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Abstract

Intrinsically disordered proteins and regions play important roles in the regulation
of protein dynamics and protein-protein interactions. In this thesis two IDPs, both of
which have been implicated in neurodegenerative diseases, are explored using fully
atomistic molecular dynamics simulations. The rst is the N-terminal fragment of
the huntingtin protein, which controls the protein’s localisation and funétiovo.

The second is the disordered pro domain of the proNGF dimer, which antagonises
NGF in the brain.

Huntingtin is the causative agent of Huntington's disease, which is a progres-
sive neurodegenerative disease, characterised by CAG repeats in the rst exon of
Huntingtin, which are translated into a polyglutamine (polyQ) tract, responsible
for protein aggregation and subsequent neuron death. Huntingtins poly-Q tract is
preceded by a 17-residue regulatory fragment (Htt1-17), which is intrinsically dis-
ordered in agueous environments but forms an amphipathic helix in the presence of
TFE or DPC micelles. Htt1-17 regulates localisation and function of the full-length
protein and is subject to multiple post-translational modi cations in the cell. | used
molecular dynamics simulations with a novel enhanced sampling method, to study
the effect of phosphorylation, phosphomimetic substitutions and acetylation on the
secondary structure of Htt1-19.

ProNGF is the precursor to the neurotrophin NGF, and is involved in apoptotic
signