers. They are
spun in separated spinning glands inside the spider’s abdomen, whereby the name of each
one depends on the gland where it is formed [1] (see Figure [I.T):

MINOR
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Figure 1.1: Schematic overview of the seven spider silk types

picture adapted from [1]].
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1.1 Spider Silk

o Major Ampullate (MA) silk: MA silk is mostly known as dragline silk. It forms part

of the orb-web frame and the lifeline for the spider hanging.

o Flagelliform silk: Sticky capture-spiral silk. The energy of an insect impact on the

spider web is dissipated in the stretching of the elastic capture spiral.

o Aggregate silk: Glue coats in the capture-spiral. Aggregate silk forms droplets along
the flagelliform silk fibers. As soon as an insect is on the capture spiral, the aggreg-
ate silk droplets behave as viscoelastic solids that adhere to the prey and elongate to

maintain the prey attached to the web.

e Minor Ampullate silk: Temporary scaffolds during the process of web construction.

These scaffolds give reinforcement to the spider web.

e Pyriform silk: Pyriform silk agglutinates dragline silk threads to substrates. It behaves

like a strong adhesive, even on slippery surfaces like Teflon.

e Aciniform silk: 1t is the toughest spider silk type and used to wrap prey and cover the

inner part of the eggsac.

o Tubiliform silk: It is the stiffest silk fiber, and covers the outer part of the eggsac.

Among the different spider silk types, dragline silk is the one most extensively studied.
It comprises major and minor ampullate silks, whereby experiments often refer to MA silk.
It has a high capacity to absorb energy, due to the balance between ductility and tensile
strength. This special combination makes dragline silk outperform most materials in terms
of toughness (354493MJm %) and extensibility of up to 91% of its length [7]. Dragline
silk typically measures 2-5 ym in diameter and exhibits a nano-scale structure: nanocrystals
with a size on the order of 2x5x7 nm? [8] surrounded by an amorphous region. The former
provides strength and the latter provides flexibility to the fiber (Figure [I.2)), according to a
generally accepted assumption, which among others is also a result of a simple spider silk
elastic network model [9]]. This model describes dragline silk as a regular 2D lattice, whose
nodes have different stress-strain relationships depending on the amorphous and crystalline
regions. The microscopic structure of spider silk depends not only on its formation process,
but also on its molecular components, which are the spidroins MaSp1 and MaSp2 [10, [11]
with molecular weights of 250-400 kDa per monomer [12]. A spidroin monomer consists

of pH dependent and conserved N and C terminal (NT and CT) regions, which enclose a
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Figure 1.2: Nano-scale structure of dragline spider silk. Tough crystals embedded in a flexible

amorphous matrix of GGX motifs.

highly repetitive core rich in poly-alanine (poly-Ala) and poly-glycine-alanine (poly-Gly-
Ala) repeats and intrinsically disordered fragments rich in glycine motifs (GGX, GXG and
GXX, where X stands for Y=tyrosine, L=leucine or Q = glutamine). The lengths of the
terminal domains are 80-140 amino acids, while for the repetitive part, every block contains
about 40-200 amino acids and it repeated up to 20 times in one monomer (Figure [1.3).
During spider silk formation, each of these region plays a special role in order to build an

outstanding natural fiber.

o S S Sm | e

NT CT
mm poly-ala
s GG X or GXG motifs

Figure 1.3: Native spidroin. A long repetitive region of poly-Ala repeats and intrinsically dis-

order regions are flanked by conserved NT and CT domains.

The production and directed self-assembly of dragline silk proteins happen in the MA
spinning gland (s-gland) (Figure [[.4)), in which the spidroins are stored as a concentrated
aqueous solution (from 20% to 50% w/v ) named spinning dope [13]]. The s-gland is di-
vided into four regions: in the tail (1) the proteins are produced and secreted to the sac (2),
where they are stored without aggregating. This silk solution flows towards the spinning
duct (s-duct) (3), where an elongational flow, a decreasing pH gradient and ions exchange
take place to self-assemble the spidroins under controlled conditions. After assembly, the
fiber is extracted by the spider from the taper (4). There is still no consensus on the as-
sembly mechanism of the spidroins inside the s-gland, in accordance with which two models
have been proposed [14, [15]]. The first model suggests either disulfide-linked multimers or

monomers pass to the s-duct at very high concentrations (~50%), where the proteins align
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Figure 1.4: MA spinning gland. The proteins are produced in the tail (1) and stored into the sac
(2) under pH 8.0 to keep them soluble. After storing, they flow through the s-duct (3) to self-
assemble under a decreasing pH gradient down to 5.0 and elongational flow conditions along the
duct. Once the protein assembly occurs, the nano and micro fibrils are extracted from the taper

(4) by a pulling out made by the spider’s leg.

and crystallize in the elongational flow [15]. The alignment and extension in flow of the
high concentrated dope induces a liquid-crystalline state, in which the intermolecular van
der Waals interactions promote hydrogen bond formation. Once a dehydration process oc-
curs, the fiber is formed. In the second model, since the spidroins feature an amphiphilic
behavior due to their molecular structure, they self-assemble into small micelles of diameter
on the order of 100-200 nm inside the sac [16]. A large group of micelles form larger glob-
ules that are elongated under shear forces in the s-duct, leading to fiber formation. Recently,
NMR experiments reported hierarchical micelles with flake-like sub-domains networks in
the spinning dope. Upon physical shearing, the subdomains become elongated and remain
assembled as entangled networks in the parent micelle [17]. The two asembly models do
not exclude each other, and micelle formation and flow induced elongation likely both play
arole.

Regarding the spidroins, the role of the NT and CT domains in the spinning process has
been investigated in depth. Both terminal regions possess five helices that change their con-
formation upon pH change, change in ionic strength and flow. They are mainly in charge
of controlling the solubility and the assembly of the native spidroins by: preventing fatal
aggregation of the protein monomers in the storage state, and promoting the primary inter-
connections in the s-duct, called the lock and trigger mechanism hypothesis [2l]. From pH
7.0 to 8.0 in the sac, the NT region is monomeric. Once the spidroins arrive to the s-duct,
the NT monomers experience anti-parallel dimerization at low pH conditions (’lock’). In the
case of the CT domain, it dimerizes in the tail by aligning two pairs of oppositely charged

residues and remains associated along the whole gland. Furthermore, the CT region exper-
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iences conformational changes (’trigger’) along the s-duct behaving as a switch from the
storage to the assembly stage [18].

In contrast to the N and C terminus structures, the repetitive region is insensitive to pH
and strongly affected by flow. Under shear forces and with the help of the NT and CT
domains, the repetitive part of the spidroins aligns and assembles by forming the crystalline
and amorphous phases of the fiber (Figure [I.2)). The crystalline phase comprises 3-sheets
crystals in the poly-Ala and poly-Gly-Ala regions of about 4-15 residues oriented mainly
parallel to the fiber axis [[19,20]]. Finite element modeling based on MD simulations predicts
higher toughness if the crystallites arrange in a lamellar fashion. Furthermore, long (3-sheet
crystals increase the toughness, elastic modulus, and rupture stress of the fiber [21, 22]].
The amorphous phase corresponds to the intrinsically disorder repeats comprising GGX
and GPGGX, which do not have a well defined structure. 31-helical structures are found in
GGX motifs, while GPGGX and GQGX motifs form type II S-turns [23, 24]. These -turns
are associated with the elasticity properties of the fiber.

Assembling the spidroins successfully requires to extent, align and pack them in the
elongational flow produced in the s-duct. However, the role of flow in spider silk formation
is fairly unknown. Microfluidic experiments have shown how elongational flow enhances
beta-sheet secondary structure formation [25], which has been also confirmed by MD sim-
ulations [6, 26]. Nevertheless, the mechanism behind flow-induced [-sheet formation re-
mains elusive. One of the main difficulties towards this aim is the high hydrophobicity of
the silk dope, requiring a careful control of the solvent during the assembly pathway. Addi-
tionally, simulations have shown that small anti-parallel 5-sheet arrangements are favorable
to increase fiber strength [27, 28, 29], but still fail trying to explain how this arrangement is
controlled during the assembly process. The elongational flow inside of the s-duct has been
mostly characterized by rheological experiments of the millimeter and micrometer size silk
feedstocks at different concentrations that are under shear and elongational stress. These
studies explain the complex viscoelastic rheology inside the s-duct [15, 30, 31, 32]. Be-
fore spinning, the silk dope has to pass through the narrow s-duct around 10 times less in
diameter than the sac diameter. This poses a challenge for a spider, since there is flow res-
istance of the liquid crystalline solutions. According to the Hagen-Poiseuille equation for
laminar-Newtonian fluids;

_8Q

AP puLR*, (1.1)
m
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where AP is the pressure change, () is the flow rate, R the s-duct radius and y is the fluid
viscosity. The pressure to push the silk solution into the s-duct is 10.000 times higher than
inside the sac. To spin a fiber under newtonian conditions requires high pulling forces that
can not be generated by the spider’s walking (from 20 mm/s to 800 mm/s) [15]. However,
the silk dope behaves like a non-newtonian fluid, in which the viscosity depends on the shear
rate [[15,30,131,32]. It allows low cost metabolic consumption by the spider to spin the fiber,
since the pressure drop needed to extrude the silk dope is less. A number of studies are in
agreement with a non-newtonian behavior of silk, which has also been shown for other non-
biological polymer solutions. However, the quantitative description of the shear-dependent
viscosity varies [30, 32, [33]]. Four regimes have been described for the response of silk
feedstocks under an increasing shear rate [32], see Figure[I.5} (1) A pseudo-newtonian flow
at low shear rates, (2) a shear thinning behavior that facilitates protein alignment with a
subsequent fibrillation (3), followed by a second plateau (4) where a viscoelastic solid is

formed.

Viscosity (log scale)

Shear rate (log scale)

Figure 1.5: SViscosity dependence of silk feedstocks on the shear rate. (1) Pseudo-newtonian
fluid, (2) shear thinning behavior, (3) fibrillation (4) and viscoelastic solid. Figure taken from
[32].

An established model that describes the spinning in the later part of the gland [30](Figure[1.4)

still remains to be confirmed: instead of spinning the silk thread inside the gland, the spider
squirts out silk solution, and with the help of her legs and her body weight she elongates the

liquid crystal phase inducing a phase separation in the gel to form the fiber.
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1.2 Motivation and Objectives

Considering the complex processes involved in spider silk formation, to date it has not been
possible to understand the role of the hydrodynamics flow in the assembly of spidroins. The
experimental challenge lies in the high propensity of the silk proteins to aggregate and in
the nanometer scale structuring, which is difficult to monitor in real time.

Given the large number and size of the proteins involved, computational techniques have
so far not been applied to address the assembly but instead have focused on examining the
mechanical properties of silk fibers.

The motivation of this work arises from the interest of revealing the molecular mechan-
isms at play during the assembly under flow.

We aim to study in this work the influence of flow on silk proteins in the microscopic
regime by atomistic and coarse-grained simulations. We focus on monitoring assembly in
idealized conditions, in which flow is uniform and proteins are tethered to each other through
the terminal domains, which renders the problem tractable by molecular simulations. The

specific objectives of this thesis are:

e to analyze the flow-dependent dynamics of individual silk proteins in flow. We will
study the transition from collapsed to stretched conformations of tethered silk proteins
by uniform flow at both atomistic and coarse-grained simulations, and will compare

these results to polymers in flow.

e to understand how these flow-dependent dynamics promote assembly of multiple
spidroin molecules into structures present in silk fibers, again using both atomistic

and coarse-grained simulations.

With this work, we aim to contribute to the understanding of the role of flow in the
formation and internal arrangement of spidroin nano-assemblies or other flow-induced pro-
tein aggregation processes.

To study the dynamics of silk molecules in flow, molecular dynamics (MD) technique
is used in this work. The proteins are modeled in amino acid (or coarse-grained, (CG))
and all-atom (AA) resolution. Both models are in the nano-scale, with the CG validated
by and supplementing the AA model in order to achieve longer time scales. The CG
model is coupled with a mesoscopic technique called Multi-Particle Collision Dynamics

(MPCD) [34] to model solvent-peptide interactions and the correct hydrodynamics of the
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system. The simulations are in non-equilibrium, since we introduce uniform flow to mon-
itor the dynamics and aggregation of the silk proteins. The basic principles and concepts of

the simulations at the two scales used in this thesis are explained in the Chapter 2.

1.3 Outline of the Thesis

The thesis is structured in 6 chapters: Chapter 1 introduces the topics and aims. Chapter 2
describes the physical principles and concepts of the computational techniques used in this
work: the all-atom and coarse-grained (CG) MD simulations. In Chapter 3, we describe the
implementation of uniform flow at microscopic scales by using MD simulations, a step prior
to the subsequent model of silk proteins under flow. Chapter 4 investigates the dynamics of
single dragline silk peptides under constant flow using multi-scale MD simulations. The
directed self-assembly by flow is analyzed in Chapter 5. We summarize in the Chapter 6, in
which we conclude the findings of Chapters 3, 4 and 5 and outline the future perspectives of
this study.






Simulation Methods

2.1 Molecular Dynamics simulations

MD is a computational technique for studying the dynamics of molecular systems from the
micro-scale to the meso-scale [35]. This method permits to compute not only equilibrium
but also transport properties of these systems. For highly dynamic molecules such as pro-
teins and their complexes, conformational changes on time and space encompass several
orders of magnitude that determine the behavior of these biomolecules. A detailed know-
ledge of the dynamics of biomacromolecular systems is difficult to obtain from experiments
directly. As a consequence, MD simulations have been widely used to complement bio-
physical techniques, as they provide the hidden atomistic or molecular details behind the
dynamics and thermodynamics of proteins [36]. In essence, MD simulations study the time
evolution of many-body systems numerically, from which we get average observables of
interest over an adequately long time. The comparison of MD simulations with experiments
is based on foundations of statistical mechanics, which predict the macroscopic behavior
of a system taking into account the microscopic properties of the particles that conform the
system. In this chapter, we cover briefly the basic concepts before introducing the algorithm

of classical MD simulations.
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2. SIMULATION METHODS

Statistical ensembles and averages

In general, a statistical ensemble is a hypothetical set of a large number of N, identical
systems, where every element of the set represents a possible state in which macroscopic
system might be in. A real physical system in the macro-scale performs fast and stochastic
transitions between its quantum states. Any macroscopic measurement detects only an av-
erage of the properties of the very large number of quantum states, it leads to a fundamental
postulate: a closed macroscopic system samples every allowed quantum state with equal
probability.

A micro-state of the system can be defined by the atomic positions 7 and momenta p,
which correspond to the coordinates in a 6N dimension space called phase space. A point
in the phase space constitutes one state of the system. The system is often defined mac-
roscopically in terms of parameters such as number of particles /V, energy F, temperature
T', pressure P and volume V. The collection of points in the phase space that satisfies a
particular state of the system is a thermodynamic ensemble.

We can define a microcanonical or NVE ensemble based on the fundamental postulate
described above and considering that a closed system does not exchange energy and particles
with its environment: a statistical set of identical isolated systems with constant number of
particles, volume and energy. Frequently, the theoretical background in statistical mechanics
is based on this ensemble.

In an experiment, usually a series of measurements of an observable are performed in
a macroscopic sample over a period of time, and the sample contains an enormous amount
of atoms or molecules. Hence, an experimental measure is the result of sampling in an
extremely large number of possible conformations from which we get an average value.
Theoretically, ensemble averages of an observable A(p”, V) correspond to the averages in

experiments, and they are described by
@)= [ [ A oY), 1)

where p(p",7Y) is the probability density function.
The ensemble average is highly difficult to calculate, since one must include in the cal-
culation all possible states of the system. In the case of MD simulations, the states or points

in the phase space of the ensemble are calculated consecutively in time, and time-averages
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of an observable are computed during a simulation time ¢:

¢
A= lim ! AN (), rN(¢)dt !

(2.2)

%

|
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where Tj, is the total number of time steps of the simulation, and A(p;, ;") is the instant-
aneous value of the observable. The system will pass eventually through all its possible
states if we let it evolve indefinitely in time. The time average is equal to the ensemble

average, which is the statement of the ergodic hypothesis:

A= (A). (2.3)
The hypothesis means all accessible micro-states that satisfy a macro-state have the same
probability of being chosen, so that the system will be the same period of time in each of
these microscopic states. To study system of molecules by MD simulations we assume the
ergodic hypothesis. Hence, if enough representative conformations are generated through
MD simulations in an NVE ensemble to satisfy the ergodic hypothesis, the time-average
can be used to compute the observables of the simulated system. In order to compute the
ensemble average from MD simulations, one must assure that the system goes through all
accessible states. However, sampling the whole conformational space through MD simula-
tions is a challenge, in particular for macromolecules. In practice, however, it is complicated
to find out the energy for a specific thermodynamic macro-state of a system. In experiments,
systems under constant temperature are more accessible than systems under constant energy,
these are the cases of NVT and NpT ensembles. An NVT ensemble corresponds to the ca-
nonical ensemble, in which the probability density of the possible micro-states is described
by

N le—H(pN,rN)/k:BT7 (2'4)

=3

where H is the Hamiltonian, kg the Boltzmann’s constant, 7" the temperature and () the

p(p
partition function. The partition function measures the volume of an ensemble in the con-
figuration space, and it is given by

Q= dedrNe’H(pN”N)/kBT. (2.5)

From the probability density and the partition function we can calculate the average value

of an observable, i.e.:

(A) = %//dedrNA(pN,rN)e_H(pN’TN)/kBT, (2.6)
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In the case of an NpT ensemble, the pressure remains constant by adjusting the volume
of the system. This ensemble allows to model better real life conditions of proteins, since
chemical reactions in condensed phase normally occur under constant pressure, both in vivo

and in experiments.

Temperature Coupling

A thermostat or temperature coupling controls the temperature of the system by adjusting

particles’ velocities. The instantaneous kinetic temperature J of an N-body MD system is

defined by the equation:
3 muv;> 1 & mu;?
2 = = — 2.
2’“37<2>N;2’ 2.7)
averaging J over many microscopic states gives the temperature of the system, i.e.
1
T = T(T). (2.8)
steps

When the instantaneous temperature J differs from the target temperature 7', the velocity is

rescaled, in the simplest form of a thermostat by:

T
o=/ 70 (2.9)

However, Equation|2.9/does not reproduce a distribution of the velocities in thermodynamic
equilibrium, which leads to residual distortions in the velocity distribution functions and
violates the kinetic energy equipartition theorem. Temperature coupling using the velocity
rescaling thermostat (CSVR) overcomes this problem [37, [38]]. It has been shown that this
thermostat is very stable and ergodic, it reproduces the correct canonical ensemble and satis-
fies the kinetic energy equipartition theorem. The CSVR thermostat mimics weak coupling
to an external heat bath. Additionally, a stochastic term ensures a correct kinetic energy

distribution, which is done through

dt KKy dW
A = (Ko — K)o +2 Nfo\/T, (2.10)

where N; is the number of degrees of freedom, K is the kinetic energdWy, K is the target
kinetic energy, T is the temperature coupling time constant, dI¥ is a Wiener process, and dt
is the time step. While other thermostats have been suggested that also yield a correct cano-
nial ensemble, CSVR proved particularly stable for MD simulations of condensed matter

systems and was used in this thesis.
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Pressure Coupling

To simulate an NpT-ensemble, a barostat or pressure coupling is needed to keep the pressure
of the system constant, by adjusting the volume of the system. In the simplest version of
a barostat, coordinates are rescaled, although this does not result in a thermodynamically
defined ensemble, violating Newtonian mechanics. The Parrinello-Rahman barostat [39]]
overcomes this problem by using an extended ensemble method. The system is coupled to
an external variable V, which is the volume of the simulation box. Furthermore, each unit
vector of the unit-cell is independent, such that the simulation box can also change its shape.

In all NpT simulations of this thesis, the Parrinello-Rahman barostat was used.

2.1.1 Force Fields

A force field is an analytical function that models the different interactions of the particles
that compose the MD system, in other words, a force field corresponds to the potential
energy function of the system. It is parametrized based on the different types of atoms
and their local interactions. The parameters of the force field are adjusted to reproduce
experimental or theoretical data.

In the context of this thesis, we model a representative fragment of silk spidroin, con-
sisting of three polyalanine repeats separated by two glycine rich regions, and with a total

length of ~80 aminoacids. Figure [2.1| shows all-atom and CG representations of the repet-
itive fragment we simulated.
all-atom

azw?éi
peptide
gm“% CG peptide

Figure 2.1: Modelling of a silk peptide. Representative structures of the atomistic and coarse-

T

grained (CG) models of a fragment of the repetitive region of the silk protein, containing three
poly-Ala and two amorphous regions, resulting in ~ 80 aminoacids in total. Spheres represent

atoms (for all-atom) or backbone and sidechain beads for each aminoacid (CG).
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2. SIMULATION METHODS

In the all-atom MD model we simulated the silk peptide in explicit water, while in the
CG-MD simulations the solvent was modeled mesoscopically. In the next two sub-sections,

we describe the two force fields we used in the multi-scale modelling of silk.

All-atom force field

The potential energy is expressed as a sum of bonded and non-bonded interactions:

U(7:) = Ubonded (73) + Unon—bonded (7% ), (2.11)

The explicit bonded terms are bond-stretching, angle-bending, and dihedral torsion, while
non-bonded interactions comprise a Lennard-Jones or van der Waals part and an electrostatic

part, see Figure[2.2] The bonded expressions are described mathematically by the equations:

. /\ P o &, e

ULMMA

bond stretching angle bendmg dihedral torsion van der Waals electrostatics

Figure 2.2: All-atom force field. Schematic of the potential energy terms for all-atom
MD simulations, which are divided in bonded and non-bonded interaction types. From

left to right: bonded-stretching, angle bending and dihedral torsion correspond to equa-

tions 2.122.T3]and [2.14] while van der Waals and electrostatics correspond to E] and |T_13}

1
Ubonas(7i5) = —k’r’(ﬁj - T%)Q, (2.12)
Uangles<8ijk) = k@]k(‘gijk 9z]k) ) (213)
Udinedrats(Pijkt) = k?}kl [1 + cos (ngiju — Gb?jkz)] : (2.14)

Equations 2.12] 2.13| and [2.14] are 2, 3 and 4-body interactions respectively. The bond
lengths ¥

ij» angles 9” » and dihedrals ¢°;;;, in equilibrium and the spring constants ki, kfj &
and k:f; 1, are obtained from experimental data or ab initio calculations. Upongs and Upygles are
the energies associated with the internuclear distance between two atoms r;; = |r; — 77|, and

the angle 0;;;, between three consecutively bonded atoms. Both are described by harmonic
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2.1 Molecular Dynamics simulations

potentials. For a set of four consecutively bonded atoms, Uysion represents the angular po-
tential between the planes formed by the first three atoms and the last three atoms, given by
the torsional angle ¢;;,

The non-bonded interactions of van der Waals and Coulomb are described by the poten-

tial energy functions:

12 6
Uny(rij) = 46@3‘[ (?) - (?) ]7 (2.15)
1) )

1 agy
dmege, Tij

UCoulornb = (2 1 6)

The Lennard-Jones term Uy,; combines short-range Pauli repulsion and attraction of in-
duced dipole - induced dipole. The width of the potential is given by o;;, the depth by ¢;;.
Furthermore, the Ucouiomp, corresponds to the long-range electrostatic interactions: between
two charges ¢; and g;, where ¢, and ¢, are the vacuum permitivity and the relative permitiv-
ity respectively. The cutoff used for the non-bonded potentials is typically between 1.0 and
1.2 nm. However, as Coulombic interactions are comparably long-range, an approximation
is used to calculate Ucouiomn for 7;; larger than the cut-off, i.e. by particle-mesh methods,
which take advantage of fast Fourier-transforms. A particle-mesh method was also used in
the all-atom MD of the thesis.

CG force field

At coarse-grained (CG) level, we described the protein at the resolution of two beads per
aminoacid (backbone bead and sidechain bead) rather than atoms. The two beads are located
on the C, and C3 atoms of the protein. The peptide is simplified as a block copolymer com-
posed of two types of aminoacids: alanines (Ala) and a non-specific aminoacid type for the
disordered region Since the primary intermolecular interaction within silk fibers are -
sheets formed from the poly-Ala regions, we considered attractive (native) interactions only
between Ala residues in our model, more specifically between pairs of alanine backbone
beads (representing the backbone hydrogen bonding within /3-sheets) and between pairs of
alanine sidechain beads (representing hydrophobic packing between methyl groups across
[-sheets) [40]. These 'native’ interactions were modelled as attractive Lennard-Jones inter-
actions (Equation [2.15)), all other bead-bead interactions as purely repulsive terms. We now
describe all interactions of our spidroin mescopic SOP model including sidechains (SOP-

SC) [41] in detail. The total potential energy U, to describe the interaction between these
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U ! U
!
I
i r
[ UH:\F (9]
\ 1
\ T T Uexc
ey e o xr oLyt el----)
S L r UH;,\I,+ chc €
RO
bond stretching and volume exclusion "native" interactions

Figure 2.3: CG force field. Schematic of the potential energy terms for CG MD simulations.
From left to right: FENE and volume exclusion potentials (Equations [2.18] and [2.21)) and the
native Lennard-Jones potential (Equation[2.19).

monomers is based on the SOP-SC polymer model [41]]. It is defined as (Figure [2.3)
Utotal = UFENE + Unat + chc- (217)

The first term Upgng 1s @ modified form of a Finitely Extensible Nonlinear Elastic (FENE)
potential for the bonded interactions, i.e. beads are connected by nonlinear springs. The
summation runs over all bonded backbone-backbone (BB) and backbone-sidechain (BS)

beads. The potential is:

R}
—JO)> (2.18)

Yk (r;
UrenE = — Z ER(% log <1 — = R
; 0

where 7 is the equilibrium length of the bond, 7y is the maximum extent of the bond and
k is the spring constant. The second term in equation (1) represents native interactions
between the alanine pairs i,j such that |[i — j| > 2. It is modeled with Lennard-Jones (LJ)

potential with equilibrium distance ¢ and energy e:

Ala—pairs N
U = Y U (2.19)
i,J
with b .
Uy = 46[ (5> _ (f) ] (2.20)
T T

The indices ¢ an j of the Equation [2.19|runs over all Ala-pairs. The distance of the energy
minimum between BB and sidechain-sidechain (SS) beads is 0.5 nm, corresponding to the

distance when there is J-sheet secondary structure formation in silk. i.e. ¢ = 0.5nm. BS
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2.1 Molecular Dynamics simulations

interactions within alanines are not treated as attractive interactions, but are included in the
repulsive term (see below).

The last term represents exclusion interactions:

Use= Y. Ul 2.21)

1,j¢ Ala—pairs

and

ULJ; T < Teut,
ULJ,rep = (222)

0, otherwise
where 7.+ = 7, 18 the distance at which the potential has a minimum value. The sum-
mation in Equation[2.21]runs over all possible pairs of beads, except from native interaction

pairs.

2.1.2 Multiparticle Collision Dynamics

To model solvent-peptide interactions in the CG model, the simulations are combined with
Multiparticle Collision Dynamics (MPCD). It is a mesoscopic hydrodynamics technique [34]].
It involves two steps:

(i) a streaming step where the solvent particles of mass m move ballistically during a

collision time step At.. Particle positions at every timestep are described by
Tt + At) = 75(t) + Atodi(1), (2.23)

where 7; and v; are the positions and velocities of every particle. Position update follows
thus a standard integration of Newton’s equation of motion (Section [2.1.3)

(i1) The collision step in which the particles are assigned to cells of size a in a lattice,
the center-of-mass velocity of the cells .., is computed, and subsequently the relative
velocities of the particles with respect to .., are rotated around a random axis by an angle
«, which ensures linear momentum conservation and thermal fluctuations. The velocity

evolution for every particle in time is given by

—

Bt + AL) = Toomy (1) + 55 (@) [F(1) — heomy (1)) (2.24)

() and j correspond to the rotation matrix in spherical coordinates and the cell index respect-

ively.
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The monomers of the peptide are included in the MPC collision step to take into account
solvent-peptide interactions. Therefore, integration time step At for MD (see Section [2.1.3])
is chosen to be smaller than the collision time step At.. The simulation parameters are in
terms of the basic units kg7 = 1, a = 1 and m = 1, where kg is the Boltzmann constant

and 7' is the temperature.

CG simulation parameters

The parameters associated with the potential energy are based on the SOP-SC model pro-

posed previously for proteins [41]:

e Urpng potential: bond length ro = 1.0 [a], & = 500 [kpT/a?] and Ry = 0.5 [a.

o Uypa potential: €ar4 = 0.25 [kgT| and 644 = 2.0 [a] of the LJ potential for both

BB and SS interactions.

e U, potential: the parameters have the same value for BB, SS and BS interactions,
which are €,., = 1.0 [kgT| and 0,., = 1.0 [a].

2.1.3 Equations of Motion

Both for all-atom and coarse-grained simulations (with the additional MPCD procedure),
MD simulations are employed. The MD simulation method is based on Newton’s second
law for AA and CG simulations: [ = md, where F is the force exerted on the particle, m is
its mass, and a is its acceleration. The force acting on every atom is defined by the gradient
of the potential energy function U (7;) with respect to each atom’s position:
S ou (r;
Ay = -2

Once the individual forces are computed through the Equation [2.25] all forces exerted in a

(2.25)

certain atom ¢ by another atom j are summed up:
Fo=) F; (2.26)
J

This sum [2.26]is placed into Newton’s equation of motion:
R 1)

= 2.27
72 _— (2.27)
dr

— = . 2.28
0 U; (2.28)
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2.1 Molecular Dynamics simulations

Having the initial coordinates and velocities of the system’s atoms, we can solve the New-
ton’s equation of motion and numerically.

Time integration of the equations of motion yields the trajectory of the system, which
describes the positions, velocities and accelerations of the particles. Considering the ergodic
hypothesis (Equation 2.3), the observables of the system can be determined from the traject-
ory. The integration of the equations of motion is done in this thesis through the Verlet

algorithm [42], which calculates the positions 7; and velocities ¥; at the times ¢ and ¢ — %

respectively:
g (t " ﬁ) — 7 (t - ﬁ) IEAONV] (229)
2 2 m
. . . At
T(t+ At) = 7(t)+ v (t + 7) At. (2.30)

The time steps At are chosen in a way that they are smaller than the fastest motions of the
simulated system, which are the covalent bond vibrations. The vibrational frequencies of a
covalent bond can be expressed through:

1 [k

— (2.31)

v=— ,
2\l p

where 1 is the reduced mass of a bond and k is the spring constant, i.e. the faster the
atom, the higher the vibrations. MD simulations of biomolecules with chemical bonds to
hydrogens are stable considering only time steps of 1fs or lower. Usually, the dynamics
of atoms relative to one another are not of interest. Hence, constraints of high frequency
motions like hydrogen bond vibrations allow to increase the time step to ~ 2fs. Bond-

distances constraints are introduced with algorithms such as LINCS [43] 44]].

Boundary Conditions

The number of particles contained in molecular systems is significantly smaller than any
macroscopic system. Periodic Boundary Conditions (PBC) are adopted to avoid surface ef-
fects and have been employed in all-atom MD simulations presented herein. PBC conditions
consist of system replications along all three Cartesian coordinates. Particles that exceed the
limits of the simulation box on one side are moved to the other side of the simulated sys-
tem. The box dimensions should be a multiple of o for Lennard-Jones fluids. For protein

simulations, such as those performed here, a distance to the periodic image larger than the
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non-bonded cut-off distance is used. In this way, the interaction of a certain particle with its

periodic image is negligible.

22



MD Simulations of Molecules in
Uniform Flow

This chapter has been published in: Herrera-Rodriguez A. M., Vedran M., Aponte-
Santamaria C. and Griter F., "Molecular Dynamics simulations of molecules in uniform
flow”, Biophysical Journal, vol. 116, pp.1579-1585, 2019.

3.1 Introduction

Many biological processes such as hemostasis to stop bleeding, leukocyte adhesion at sites
of inflammation, or spider silk spinning occur under flow conditions [25, 45, 46]. Flow,
being it elongational or shear flow, is an inherent property of these systems. The proteins in-
volved in the flow-dependent processes undergo specific conformational changes triggered
or influenced by the flow. Examples of this are the von Willebrand factor (vVWF) in the blood
or spider silk proteins. VWF plays a crucial role in sensing blood flow to promote platelet
adhesion at wound sites for hemostasis[46, 47,48, 49]]. It undergoes a flow-induced globule-
to-stretch transition which activates its adhesive function. Spider silk proteins self-assemble
into fibers of outstanding mechanical properties[[13]], a transition which is triggered by acid-
ification, ion exchange and elongational flow through a precise mechanism that remains to
be fully unravelled [25]. The key role of flow in silk fiber spring has been described in depth
in section
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The molecular details of flow-induced protein dynamics are often unknown. However,
experiments along with computer simulations have been able to increasingly shed light on
these details at mesoscopic scale. Computational methods that have proven highly success-
ful to study flow-dependent processes include multi-particle collision dynamics (MPCD) [134]],
lattice Boltzmann (LB) [S0] methods and dissipative particle dynamics (DPD) [S1, 52].
Those computational fluid dynamics (CFD) methods are used to model a fluid by either a
discretization of the Boltzmann equation (LB) [S0] or a solution of the Navier Stokes equa-
tions. An example for the latter is the MPCD method which uses collision models, where
the fluid particles are under streaming and collision processes that reproduce the dynamics
of the flow (for details see section[2.1.2)). For the DPD method, the particles interact through
three types of forces: a conservative force arising from a potential energy function, a friction
force to reduce the relative velocities between the particles and a stochastic force accounting
for the random thermal collisions with the solvent molecules [51]].

The main advantage of CFD methods is the accessibility of large computational time and
length scales relevant for the biological process under study. However, important molecular
aspects, such as hydrophobicity, hydrogen bonding, and entropic effects due to the nature of
the solvent molecules are not taken into account, since molecules are represented in a highly
coarse-grained manner. Mostly, bead-spring models are used for the proteins, with one
bead representing full proteins, protein domains, or aminoacids. As the detailed atomistic
structure of the proteins critically influences their molecular properties and conformations
under flow, an atomistic simulation scheme with explicit molecular water under flow is
required. A very versatile way to induce explicit uniform (or shear) flow is to apply an
additional constant force to a subset of wall molecules, which is the method of choice here.
Such implementation has been made available for the NAMD package [53) 154, 53], one of
the major Molecular Dynamics suites, where the flow is implemented as a Tcl script that can
be modified by the user. However, the validity range of the flow under different parameter
sets has not been assessed in this implementation. Gaussian dynamics [56], a method for
non-equilibrium MD simulations was recently developed, to model uniform flow. Based on
the Gauss Principle of least constraints [S7]: the constraint keeps the total mass flux constant
by an external force that drives the system to satisfy this constraint. Also, an appropriate
thermostat was designed in order to maintain the steady state and dissipate the heat of the
system. Shear and uniform flow has been implemented previously to CHARMM [58] and
employed to investigate the dynamical behavior of free and short tethered chains of ss/ds

DNA molecules in shear flow [S9]. For ubiquitin unfolding in uniform flow [60], flow has
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been implemented through the boundary driven method [61] by translating surfaces either
of gold or frozen water in opposite directions(shear flow) and in the same direction (uniform
flow). They reported high shear rates 0.5 — 48 x 101°s™! and uniform flow velocities up to
180 m/s, which take place in particular cases where the fluid properties are not like bulk fluid,
for example in polymer thin films of thicknesses of about 3 — 4 molecular diameters [61]].
Explicit shear flow, in turn, can also be produced by defining two parallel walls where one
of which moves with constant velocity [62]. However, such a setup does not offer to easily
predefine the shear rate nor to produce uniform flow.

We find very appropiate to implement and systematically test flow MD simulations in
one of the most popular MD software packages, the GROMACS package. It offers the pos-
sibility to model a high variety of biomolecular systems. Therefore, we present an efficient
and easy-to-use implementation of uniform flow in MD simulations with explicit solvent
that can be easily extended. Our implementation reuses and extends the pull code available
in GROMACS version 2016 [63] and is configured using the same declarative configura-
tion directives as other features in GROMACS. We show that such implementation is very
flexible and offers high performance, with a slowdown of the simulation within few percent
compared to simulations without flow. By probing a large parameter range, we show that our
flow MD scheme is physically realistic, we describe for which flow velocities it fails, and
demonstrate its applicability to biological systems by simulations of an unfolded peptide in
flow. Our GROMACS extension represents a simple way to study various flow-dependent

molecular processes at atomistic scale, and will be used in Chapters 4 and 5 of this thesis.

3.2 Methods

Extension of the center-of-mass pulling code

Constant slice pulling, which is used for introducing flow to the system, was implemented by
reusing and extending the center-of-mass (COM) pulling code available in GROMAC [64,
65]. The existing pull code works by applying forces (or constraints) between the centers
of mass of one (or more) pairs of groups of atoms. Each pull coordinate operates on two
(or more, depending on the coordinate type) pull groups. Each pull group can be utilized by

one or more pull coordinates. Furthermore, a coordinate can also utilize one group and an

"Documentation and software can be found here (sliced pull section): DOI:10.5281/zenodo.
2538871
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absolute reference position in space. The pulling can also be done in the direction of a user-
defined vector. By default, all atoms are weighted by their mass[38]], but an additional user-
specified weighting factor can be used to smooth the external potential, it avoids abruptly
changes in the external applied force, we call this option smoothened pull slice case.

The extension of this code is done as follows: a new type of a pull group, the sliced
pull group, is introduced. The position of the slice is defined by the minimum and max-
imum value of the x coordinate of the group; no force will be applied on the atoms in
the group positioned outside of the range specified by the minimum and maximum. Note
that slicing along the = coordinate is sufficiently general, as a box used in an MD simu-
lation can be freely rotated. Still, in case an application requires the slicing in multiple
coordinates for one or more groups, the present code could be extended to support such
use case. Three new variables in the MD parameter file were introduced for the configur-
ation of the constant slice pulling. A boolean variable pull-groupl-sliced is used
to enable or disable the slicing of the group, while the pull-groupl-slice-x-min
and pull-groupl-slice-x-max control the minimum and maximum value of the z
coordinates which belong to the slice on which the pull force will be applied.

In each step of the MD simulation, the state of all the sliced pull groups is updated (or-
dinary, i.e. non-sliced pull groups are left unchanged). For each atom in each sliced pull
group, the position of the atom is read and compared to the slice boundaries in = coordin-
ate, Spin and sy, (configured by the user for each of the sliced groups by setting the MD
parameters). The external potential acting on the group will only be applied to the atoms in
the slice, weighted with weighting factor ws,(x), where x is the x coordinate of the atom.
Coordinate x of each atom in the slice is first normalized from the interval [Syin, Smax] to the

interval [—1, 1] using the formula

SmintSmax
T — SminTZomax

Tumit = o (3.1

Smax —~Smin

2

Then the weighting factor wg, () is computed by

Wep () = Tgpe — 2000 + 1 (3.2)

unit

The weighting factor is set to O for all atoms outside the slice. When the pull force is applied
during an MD step, it will only be applied to atoms of the sliced pull group that reside in
the sliced region and it will be weighted with an additional factor wg,. In the special case

where no atoms are present in the slice, the weighting would set wg, = 0 for all atoms. This
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would result in the application of an infinite force and a subsequent crash of the simulation.
Therefore, the number of atoms in the slice is checked before each weighting and, in case
it becomes zero, the user is directed to check the simulated system and MD settings. Such
no atoms are present in the slice” situation can occur, for example, when the pull force is

high enough to cause the appearance of voids big enough to encompass the entire slice.

Simulation setup for a pure water system

To model the uniform flow by MD simulations we used the GRoningen M Achine for Chem-
ical Simulations (GROMACS) 4.6 version package, in which the center-of-mass (COM)
pulling code was extended by introducing a sliced pull group defined by minimum and
maximum values of x coordinates, the range where the external potential that produces the
flow is applied. At every time step of the simulation, the x positions of the pull group atoms
are read, if a pull group atom is inside of the pull region, an external force will be exerted
on this atom along the x coordinate.

The system for simulation is a rectangular box of about 32,000 water molecules and di-
mensions of 39 x 5 x 5 nm?. We used the SPC water model [66]]. Before producing the flow,
we prepared the system as follows: potential energy minimization to set the system into an
energetically favorable state, 5 ns canonical NVT ensemble, an NpT ensemble during 10 ns
and production run at constant volume and temperature of 300 ns; an NpT ensemble is not
performed in this latter stage, since the barostat would alter the generated flow due to a pres-
sure gradient. The water box was simulated considering the following cases: smooth and
not smoothened pull slice of 4nm, smoothened pull-slice of 8 nm and smoothened pull-slice
of 24 nm. The type of barostat and thermostat used in the simulations are Parrinello-Rahman
[39] and V-rescale[37] respectively, with coupling times 0.1 ps. A 2fs integration timestep
was set to all simulations. We use the Particle Mesh Ewald (PME)[67] technique for the
long-range electrostatic interactions, with 4 order cubic interpolation and 0.16 nm grid spa-
cing for FFT. The cutoff radius is 1 nm for electrostatic and Van der Waals interactions, with
an update of the neighbor list every 10fs. In flow simulations, the pull group was defined

such that it comprises all oxygen atoms in the system.
Simulation setup of a peptide in uniform flow

We simulated a small intrinsically disordered peptide of 40 amino acids, a linker which con-

nects the VWF A1l and A2 domains [68]. Its initial structure was taken from our previous
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simulation study [69]. The Amber force field amberff99sb-star-ildn [70] in combination
with the TIP4P-D water model was used [71]. This combination is appropriate to model
accurately the collapse propensity of intrinsically disordered proteins [72]. To neutralize
the system we added counter NaCl ions at a concentration of 0.15 mol/L. Periodic boundary
conditions in all three dimensions were applied. V-rescale temperature coupling was used
during equilibration and production run, and Parrinello-Rahman pressure coupling during
system preparation with the LINCS constraints for the protein (see Section [2)). Other sim-
ulation parameters were the same as those described for water-only system above. The
protein was placed in a way that the closest atom to the slice is 4 nm away from the pull
region to avoid undesired stretching not associated with the flow, and artifacts due to the
pressure drop inside the slice and in the interface. To achieve a uniform flow with the ions
included, the water molecules were subjected to a pulling force during 100 ns within a slice
of 4nm located at 1 nm from the origin, while maintaining the protein heavy atoms with po-
sition restrained (restraint elastic constant of 1000 kJ/mol/nm?), the solvent dynamics with
ions is slower because NaCl ions are heavier than water requiring long equilibration times.
This simulation was conducted maintaining the volume of the simulation box fixed (NVT
conditions). For the production run, the protein was released and the first alpha-carbon of
the peptide was position-restrained with a force constant of 1000 kJ/mol/nm?, otherwise
the peptide would be dragged through the water box without being extended.

8s~1 is a reasonable

A uniform flow even for high wall shear rates of about 10* — 10
approach for bulk fluids in the nanometer scale. As an example, the estimated flow velocity
change within a distance of 100 nm for a wall shear rate of 10°s~! is 0.01 nm/ns. This is a

negligible value, being valid to consider a constant flow
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3.3 Results and Discussion

We first demonstrate the simple principle of flow MD simulations by showing results for a
water-only system. We introduce flow at constant velocity by adding a pre-defined constant
force acting along the flow direction to all water molecules present at any given time ¢ within
a vertical slice of the simulation system (Figure [3.1). The position and width of the slice,
which we denote pull-slice in the following, are pre-defined by the user. Adding the force to
only a subset of water molecules within a slice has the advantage of not directly perturb the
surrounding of a macromolecule, such that it does not penetrate the slice where the force is
applied.

Our extension of the pulling code in GROMACS was tested with a 39 x5 x5 nm?. rectan-
gular box (Figure [3.1] top). Force is applied to water molecules within the slice boundaries
after application of a weighting scheme. A smoothed distribution of external force along
the flow direction is applied (see in Figure [3.1] bottom). At each MD step, a dynamic reas-
signment of the molecules belonging to the slice is performed, and the weighting process is

repeated according to the number of water molecules found in this region.

—  Smooth weighting

---  Non-smooth weighting

S e il |

39

01

Position in x coordinate [nm]

Figure 3.1: Example setup for flow MD simulations. a) Rectangular water box (dimensions
39 x 5 x 5nm?®) with approximately 32,000 water molecules. Water molecules within the slice
are highlighted in cyan. b) Slice weighting function considering smooth (red) and non-smooth
(blue) options (equations [3.1] and 3.2] respectively, in Methods section) plotted along the x
coordinate of the simulation box. The smoothing allows to avoid abrupt discontinuities in the
applied force at the slice interfaces.
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Figure 3.2: Water density varies along the flow direction. a) Number density of water molecules
inside the slice over time under forces of 0.5 pN, 2.5pN and 4.5 pN. The size of the slice is
4nm; and force smoothing is applied. b) Number density of water molecules along the flow
orientation. Simulation setup as in a). Up to forces of 2.5 pN, the density does not decrease

more than 8.5%. The grey dashed line is the number density at zero force.

Figure shows time evolution of the number density of the waters inside the pull-slice
under different flow velocities, induced by application of varying external forces on the slice.
There is a significant drop of the water density for forces larger than 2.5 pN. This implies
simulations with this or higher forces to not result in a stable water flow, but instead to
result in cavity formations. The external force applied in the region depends on the number
of waters found in it, assuming constant density in the slice. High external forces lead
to inhomogeneous densities, which in turn can lead to even higher forces applied to these
molecules and eventually cavity formation. For the given water system, applying forces of
2.5pN or more is thus not recommended. Further below, we will show the force regime
for which a stable flow is obtained. We next analyzed the number density along the flow
orientation (Figure [3.2b). Up to forces of 2.5 pN the density does not decrease more than
8.5 % compared to the number density when flow is absent. As discussed before, for forces
larger than this value the number of water molecules inside the slice is drastically reduced.
For all forces, at the slice interface at 5 nm, the water density reaches a maximum which is
higher for higher force values. The externally applied force pushes the water molecules to

this position, where the molecules, however, are slowed down as adjacent water layers are
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not subjected to the force. As expected, the density then linearly decreases along the flow

direction and is lowest at the entry zone of the pull-slice.
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Figure 3.3: Flow MD produces uniform flow in the m/s regime. (a) Mean displacement of all

water molecules (dark blue) as a function of time for a 1 pN force per molecule applied in the

slice of 4nm. Light-blue curves represent the displacement of single water molecules (shown

for ~200 molecules). (b) Average velocity over time obtained from the mean displacement

(dark-blue in (a)). (c) Velocity probability density function obtained from a linear fit of the

displacement curves per molecule (light-blue in (a)), the dashed line is a Gaussian-distribution

fit.
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Figure 3.4: Uniform flow velocities under different forces applied in the slice. (a) mean velocity

over time and (b) velocity probability density.
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Figure 3.5: Mean velocity over average force per molecule in the pull slice. Slice sizes were
4 nm (circles) and 8 nm (triangles). The black curve is a fit of the data to a line.

The mean displacement of the water molecules over time for a 1 pN force applied in
the slice is shown in Figure (solid line). It was defined as the average displacement
of all water molecules in the system at every timestep. While individual water molecules
show displacements which vary broadly over time, as exemplified by the light-blue curves
in Figure [3.3], the average over all water molecules is linear, implying a constant velocity
of the flowing water over time, as aimed for. The mean velocity over time (Figure [3.3p) of
the flow is obtained from the mean displacement curve using finite differences, obtaining a
uniform flow with a constant velocity of 0.315 m/s for the given system. Figure [3.3c shows
the velocity probability density function obtained from fitting the displacement of all indi-
vidual water molecule displacements to a line from which individual molecular velocities
were obtained. The distribution is Gaussian, suggesting that our system remains in a ca-
nonical ensemble. Velocity values from the average value of the distribution 0.32 m/s and
the mean velocity over time are in good agreement. Higher forces applied to molecules in
the slice result in correspondingly higher velocities, as shown in Figures and for
forces from 0.5 to 5.0 pN.

32



3.3 Results and Discussion

We next asked how the obtained flow velocity changes with the externally applied force
for a given size of the slice. Figure[3.5]shows a linear increase of the flow velocity with force,
as expected. When only taking systems into account which show a largely homogeneous
water density (< 2.5 pN, see Figure [3.2)) for a 4 nm pull slice, uniform flow with velocities
up to 0.6 m/s can be obtained (data shown in red). However, this range can be increased
towards higher velocities if larger pull slices are defined. When using external forces per
molecule which are half the size and at the same time doubling the pull slice (8 nm), the
same target velocity can be obtained, though at a smaller risk of density fluctuations across
the simulation system (data shown in blue). Thus, higher target velocities require larger
pull slices, or larger system sizes to prevent undesired drops in water densities along the
flow dimension. As a demonstration of the smaller density fluctuations for larger pull slices,
Figure shows the time-averaged number density as a function of z for varying sizes of
the slice: 4nm, 8nm, and 24 nm. All three systems display the same target flow velocity
of 1.3 m/s. When the size of the slice is increased there is a reduction of the voids and the
number density is closer to the value without flow (grey dashed line). In fact, for slices as
small as 4 nm, the pressure gradient is artificially high due to the nano-sized dimensions of
our system, but as we see here, this problem ameliorates when increasing the width of the
pull size towards 24 nm, which therefore is a recommendation of pressure-sensitive systems.
We also simulated flow for a non-smoothened version, i.e. the same force was applied to
the water molecules within the slice, instead of using the weighting scheme (Figure and
Figure [3.6). We did not observe differences, suggesting that the thermostat is able to relax
the net velocity of the system even for abrupt applied forces.

Finally, as proof-of-concept, we performed simulations of a short disordered peptide,
an ~40 amino-acid fragment of the link between Al and A2 domains of the vVWF protein,
in flow. We chose an intrinsically disordered peptide because it adapts more strongly its
conformation in response to flow than folded proteins. Our technique can be flexibly used
for any type of molecule or material in flow. The peptide was placed away from the pull
region (its closest atom to the slice is 4 nm away), and its N-terminal C,-atom was restrained

(details of the simulation setup are given in the Methods section).
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Figure 3.6: Number density of water molecules along the flow orientation without smoothening
the applied force inside the slice.
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Figure 3.7: Number density as a function of x at flow velocity of 1.3 m/s for three different pull

slice sizes: 4 nm (red line), 8 nm (blue line) and 24 nm (green line). The density drop is reduced

with the increase of size of the slice.
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Figure 3.8: Flow-induced unfolding is illustrated for the 40 AA intrinsically disorder linker of
A1l and A2 domains of vWF. The closest atom of the peptide to the pull slice is 4 nm away and
the N-terminus with position restrained. Position along x (flow direction) of the C-terminus as
a function of time is presented, varying applied forces between 0.3 and 1.2 pN. Note that for 0.3
and 0.6 pN, the peptide was initially oriented against the flow direction (z-position at ¢ = 0) and
initially rotated. Two representative conformations before and after the flow-induced extension

of the peptide are shown.

As shown in Figure the peptide features increasing end-to-end distances over time
along the direction of the flow when subjected to uniform flow. The peptide length reaches
a plateau after ~ 100 ns, around which the value then fluctuates. Fluctuations in length
are more pronounced at low flow velocities, while high velocities more strongly straighten
the peptide and thereby also reduce the length fluctuations. This behaviour follows the
expectations from polymers under flow [73]] and confirms the feasibility of the explicit flow
MD protocol.

We also tested if the flow velocity and the resulting change in protein dynamics can
in principle be affected by the temperature coupling. To this end, we coupled the system
with the V-rescale thermostat [37]]. It has been shown to be ergodic, stable, reproduce the
canonical ensemble and not violate the kinetic energy equipartition theorem [74]. In Fig-
ure [3.9p we compare the velocity of the flow under different coupling times of the V-rescale
thermostat (0.0002 — 2.0ps). For a force of 1.5pN in the pulling slice we obtained the

same average velocity of 0.47 m/s. We conclude that our setup is robust with regard to the
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temperature coupling time.
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Figure 3.9: (a) Velocity of the flow for a pulling slice force of 1.5pN as a function of the
coupling time of the thermostat. Flow is very stable under different coupling times. Standard
errors are smaller than the symbol sizemean velocity over time and (b) Comparison of the flow
velocity of a pure water system for SPC and Tip4p-D water models. The pulling force in the
slice is 1.5 pN. The simulation setup is the same as the one described in the Methods section 2.3.

Standard errors are smaller than the symbol size.

We note that for the simulations of the peptide under flow, we used TIP4P-D water,
which has a lower self-difussion than SPC water simulations described above (3.85x 10 5cm? /s
versus 2.1 x 10~°cm?/s). Despite this difference, the two water models give nearly the same
average velocity for a given external force (Figure [3.9b, SPC gives 2% higher velocity than
TIP4P-D.

3.4 Conclusion

Here, we present a protocol to induce a uniform flow in molecular dynamics simulations.
This implementation enables a molecular understanding of flow-driven biological processes.

The implementation was tested for pure water systems with varying slices in which water
molecules were subjected to different external forces along the desired flow direction. For
4 nm slices, the density remains relatively constant across the box up to 2.5 pN per molecule
or 0.6 m/s velocities, while higher forces and velocities lead to instabilities. Larger sizes of
the pull slice can reduce the high variance in densities, and allow even larger uniform flow

velocities.
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3.4 Conclusion

We demonstrated the usage of the new flow implementation for the flow-induced globule-
to-stretch transition of a 40-residue peptide. The extension of this peptide was proportional
to the flow velocity. This example demonstrates the possibility of using GROMACS to ana-
lyze the dynamics of proteins under flow at atomistic scale. Application areas range from
proteins involved in blood coagulation to (bio)polymer assembly under flow conditions.
The atomistic simulations might in future help to parametrize hydrodynamic simulations at
a coarse-grained level such as DPD or MPCD. In addition, the minor negative performance
impact we measured makes the usage of the implementation generally feasible.

Considering the typical length scales of MD simulations, to have a constant flow is a
reasonable approximation, since shear rates can be considered negligible in the nanometer
scale for bulk fluids. The uniform flow setup allows us to probe hydrodynamics interactions
and to analyze the rheology of proteins in atomistic detail. Further extensions to allow non-
uniform flows such as shear flow will be simple to implement and are subject of our future
efforts.
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Dynamics of a Single Silk
Peptide under Uniform Flow

4.1 Introduction

Water plays a major role in the dynamics, structure and stabilization of proteins, mainly
via hydrogen bond networking and screening of electrostatic interactions. Hydrodynamic
flow can impact protein structure in a very in a complex manner by inducing non-uniform
drag force along the protein, which depends on the protein conformation and aminoacid
sequence. Flow can mediate a large variety of processes such as material synthesis, blood
coagulation and protein misfolding [75].For instance, flow, ion exchange and pH changes
along the Major Ampullate (MA) spinning gland drive the assembly of dragline spider silk
proteins (spidroins) into a fiber, which outperforms mechanically any biomaterial made by
nature [ 1, 6} [13] [25, 30, [76]. The flow-induced activation of von Willebrand factor (vWf{)
protein is crucial in hemostasis [47, 149, [77, [78]. Shear and elongational flows can lead to
protein unfolding, misfolding and aggregation, and can accelerate fibrillization of amyloid-
B peptide [79, 180, 811 182]], suggesting a potential role of flow in degenerative diseases [83]].
A molecular understanding of how a protein responds to flow, however, remains elusive.
Towards understanding Hydrodynamic Interactions (HI) of biomolecules, single-molecule

experiments have been performed, typically of micrometer-size biopolymers like DNA and

vWi1 [49,[73]. Experiments of a double stranded DNA held against uniform flow by optically
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trapping it on one side with a microsphere show that the DNA shows average extensions
in line with a worm-like chain model [84]], with chains in a dumbbell shape being more
susceptible to shear-induced stretching [73]. vW{f when studied in a microfluidic chamber
unfolds in shear flow through a reversible globule-stretch transition beyond shear rates of
about 5000 s~ in the absence of an adsorbing surface [49].

A large body of work explored the dependence of silk fiber assembly under elongational
and shear flows using microfluidics [6, [13, 25 [85]]. In single molecule force spectroscopy
experiments, single silk spidroin molecules largely followed a worm-like chain behavior,
but also exhibited unique unfolding steps 86} 87]. Flow-dependent dynamics of single silk
spidroin proteins, however, remain unknown.

Polymer theory and simulations have shed further light into the stretching behavior of
biopolymers under flow. For the simplest case of biopolymers under uniform flow, Monte
Carlo simulations of tethered DNA chains revealed that the nonlinear elastic dumbbell
model predicts the deformation of them [88]. The simulations included Brownian mo-
tion, entropic elasticity, and variations in the drag coefficient while the chain is deformed.
Brownian dynamics simulations of DNA molecules in steady flow showed interesting differ-
ences between WLC and Rouse models in a strong steady flow, with convective as opposed
to diffusive propagation of tension along the chain, respectively, leading to a distinct time
evolution of chain extension [89]. In addition, bead-spring models have proven useful for
describing (bio)polymers, including proteins under flow conditions. A prominent example
is the coarse-grained (CG) modelling of vW{ multimers in shear flow, with one bead repres-
enting roughly one monomer and a Lennard-Jones potential to account for average attractive
interactions [46, 90]]. A variety of methods have been used in such mesoscopic simulations
for the hydrodynamic interactions of the polymer with the solvent, based on Brownian Dy-
namics (BD) [46, 49, [78} 91], multi-particle collision dynamics (MPCD) [34, 92, 93] 94],
dissipative particle dynamics (DPD) [S1,90], or lattice-Boltzmann [S0]].

In contrast to these mesoscale simulations, atomistic MD simulations can give detailed
insight into the conformational changes of proteins induced by flow, such as ubiquitin un-
folding [60] or secondary structure transitions in the platelet receptor glycoprotein Ib [54]].
To model uniform flow, solvent molecules are subjected to a constant force in an NVT en-
semble, yielding a constant terminal velocity. The high degree of detail offered by atomistic
MD in explicit solvent comes at a high computational cost, resulting in high flow rates used

in these studies.
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4.2 Methods

In this study, we examined the extension behavior of spidroin, an intrinsically dis-
ordered protein that is highly sensitive to hydrodynamic flow, [6} 25, 30] at molecular detail
and at physiologically relevant flow velocities. Major ampullate spidroins consists of pH-
dependent folded N-terminal and C-terminal domains, which experience conformational
changes from pH 7.0 down to pH 5.0 in the spider spinning gland, thereby initiating as-
sembly [13]]. In between these terminal domains, spidroins feature a long repetitive region,
which makes up roughly 90% of their total sequence (Figure {.1p) [05]]. This repetitive
region of silk proteins comprises alternating blocks of hydrophobic alanines, which form (-
sheet stacks in the silk fiber, and hydrophilic glycine-rich repeats, which form the amorph-
ous and extensible matrix of silk [1]. Flow as present during fiber spinning is essential for
conformational transitions of the spidroin repetitive region such that assembly into the fiber
is promoted.

We present simulations of a single chain of the repetitive region of spidroin in uniform
flow, using a combination of mesoscopic and atomistic simulations. We chose an ~80
aminoacid-long sequence from the MA Euphrosthenops Australis dragline spidroin, which
consists of three poly-ALA repeats, and two amorphous regions (Figure i.Th). We modeled
this protein at the mesoscopic scale as a simple block-copolymer using a Go-like poten-
tial [41] combined with Multiparticle-Collision Dynamics (MPCD) [34] to model a uniform
flow. For comparison, we performed atomistic MD simulations of the same spidroin frag-
ment in uniform flow of explicit water [65]. We find the protein to largely follow the ex-
pected freely-jointed chain behavior as known from single molecule stretching experiments
and simulations, though with interesting differences. Long-range poly-alanine interactions
result in a pronounced globule-stretch transition at intermediate flow velocities, and flow
promotes [-sheet and poly-proline II conformations, both known to be present in silk fibers,
in particular within the poly-alanine repeats. Our results give molecular insight into the drag
force and stretching dynamics of disordered and unfolded proteins in flow, with implications

for the flow-induced assembly of spider silk and related protein-based materials.

4.2 Methods

All-atom MD simulations in flow

We used the Gromacs 2018 version [63]]. The sequence of the peptide originates from the

repetitive part of the Euprosthenops Australis spidroin at the MA spinning gland and is:
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[A]13:GQGGQGGYGGLGQGGYGQGAGSS[A]1sGRGQGGYGQGSGGNI[A],. It is or-
ganized in alternating poly-Ala repeats and glycine-rich disordered fragments. We used the
Amber force field Amberff99sb-star-ILDN in combination with the Tip4pD water model,
which previously proved appropriate to model intrinsically disordered proteins such as the
one investigated here [70, (71, [72]]. Periodic boundary conditions were used in all three
dimensions for all simulations. The concatenated simulation time including system prepar-
ation and production runs with flow is 18.5 us, Before introducing uniform flow, we pre-
pared and equilibrated the system as follows: An energy minimization with 100000 steps
starting from a randomly chosen conformation of the protein was followed by 5 ns of MD
simulations in the NVT ensemble and 10 ns of MD in the NpT ensemble with the protein
with position restraint. Temperature coupling was done by a V-rescale thermostat during
equilibration and production runs [37]. The Parrinello-Rahman barostat [39] was used for
pressure coupling in the NpT runs. LINCS constraints were used for all bonds to allow a
2 fs integration step. After preparation, we ran 300 ns in the NpT ensemble to equilibrate
the protein without restraining the protein. After protein equilibration, we took 10 different
conformations and prepared larger simulation systems along the flow direction. We simu-
lated 10 flows with mean velocities from 0.0 m/s up to 0.48 m/s, each for 600 ns in an NVT
ensemble. During the simulation we pulled waters inside a slice of 4 nm size with a con-
stant force, using a modified Gromacs version to introduce uniform flow [65)]. The V-rescale
thermostat was used, which relaxed the system to achieve a constant velocity flow given by
the externally applied velocity. The peptide was placed 4 nm away from the pulling region
to avoid undesired stretching not associated with the flow, and artifacts due to the pressure
drop inside the slice and at its interface. For the production run, the first alpha carbon of the
peptide was position restraint to prevent translation. A timestep of 2 fs and LINCS constraint
on h-bonds were used. We simulated for three different replicates for every flow velocity,

each starting from a different velocity seed.

CG MD simulations in flow

We simulated the same system described in the previous section also at CG level, where the

amount of Ala residues in every region is the same as in all-atom simulations.

The simulation parameters are expressed in basic units kg7’ = 1,a = 1 and m = 1 (see
sections 2.1.1 and 2.1.2 of the Chapter 2). The box volume is V' = 100.0 x 50.0 x 50.0 a3,
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the total number of solvent particles is N, = 2.5 million with number of solvent particles
per cell N, = 10. The mass of every monomer is M = Nc¢ [m)], the integration time step At
i 0.0625\/W and the collision time step is At. = 0.1 \/W.

The simulations consisted of an equilibration of the system during 12000 \/W start-
ing from a fully extended chain, from which its final conformation was taken to simulate
under 10 different flows. The force applied to the solvent particles to simulate uniform flow
at a range of velocities was in the interval of (5-107%7 —2.7-107%)[(kgT'/a)] during 12000
\/W. The simulations were carried out in an NVT ensemble using the cell-level ve-
locity rescaling temperature coupling. We carried out three replicas with different velocity

seeds for each flow velocity.

Persistence and Kuhn lengths

To obtain the Kuhn length of the polymer at AA and CG scale, we fitted an exponential

function to the autocorrelation function C'(s) of the silk peptide backbone segments s, using:
C(s) = exp(—2s/ly). 4.1)

The Kuhn length for AA and CG simulations was 0.2 nm and 1.6 a respectively. With [, =
l,/2 we obtained the Kuhn length for both models.

Drag Force Calculation

We calculated the drag force acting on the protein in AA MD simulations from interatomic
forces F;; between protein atom ¢ and protein atom j, summed the z-component of all these
forces up (with z being the flow direction), and averaged over time. We used the same
definition of the drag force for the CG simulations, just that in this case, the forces only
included the momenta transferred in the collision steps as only local protein-solvent forces
are considered in MPCD.

Secondary structure analysis

For the secondary structure analysis (Figure 5), we defined residues to be in a 3-sheet con-
formation when there dihedrals fall into the intervals of 90 < ¢ < 180 and —180 < ¢ <
—90 (circles), and in a PPII conformation if 128 < ) < 180 and —90 < ¢ < —58 (squares).
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In order to observe the relevance of alanines in the formation of 3-sheets we show the per-
centage of Ala and non-Ala residues like: %Alag/pprr = Natagpprr * 100/N 4, (blue
symbols) and %ononAlag/pprr = NuonAtagppr; * 100/ Nyon a1a (gray symbols). Natagppi;
and N4y correspond to the number of Ala residues in 3-sheet or PPII helix and the total

number of alanines in the peptide sequence, while NV, and N,,,n41, are the num-

onAla[;/pp”
ber of residues of the amorphous region in S-sheet or PPII and the total number of residues

different from alanines.

4.3 Results and Discussion

We chose a representative fragment of silk spidroin, which includes three polyalanine re-
peats separated by two glycine rich regions, and with a total length of 76 aminoacids is still
amenable to atomistic MD simulations. Representative conformations are shown in Fig-
ure d.Th. The spidroin peptide was tethered at its N-terminus by a position restraint and
subjected to uniform flow at different velocities (Figure d.1p). To simulate uniform flow we
used similar approaches in all-atom (AA) and CG simulations: we applied a constant force
to the solvent particles along the flow direction in an NVT ensemble, with the temperat-
ure coupling relaxing the system until a constant terminal velocity is achieved. In all-atom
MD simulations, explicit water molecules within one slab of the simulation system were
subjected to the constant force. For the CG simulations, we combined MD and MPCD
methods, where the peptide is embedded in a mesoscopic solvent, which is represented by
point particles that interact through local collisions between themselves and the peptide. See
Methods for details.

The moment the tethered silk peptide is subjected to flow, it shows increasing extensions
(defined as the average signed end-to-end distance along the flow direction of the terminal
C-a atoms or beads, respectively) over time along the flow direction (Figures [4.2)). Figure
4.2l corresponds to all-atom MD simulations where the peptide extension reaches a plateau
after ~200ns, whereby length fluctuations are more pronounced at low and intermediate
flow velocities. CG simulations show a highly similar behavior (Figured.2b), with exten-
sions reaching a plateau after 5000 \/W. At the CG level, length fluctuations are
more pronounced at low flow velocities, but overall less than in all-atom simulations. This
behavior can be attributed to the lack of specificity in the modeling of the CG aminoacids.

For example, the CG beads do not take into account the increased flexibility of glycine
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Figure 4.1: Modelling of a silk peptide under uniform flow. a) Top: scheme of the MA Euphros-
thenops Australis dragline spidroin sequence. Its molecular structure comprises three regions:
pH dependent N- and C-terminal domains (NT and CT, red), as well as a long repetitive region
with alternating poly-alanine (poly-Ala, blue) repeats and glycine-rich motifs (GGX or GXG,
with X being another aminoacid, grey). Bottom: Representative structures of the atomistic (AA)
and coarse-grained (CG) models of a fragment of the repetitive region , containing three poly-
Ala and two amorphous regions, resulting in ~ 80 aminoacids in total. Spheres represent atoms
(for AA) or backbone and sidechain beads for each aminoacid (CG) Color coding as in the
scheme on top. b) All-atom MD simulation system. The spidroin fragment is tethered at the
N-terminus (red sphere), and a uniform flow is produced to stretch the peptide. Color coding as

in (a).

residues due to the lack off a sidechain and reversibly forming non-specific attractive inter-
actions within the glycine-rich regions of the peptide. As expected, for both the atomistic
and CG scales, we obtain on average larger extensions at larger flow velocities (Figure d.3)).

The flow velocities used in the CG simulations cover a wider range and reach the regime of
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Figure 4.3: Fractional extension as a function of flow velocity for a) all-atom MD simulations,

b) CG simulations.

largely extended peptide conformations (z/L0.9, with L being the contour length) already
from medium flow velocities onwards. The AA simulations cover flow velocities up to
0.5m/s and reach average extensions up to x/L ~ 0.7. Higher velocities and extentions
could not be reached, as larger forces applied to the water molecules lead to voids [63]], and
wider pulling slabs and simulations systems would have been needed to overcome this limit.
Nevertheless, our results show a good agreement of the CG with the AA simulations, with
a velocity of 5 - 1079[(kgT'/m)] at the CG scale being comparable to 5 - 107%m /s at the

atomistic scale in terms of the resulting average peptide extension.

We next asked how the flow velocities are related to the drag force acting on the peptide.
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As the drag force changes dynamically with the peptide conformation, a simple analytical
model of the drag as a function of velocity might not be appropriate. We instead calcu-
lated the drag force directly from the forces between the solvent particles and the protein
particles (atoms or beads, respectively). In the all-atom case, we computed the vector-sum
of the non-bonded forces between all atoms of the water molecules and of the peptide over
time. In the CG case, we obtained the drag force from averaging the collisions of the solvent
particles with the beads, as the solvent-protein interactions solely occur through local mo-
mentum exchange. In both AA and CG simulations, the force components orthogonal to
the flow direction average to zero over time, while the component along the flow yields a
non-zero average force, the drag force. We averaged the drag force over the last half of each
trajectory and over all three replicates. Interestingly, independent on the resolution of the
simulations, i.e. for both AA and CG, we obtain an overall linear increase in drag force
with flow velocity (Figure 4.4p). Thus, the drag force effectively follows Stokes’ law, with
an effective hydrodynamic radius of 2.52 nm (obtained from the linear fit to the AA data of
Figure d.Tp). We conclude that our spidroin peptide does not exhibit a pronounced globule
stretch transition at a critical flow speed, which would lead to a deviation from a linear drag-
flow relationship, but instead steadily extends with increasing flow velocity. This is in sharp
contrast to the behavior seen previously for proteins in shear flow, which showed a rather
abrupt globule-stretch transition (in case of VWF) [49] or a one-step unfolding (in case of
ubiquitin) [92, 93]], respectively. However, a gradual stretching through multiple unfolding
intermediates were observed for ubiquitin in the case of elongational flow, [92, 93] directly
in line with the gradual extension of the spidroin with increasing flow velocities.

To quantitatively compare the AA and CG scales, Figure §.4b shows for both sets of
simulations the dimensionless drag force in the peptide as a function of the normalized ex-
tension along the flow. L and [y correspond to the contour length and Kuhn length, which
are 24.3nm and 0.24 nm for all-atom simulations as well as 80 a and 1.5 a for CG simula-
tions. We recover a non-linear force-extension curve typical for polymers when stretched by
a pulling force. The all-atom model yields overall lower extensions for a given drag force,
but given that they are fully independently parametrized, the agreement is satisfying. That
the CG model extends more readily is likely due to our approximation that attractive in-
teractions are only present within alanine residues, thereby neglecting unspecific favorable
interactions involving non-alanine residues of the disordered region. The force-extension
behavior is reminiscent of the behavior predicted by the freely jointed chain (FJC) [96] or

worm-like chain (WLC) model [84] of polymers. Indeed, we find a good agreement of our
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data with the FIC model (Figure 4.4b). Our particle-based simulations agree slightly less
well with the WLC model (4.5), which we explain by the nature of the protein backbone the
(albeit only partially) rotatable bonds of which are better depicted by a FJC model than by

the rod-like WLC with uniform bending stiffness.

Stretching the silk peptide to ~80 % of its contour length (x/L = 0.8) requires a drag
force from uniform flow in the range of 100-200 pN, according to both AA and CG simula-

tions. Interestingly, this range covers the rupture forces of ~176=+73 pN required to stretch

single dragline silk molecules by an atomic force microscope [86].
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Figure 4.4: Extension of the spidroin fragment increases with flow velocity and drag force.
a) Averaged peptide drag force over mean flow velocity for all-atom and CG simulations. For
all-atom simulations, the drag force in the peptide originates from the non-bonded interactions
between the water and protein atoms. In the case of CG simulations, the drag force was com-
puted from the collisions between the solvent particles and the AA of the peptide. The green
and maroon solid curves are linear fits. Error bars are standard errors of the mean for nine data
points, obtained from time-averages over three 100 ns windows of the second half of each of the
three trajectories per flow speed. b) Dimensionless peptide drag force (from (a)) as a function of
the normalized peptide extension. L is the contour length, [y is the Kuhn length. Circles and tri-

angles correspond to all-atom and CG simulations, respectively. Black solid curve: normalized

theoretical prediction from the FIC model, f(z) = 1/(1 — x).

In Figures and {.6b, we show the C, carbon atoms distribution along the flow
direction for all-atom and CG simulations respectively. The probability density of finding
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Figure 4.5: Dimensionless peptide drag force as a function of the normalized peptide extension
along the flow component. Circles and triangles correspond to all-atom and CG simulations

respectively. The solid line the theoretical curve of a worm-like chain model.

an atom in a certain position, is measured from the tether point. From intermediate to high
velocities the (', atoms are more concentrated towards the free end, as the tension is low.
Moreover, the chain is more prone to coil in its final part even for high mean flow velocities.
This is due to the Ala residues that reside in the last fragment of the peptide who avoid to
expose to water. With regard to the CG simulations, the distribution at low and intermediate
velocities depends highly on the formation of Ala bonds, i.e. at 0.0221073(kgT'/m)*/? and
2.26x1073(kpT/m)'/2. Taking this into account, the CG peptide acquires a more stable
conformation than the all-atom peptide under certain flow conditions.

The transition of the silk peptide from a coiled to an extended conformation can be
influenced by alanines. To analyze the relevance of Ala residues in the silk protein conform-
ational ensembles in flow, we quantified the number of Ala contacts along flow velocities in
all-atom (Figure .7a) and CG simulations (Figured.7b). In the all-atom case, we observe a
drop of Ala-Ala contacts between 0.16 and 0.24 m/s of flow rate, This tendency can also be
observed if we consider the total number of contacts or only the amorphous region contacts
(see Figure 4.8a). Also the fractional extension of the all-atom peptide as a function of the
flow rate confirms this behavior (Figure .3p): initially the peptide is extended up to about
30% of the contour length from 0.08 m/s up to 0.16 m/s. After this threshold, the peptide is
stretched 20% further in the mean flow velocity interval of (0.24 - 0.29) m/s up to around

49



4. DYNAMICS OF A SINGLE SILK PEPTIDE UNDER UNIFORM FLOW

b)

0.12} 0.16 m/s
0.081 0.02x1073(kgT /m)"/?
0.06 0.04]
0.00 : ‘ :
‘ : : : 0.00 : - :
| 0.24 S
0.12 m/st .08 0.04x103 (kT /m) /2

= 0.041

(
~.0.08 2.26x1073 (kT /m)/?

=
N 01111&114@(1 pml)a )111‘[\ distribution

0.00
0.12} 0.29 m/s |

2 0.041

: 0.00 I - " -

0.081 7.84x1073 (kT /m)"/?

0.06}

d probability distribution

- 0.00
[\ 0 12} A48 m/s

() 06+ 0.04+

Norma

0.00 I . . .
6 12 18 0 20 40 60 80
x[nm] x[a]

0.00

o

Figure 4.6: Normalized probability distribution of C, atoms along z, the distance downstream
from the tether point in: a) all-atom MD simulations and b) CG simulations. At lower velocities,
the C,, atoms are concentrated near the tethered residue, i.e. the peptide is largely collapsed.
With increasing velocity, the peak in the distribution shifts towards higher z, i.e. the free end,

where the tension due to drag is lowest.

80% of its contour length at 0.48 m/s.

In the case of the CG peptide we observe a less abrupt transition to a fully extended
state without Ala-Ala contacts. The contacts steadily decrease from 10 contacts to nearly
0 contacts between 0.02 and 20x10~3(kgT/m)"/? (Figure [4.7b). The number of total and
amorphous contacts over mean flow rate in Figure 4.8p shows the same tendency. With re-
gard to the CG fractional extension (Figure [4.3b) over the mean velocity, Ala contacts are
maximal only at 0-10% fractional extensions, and are largely lost only beyond 90% exten-
sions. Thus, the CG model does not reproduce the comparably sudden transition observed at
all-atom. In addition, the CG model shows less contacts initially, i.e. at low flow velocities
(~12 instead of ~24 for AA). We conclude that the CG model reproduces the overall loss of

contacts in flow, though it cannot resolve the collapse-stretch transition of AA simulations.
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Figure 4.7: Number of contacts of Ala residues as a function of time in: a) All-atom MD
simulations and b) CG simulations. The cutoff radius within we examine a contact formation is

0.5nm

The formation of [3-sheets is a key factor in the self-assembly of spider silk and requires
flow [25]. However, how flow induced (-sheet formation is poorly understood. In recent
studies, a significant population, namely ~ 24%, of poly-proline II (PPII) helix in the re-
petitive region of MA spidroin dopes, i.e. prior to flow-induced elongation during spinning,
from the Euphrostenops Australis spider has been observed [97]. It was suggested that PPII
helices can form a rigid structure that can be quickly transformed into [3-sheets. We here
asked to what extent our spidroin fragment samples [-sheet and PPII conformations and
how these backbone propensities are influenced by flow. We defined for each aminoacid the
respective backbone configurations based on its two backbone dihedral angles (see Methods
for details). We averaged over all alanines and all amorphous-phase residues (non-alanines)
and normalized by the total number of alanines and non-alanines, respectively. We note that
we analyzed the secondary structure propensities only for the AA simulations, as the CG
lacks the required resolution.

Figure 4.9 shows the percentage of aminoacids with dihedral angles either in /3-sheet or
PPII conformation as a function of mean flow velocity. The percentage of alanines in both,
B-sheet and PPII conformations is increasing with the mean flow velocity for both the poly-
Ala and amorphous regions. Both, S-sheet and PPII conformations populate the upper left
corner of the Ramachandran plot and are close to the most extended backbone configuration

with ¢ = 180 and ¢ = —180. For this reason, flow is expected to drive the aminoacids into
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CG simulations as a function of flow velocity.
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this region of the dihedral space, as previously also observed for disordered proteins under
a stretching force [98]].

The content of the backbone torsion angles in -sheet and PPII in the poly-Ala regions
remains around 10% higher than in the amorphous regions, largely independent of the flow
velocity. This higher ratios are in line with the view that the poly-alanine repeats preferen-
tially drive -sheet formation, i.e. crystallization, during fiber formation.

In both the alanine and amorphous phase, 3-sheet conformations are slightly preferred
over the PPII conformation, and they together represent the majority of secondary structure
conformations. More specifically, in the poly-alanine regions, at the absence of flow, (-
sheet and PPII dihedral conformations are on average sampled by more than 50 % of the
residues and reach ~70 % at the largest flow rates we have used. Taking into account that
the transition from PPII-helix to 5-sheet is very likely to happen due to their close proximity
in terms of dihedrals, we can conclude that poly-alanine regions in our spidroin are primed
for 3-sheet formation by uniform flow. The predominantly proportion of alanines of ~70 %
in 3-sheet or close to S-sheet (that is, PPII) conformations is already very close to the 90 %
percent [3-sheet content by alanines predicted in the model of Alexandra H. Simmons et
al. [19], which is based in NMR experimental studies. The occurence of torsional angles
in PPII-helix conformation might result in a prefibrillar form of the repetitive region of the
spidroins before forming stronger [3-sheet interactions, as proposed by Nur Alia Oktaviani
et al. [97]].
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Figure 4.9: Flow populates 3-sheet and PPII conformations. Percentage of dihedral angles
of aminoacids in 3-sheet (circles) and PPII conformation (squares) as a function of mean flow
velocity, as observed in AA simulations. The data is separated into alanine (blue symbols) and
amorphous regions (gray symbols), and normalized by the total number of residues in these two
regions. Error bars show the standard error of the mean. See Methods for the definition of the

dihedral intervals for both secondary structures.

4.4 Conclusion

We here present the globule-stretch transition of a single repetitive spider silk protein under
uniform flow, using AA MD and coarse-grained MPCD simulations. We suggest a coarse-
grained model with two beads per aminoacid and attractive interactions only between poly-
alanine regions, the results of which compare very well to the coarse-grain model.

We obtained hydrodynamic drag forces directly from water-protein forces as present
during the simulations, and the resulting drag-force-extention behavior is directly in line
with the known force-extension behavior of silk or other disordered proteins from force
spectroscopy experiments [86]. We therefore suggest our definition of drag force as a very
useful quantity that is straightforward to obtain, independent from the level of resolution,

and for both standard MD as well as MPCD methods, and that does not require any addi-
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4.4 Conclusion

tional assumptions.

We observe a strong tendency of alanine residues to sample dihedral conformations
present in [3-sheets or PPII helices, which is further increased by a uniform flow to val-
ues close to those found for poly-alanines within the silk fiber. This supports the important
role of PPII helices in pre-fibrillation and fibrillation steps of silk and the role of flow in
stretching and aligning the poly-alanines of spidroins for crystallization into stacks of [3-
sheets. Our computational approach across scales can be directly used to study simulations
of more than one silk peptide, which help towards elucidating the molecular dynamics and
hydrodynamic interactions critical for silk fiber assembly under flow. This is the focus of

the following chapter.
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Nanoscale Self-Assembly of
Dragline Spidroins

5.1 Introduction

Self-assembly processes are ubiquitous in proteins. They play a role at different length
scales, from the range of nanometers (protein folding) to centimeters (biomaterials) [99,
100]. Focus has been widely set on fibrous protein assemblies (i.e. collagen, silk, hair, and
bones) due to their diverse functionalities that can be used for a large variety of applica-
tions [14]. A deep understanding of fibrous proteins and how they are built is crucial i.e.
for the novo-design of materials, biopharmaceutical processing, and the study of protein
misfolding for the treatment of degenerative diseases [J5, 6, (101} (102} [103]].

Spider silk, one of the well-studied fibrous materials, has been investigated in depth.
These studies form a basis for our understanding of the attractive properties of silk: out-
standing mechanical properties, biocompatibility and biodegradability. The protein blocks
of spider silk have highly repetitive domains of poly-alanines repeats and rich-glycine mo-
tifs (Section 1.1). A controlled spinning by spiders with their highly repetitive sequence
leads to the formation of [-sheet crystals. The crystals in turn are embedded in a flexible
amorphous matrix that is composed of intrinsically disordered fragments. The poly-alanine

repeats are mostly involved in the formation of /3-sheet crystals.
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To date, we lack a complete understanding of the molecular process of silk formation. It
occurs mainly inside the s-gland of the spider, where the liquid silk solution is transformed
into a fiber through ion exchange, shear forces, and a decreasing pH along the s-duct [1} 2.
The pH sensitive and small protein terminal domains are involved in the solubility control
and pre-alignment (or initial interconnections) of the spidroins, while an elongational flow
is in charged of the silk protein stretching to promote the fibrillation via 3-sheet crystals
formation (Figure 1.2 and Figure [1.3] and Figure (14, 31}, 85]. Unraveling the effects
of the elongational flow in the spider silk formation process would bring a broader picture
of the assembly pathway of the spidroins. Principally, helping to depict whether the correct
spinnability of silk requires intermediate formation of micelles or not [[16,17]. Additionally
it helps to describe liquid crystalline flows inside the s-duct [15, 30, [32].

The lack of a more detailed understanding of silk self-assembly is, among others, due
to the challenge to experimentally work with the highly aggregation-prone silk proteins.
In principle, the proteins should be soluble to prevent fatal aggregation. It is difficult to
experimentally manipulate the silk dopes due to their high concentrations ~ 50% wt/v and
their sensitivity to changes in the microenvironment (pH, ion conditions and shear forces).
Moreover, the lack of structuring of the silk monomers in most of its domains limits the use
of structural studies.

In the case of the assembly of spider silk proteins under flow, MD simulations offer the
possibility of analyzing in detail, how flow drives protein interactions nad J-sheet forma-
tion. We used multi-scale MD simulations to describe the self-assembly process of spider
silk under different conditions of concentration and flow velocity. The simulation setup is
explained in the next Section [5.2] We only simulated a small fragment of the repetitive part
of the silk proteins in order to limit the computational expense. This fragment comprises
three poly-Ala repeats and two intrinsically disorder regions. The sequence of the spidroin
is described in the previous chapter of this thesis (Chapter {). An initial pre-alignment of
the peptides was performed, mimicking the multimerization at the terminal domains. The
pre-alignment consists of tethering the peptides along the flow in the same position along the
flow direction, while they can move transversely. Imposing this pre-alignment will enhance
an organized packing of the chains (via formation of contacts mostly within the poly-Ala
regions). In this way, we monitored assembly in an idealized setting with all chains in
phase and subjected to uniform flow. Our study can give insight into flow- induced protein

assembly in general, and provide a first glimpse into silk spinning.
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We note that the results shown in this chapter are a starting point towards systematic

silk assembly simulations, and we describe future directions in the Results and Discussion

section[3.3]

5.2 Methods

5.2.1 Simulation Setup MD Simulations

To monitor the self-assembly of spider silk proteins, we performed simulations of 25 pep-
tides under uniform flow in AA and CG simulations. Every spidroin corresponds to a
random conformation taken from the single peptide simulations in a given flow regime
(Chapter [). Like in the single silk spidroins simulations, the silk peptides are tethered
as well along the flow direction. Initially, the peptides are placed equi-distant from each
other in a matrix of 5x5, where the positions (v, z) of the tether atoms correspond to the
nodes of the matrix. Figure[5.1|shows the initial configuration of the peptides for one replic-
ate of the AA simulations. The peptides are allowed to move transversely (in the yz plane)

and are tethered at the same position in the flow component .
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Figure 5.1: Initial peptide setup MD simulations under flow. Water is not shown for clarity

All-atom MD simulations

For the system preparation and production run with uniform flow, we used the same pro-
tocol and the same parameters as in the single peptide case (Chapter {] Section {.2). In
total, we performed 3 simulations with 2 replicates each. A description of every simulation
can be found in Table [5.2] The initial peptide separation is 6 nm, which corresponds to a

concentration of ~ 8% wt/v.

59



S. NANOSCALE SELF-ASSEMBLY OF DRAGLINE SPIDROINS

Mean flow Initial mean Simulation | Number of
velocity franctional extension time replicants
[em/s] of peptides [ns]
[L]
1 0.0 600 2
33 0.2 600 2
35 0.3 600 2

Figure 5.2: AA simulations description.

CG MD Simulations

In the CG assembly simulations, we also used the same protocol and simulation parameters
as in the single peptide case (Chapter [d}, Section[d.2)). The initial peptide separation is 8 nm
and the system concentration is ~ 4% wt/v for the CG system. In total, we performed 6 sim-

ulations with 3 replicates each. A description of each simulation is contained in Figure 5.3

Mean flow Initial mean Simulation | Number of
velocity franctional time replicants
[0 (kaT/m ! 1 extension [m{mu-' l,;l]
of peptides
[L]
0.3 0.0 517 3
0.8 0.5 517 3
1.5 0.6 517 3
25 0.7 517 3
8.3 0.8 370 3
10.2 0.9 230 3

Figure 5.3: CG simulations description.

Friend of Friends Algorithm

To monitor whether a silk peptide forms part of an oligomer of certain size or not, we
adapted a group selection algorithm called Friend of Friends (FoF) to our case [104]]. The
flow chart of the algorithm steps is shown in Figure [5.4] First, we chose a peptide, which
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has not been previously assigned to an oligomer group ¢. Next, we search for partners of
this peptide based on the interchain C, carbons contact formation, where the condition to
have a contact of two atoms between peptide 1 and peptide 2 is defined as dlci < 0.5(see
the spidroin intercontact sketch at Figure[5.4). In case, the peptide does not have a partner,
we assign it to an “’isolated” peptide list. When partners are found, all of them are added to
the list of ¢ oligomers. We search repeatedly until no further members can be found. This
process runs over all frames of the simulation. Therefore, we can monitor not only the time
evolution of individual chains that form oligomers, but also their contact formation with

other chains.

' START

=~ catalog peptide not in an oligomer

|

peptide | look for peptide's partners NO
dc&z < 0.5nm — add to an "isolated" peptide list

l YES

peptide 2 start oligomer i list

3
é % < & l
e J |
YES
search for partners of partners ——— add to oligomer i list

| o

— output oligomer i list

Figure 5.4: Schematic of the Friends of Friends (FoF) algorithm and two spidroins forming a
contact. This algorithm groups the peptides depending on the oligomer size, to which it belongs
to. At the left side a sketch of two spidroins forming a contact is shown.

5.3 Results and Discussion

In order to analyze the self-assembly of the spidroins, we initially monitored when a certain
peptide takes part of an oligomer. This was done through a clustering algorithm called FoF
(Section[5.2). The criterion to form an oligomer of certain size is based on the formation of
a single interchain C,, — C,, bond. In Figure [5.5] we visualize the oligomerization process

for both AA and CG simulations. Data is shown for one replicate, where the initial mean

61



S. NANOSCALE SELF-ASSEMBLY OF DRAGLINE SPIDROINS

peptide fractional extension is 0.0L. We observe larger fluctuations in the AA simulation,
which is associated with the strong response of the intrinsically disordered regions of the
spidroins with flow. Furthermore, dimers and trimers are not stable oligomers. They revers-
ibly transform into smaller assemblies, monomers and dimers, or form oligomers of higher
dimension. Oligomers larger than a size of 3 are stable and favor the formation of aggregates
of a higher dimension. At the end of the simulation, a stable oligomer of size 13 formed
from semi-stable pentamers and tetramers. In contrast to the AA simulations, the aggrega-
tion of the spidroins in CG simulation show less reversibility (Figure [5.5). The stability of
the CG aggregates is due to the model we considered, where attractive interactions only oc-
cur between the Ala residues. As a consequence, non-native interactions cannot be formed.
We observe a faster aggregation for oligomers of sizes between 2 to 5. In comparison, ag-
gregates of sizes 5 to 7 are more stable and form larger assemblies at longer time scales. We
associate this with the growing distances between oligomers during assembly progression.
An alternative explanation consderes a hydrodynamic effect that leads to shielding. Future
studies are required to investigate this.

We quantified the aggregation of the spidroins over all AA simulations, in which the
peptides average extension is around 0.06 L and the mean flow velocity is ~2.5 cm/s (Fig-
ure [5.6p). The reasons for the overall low extensions in the simulations are: (i) The forces
used to induce flow lead to lower velocities here, compared to previous simulations (ChapterH)),
since the 25 peptides increase friction.

(i1) Oligomer formation further reduces the transition to extended states. Future simula-
tions at lower concentration and higher forces are required to study assembly in AA.

We computed the average oligomer size as a function of time per replicate ([5.6p) and
the average over the whole replicates (Figure [5.6c). The oligomerization increases mono-
tonically until reaching a mean oligomer size of 10 (Figure[5.6c). As shown in Figure [5.6b,
we observe processes all the way up to 10mers or larger. Interestingly, the aggregation pro-
cess is still reversible even for such large oligomer sizes. As a result it produces a mean
oligomerization larger than 10 during the 600 ns.

We next computed the formation of contacts between the protein chains from the AA
MD simulations, and averaged over all replicates (Figure [5.7a). As expected, the inter-
chain contacts grow with time, reflecting the progress in assembly. From the mean contact
formation we calculated the percentage of Ala and non-Ala residues between the spidroins.
Ala residues are involved in the formation of around 57% of the interchain contacts (Fig-

ure [5.7b). This supports the relevance of alanine amino acids in the fibrillation process
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Figure 5.5: Monitoring in time of every peptide depending on the size of the oligomer they
form. The figures are shown for one replicate in a) all-atom and b) CG MD simulations. We
took simulations for initial mean peptide fractional extensions of 0.0L for both systems.
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of spidroins. As shown previously, 3-sheet crystals are formed mainly in the poly-Ala re-

peats [1,[19]. Our data suggests that these residues also provide the interactions dominating

assembly.

Along these lines, we also calculated the mean number of amino acids involved in the
formation of /-sheets (Figure [5.8). The number of [-sheets increases with time as well.

In this case, it is related mostly to the hydrogen bond formation during the self-association
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Figure 5.6: Oligomerization in all-atom simulations. a) Mean all-atom peptides fractional ex-
tension x/L as a function of the mean flow velocity. Black points correspond to individual
replicates, and the green point corresponds to the average value over the replicates. b) All-atom
mean oligomer size per replicate as a function of time. c) All-atom mean oligomer size as a
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Figure 5.7: a) All-atom mean total number of interchain contacts as a function of time, av-
eraged over all replicates per flow regime. b) Percentage of interchain contacts for Ala and

non-Ala residues. The average is computed in the last half part of the mean interchain contacts

(Figure |’5;7|a).

of the spidroins. However, at mean extensions of 0.1L, longer [3-sheets cannot be formed
extensively. It remains to be explored how higher flows induce a larger proportion of -
sheets, which is fully unknown. The non-equilibrium MD simulations on the nano-scale

have the potential to unravel this dependence, which is a future step of this work.
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Figure 5.8: a) mean number of AA that are in S-sheet as function of time. b) Mean number of
AA in j-sheet for every residue type. The average was done over 6 replicates for Figure [5.8h

and Figure @

In the CG simulations, we followed the same approach as in the AA simulations. We
simulated the systems at lower concentration (4 %wt/v) to observe more easily the pos-
sible effects of the flow in the assembly mechanism of the spidroins. This leads to a larger
simulation that can be handled at the coarse-grained level. The average over the replic-
ates of the mean peptide fractional extensions as a function of the mean flow velocity is
shown in Figure [5.9a. We aimed at covering mean fractional extensions in the range of
[0.15 — 0.4]L. However, spidroins at lower range of flow velocities readily assembled.
As soon as two chains aggregate, their extensions are drastically reduced (see outliers at
2.5X103[\/m]). We compared the mean oligomer size evolution in time for every
flow regime, which is shown by averaging over all replicates in Figures [5.9b and [5.9, re-
spectively. Higher protein fluctuations are presented in low flow velocities, which results
in a higher mean oligomerization at a given time (purple curve in Figure [5.9c) compared
to fast flow regimes (green and orange curves in Figure [5.9¢). This suggests that flow not
only extends the spidroin chains, but in this way also reduces fluctuations orthogonal to the
flow direction (Chapter 4, Section 4.3), and thereby the likelihood of diffusional encounters.
Thus, random associations are reduced, and controlled assembly into [3-sheet enhanced.
Overall, self-assembly of silk peptides slows down with increasing flow velocity. The con-
tacts between the spidroins are also highly affected by flow (Figures [5.10a and [5.10p), and

show a strong increase with the size and number of oligomers. We observed more inter-
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Figure 5.9: Assembly in CG simulations. a) Mean CG peptide fractional extension x/L as a
function of the mean flow velocity. Black points correspond to individual replicates, and maroon
points correspond to the average over replicates in every flow regime, considering the last half
of every trajectory. b) Mean oligomer size per replicate as a function of time for every mean
fractional extension. c¢) Mean oligomer size as a function of time. For Figures a) and c) the
averages are over 12 simulations for initial mean fractional extension of peptides from 0.05L up

to 0.7L, and 3 realizations for initial mean fractional extension of peptides of 0.8L and 0.9L.

chain contacts in the CG model (Figure [5.10R) than in the AA model (Figure[5.7a), which is
associated mostly with the fact that we considered attractive interactions only between the
Ala residues. However, it might be possible that specific interactions of the residues in the
intrinsically disordered fragments prevent the formation of interchain contacts in the poly-
Ala regions, which remains to be explored and was suggested by A. Simmons et al. [19]].
In contrast to the AA simulations (Figure [5.7p), in CG simulations, the percentage of con-
tacts where Ala residues are involved is significantly higher than for the non-Ala residues.
This is expected, since non-alanines interact with a purely repulsive potential. Interestingly,
higher flow velocities and extensions result in more of those non-alanine contacts, due to
the fact that chains are aligned in oligomers. One of these interactions that is relevant in the

self-assembly of silk proteins, involve tyrosine residues, as previously shown experiment-
ally [105].
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5.4 Conclusion

In this thesis, we presented multi-scale simulations of the self-assembly of tethered spidroins
under uniform flow conditions. We were able to monitor the formation of oligomers, inter-
chain contacts and [3-sheets for short and intermediate peptide extension, and in two differ-
ent concentrations. At all-atom simulations, we restricted to low flow velocities and peptide
extensions, as our high peptide concentration impedes flow at high speeds. From this proof

of concept simulations, a few preliminary conclusions can be drawn:

e The formation of oligomers is faster, when the peptides are less stretched. Larger

protein extension limits their transversal movement, slowing down the process of self-

assembly.

e Interchain contacts are larger for low velocity flow regimes, since they depend highly

on the oligomerization of the spidroins.

e The Alanines form more interchain contacts than the residues in the amorphous re-

gion. This can favor the formation of 3-sheet crystals during fibrillation.

e Simulations of the assembly of more extended peptides are required to test if J-sheets

formation is enhanced.
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e The limitations of the CG simulations are associated mainly with the non-specificity
in the interactions in the amorphous region and the irreversibility of multimerizaton.
Nevertheless, they can elucidate general features of the assembly mechanisms of
spidroins. Moreover, they can supplement AA MD simulations by simulating less

concentrated systems.
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Summary and Conclusions

In this thesis, we aim to understand the influence of uniform flow on single and multiple
dragline spidroins. To achieve this purpose, we performed MD simulations under uniform
flow in two scales: atomistic and amino acid resolution. We were inspired by many com-
plex processes involved in the self-assembly of spider silk proteins, from which the effects
and possible mechanisms of an elongational flow in the s-duct are predominantly unknown.
Based on this, the main motivation that drove our study is the understanding of the dynamics
and self-assembly mechanisms of spidroins driven by the flow. To simulate flow at atomistic
resolution, we first implemented uniform flow MD simulations in GROMACS and studied
the behavior under a constant flow of water molecules. This implementation was later used
both in the study of single spidroin stretching and in the self-assembly of spidroins. In the
study of single silk peptides under flow, we investigated their coiled-stretch transition and
structural dependence on mean uniform flow velocities. At this stage, we proposed a meso-
scopic model that integrated hydrodynamics by using multi-particle collision dynamics. The
proposed multi-scale model in the single silk peptide simulations is the basis to analyze the
pathway formation of spidroin nano-assemblies.

We will discuss the findings of our investigation in the following sections. At the end,

we will outlook the future steps of this research.
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6. SUMMARY AND CONCLUSIONS

MD Simulations of Molecules in Uniform Flow

Flow at the molecular level induces shear-induced unfolding of single proteins and can drive
their assembly. In this context, MD simulations is a versatile tool to analyze flow-induced
effects at the atomistic level. However, they have been scarcely used under conditions of hy-
drodynamic flow because of their high computational cost [57,159,160], which results in both
calculating ensemble properties during short sampling times and using extremely high flows
to observe conformational changes [75]. Our implementation of uniform flow in the widely
used GROMACS software package takes advantage of the significant improvements in the
computing performance of MD simulations [65] of recent years. These improvements are
attributed to better hardware and computational parallelization algorithms [63]. Moreover,
GROMACS includes several force fields and water models to simulate a large variety of
biomolecules. For example, the force field and water model used for simulating spidroins
are convenient and generally accepted for intrinsically disordered proteins [71, 72, [106]. In
the study of uniform flow MD simulations, we, therefore, extended the “’pull” module of
GROMACS to force groups of atoms in a defined layer of the simulation box. We tested the
extended pull code by the enforcement of explicit water molecules along the flow direction.
The temperature coupling is in charge of relaxing the system to achieve a constant terminal
velocity, and this velocity is not affected by the coupling time of the thermostat. We simu-
lated our uniform flow MD systems a longer time than the simulations of similar previous
studies that have reported flow MD simulations as well [56, 60]. It allowed us to sample in
longer times, which results in a reduction of flow velocities until two orders of magnitude
less than the flow MD approaches described previously (see Chapter 3 Section 3.2) [54]].
Nevertheless, high flow velocities can not be achieved if the size of the pull slice is small,
voids appear if the forces applied on the water molecules exceeds a threshold. In the case
of slice sizes of 4 nm, this force threshold is 2.5 pN. The voids are reduced with the increase
in the size of the pull slice but at the expense of increasing the computational cost of the
simulations. In favor of us, mean flow velocities in order of magnitude faster than ~ cm/s
are considered high in biology, i.e. blood flow velocities are around ~50 cm/s.

Classical uniform flow AA MD simulations allow probing hydrodynamic interactions
in biomolecules with more accuracy than the CG MD simulations. Nonetheless, despite the
fact that efficient atomistic MD suits are available [53} 58, 63]], the computational cost of AA
MD simulations is still high. Study of large systems (around ~ 3 million atoms) requires

not only to use a significant amount of resources but also to shorter simulation times.
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We simulated uniform flow in contrast to the usual hydrodynamics flows that are modeled
(i.e. shear flow, Poseuille flow, and Couette flow), based on the approach that shear rates
are considered imperceptible in the nano-scale. However, further extensions towards simu-

lations of more complex flows can be implemented in all-atom MD systems.

Dynamics of a Single Silk Peptide under Uniform Flow

We proposed multi-scale modeling of spidroins under flow to understand their flow-
conformational dependencies at the molecular level. In this way, we included the atomistic
details from the AA simulations and covered longer time scales and larger length scales
from the CG simulations. At the atomistic modeling, we performed non-equilibrium MD
simulations in GROMACS by imposing uniform flow. For the coarse-grained model, we
modeled the silk peptide as a block copolymer and combined MD simulations with MPCD
to consider hydrodynamics at the mesoscale. The drag force on the peptide was computed
explicitly from the interactions between the solvent particles and every amino acid of the
spidroin in both models. This computation of drag force allowed us to reproduce the force-
extension behavior for silk proteins in atomic force microscopy experiments [[86]]. The con-
formation of the silk peptide changes with flow velocity in a similar fashion in both models:
a decreasing tension towards the free end, where more stable conformations are present in
the CG model for a given flow. In the formation of the contacts as a function of flow velocity
is where we observe the major differences between the CG and MD simulations. The CG
model is not able to reproduce the acute transition from a coiled to a completely extended
state that is present in the AA model, in contrast, it shows a steady decreasing of contacts
with the mean flow velocity. We attribute this to the approximation of the CG spidroin to
a block copolymer that lacks specificity for the amorphous amino acids, where these non-
specific amino acids interact through a LJ repulsive potential. Furthermore, another part that
is important to analyze is the mesoscopic solvent of the CG model. MPCD describes the
solvent-protein hydrodynamics interactions performed through momentum exchange, but
interactions via hydrogen bonds are not included. Hydrogen bonds promoted by water are
relevant for example in the formation of 3-sheets. In the case of the CG alanine regions,
it is considered by the “native” interactions of the CG potential. Nevertheless, within the
amorphous region of silk, the interactions associated with hydrogen bonds that lead to the
formation of secondary structures are also present and they are not included in the meso-

scopic modeling of silk of this work.
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With regard to the structural changes of the spidroins with flow velocity, AA MD sim-
ulations show the tendency of alanines to be in conformations that favor fibrillation. This
behavior can be further explored in simulations of silk proteins with different sequences and
larger molecular weights.

Overall, the multi-scale modeling of silk is satisfactory. AA and CG MD simulations
complement between each other: AA simulations describe in detail the structural changes
of spidroins with the flow, while CG simulations help us to simulate larger systems with a

good description of the hydrodynamics interactions.

Nanoscale Self-assembly of Dragline Spidroins

Once the multi-scale model of silk proteins under flow was built, the next step was to apply
it in the simulations of the self-assembly of spidroins. The results for the analysis of the
silk formation pathway in the nano-scale are still preliminary. However, they have shown us
important insight that directs the future work towards bringing a broader explanation of the
flow effects in the assembly of the spider silk.

Considering that we do not simulate the terminal domains of the spidroins, we did a pre-
alignment of the repetitive silk peptides to have them in phase. The peptides are tethered
along the flow, where we can monitor mainly their lateral aggregation. To have the peptides
in phase facilitates the assembly via crystal formation in the poly-Ala regions, and allows
to focus mostly in the flow effects involved in the spidroins packing. Nevertheless, we are
aware of this simplified approximation, which we took based on previous studies: the NT
and CT terminal domains experience conformational changes upon assembly inside the s-
gland [2]]. The CT domain is dimerized from the tail of the gland [76]], and the NT domains
dimerizes inside the first part of the s-duct after a drop of pH [2]. Therefore, both terminal
domains promote the initial interconnections of the proteins (or pre-alignment). Regarding
the assembly by the formation of crystals, it has been shown in several studies the high
tendency of 3-sheet structures between the poly-Ala regions of the spidroins [19, 27, 28]].

We could monitor the spidroins oligomerization at different concentrations and flow
velocities. Regarding the AA simulation, they are restricted to low extensions because of
the high concentration of the system. To simulate more diluted systems at this resolution
is limited by the computational cost. CG simulations can supply this limitation of the AA
systems, but at expense of less accuracy because of the approximation of the CG spidroins

to a block copolymer. From our results, it is reflected in both the irreversibility of oligomer
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formation and the interchain contacts of the amorphous amino acids. However, they can
show clearer effects associated with the flow, for example, the slow down of the assembly
with the increasing of peptide extension.

Another important aspect is related to the percentage of interchain contacts where alan-
ine residues are involved. AA MD simulations showed that alanines form more contacts
than the residues in the amorphous region. This is a prior condition to promote fibrillation
of the spidroins by the formation of 3-sheet. Here, it is necessary to simulate the more ex-
tended peptides to monitor both the /3-sheet arrangement dependence with flow conditions
and the enhancement of [-sheet crystals by flow.

Overall, we have investigated by computer simulations the effect of flows on spider silk
peptides. Our computational work gives insights into their flow-induced non-equilibrium
conformational dynamics and preliminary hints into how flow may influence their self-
assembly. We hope this computational approach to be the basis of future studies aiming
at studying mechano-activated processes in silk and other biopoylmers and the effect of

flows on them.

Outlook

The present work is the basis to continue investigating the effect of flow in the assembly of

spider silk proteins. The steps towards this aim include:

e Investigating the formation of 3-sheets with the increase of flow velocity. It involves

simulating spidroins that are more extended in AA MD simulations.

e Simulation of larger systems with different concentrations and higher flow velocities.

It can reveal general effects of the flow in the formation time of oligomers.

e MD simulations of more complex flows, i.e. shear flow, in which the spidroins will
not be tethered along the flow direction. It will allow to analyze silk fibrillation along

the flow direction.

e Introducing more specificity in the amorphous residues of the CG spidroins. In this

way, the irreversibility of the assembly in large scales can be monitored.

e Analyzing the effects of shear in the terminal domains of the spidroins. Atomistic-

ally, steered MD simulations can be used to stretch the terminal domains, since the
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inclusion of them under flow conditions increases the computational cost drastically.
The effects of these terminal domains can be monitored in the assembly by extending
CG MD simulations. Adding them to the ends of the repetitive spidroins involves a

pre-alignment of the chains.
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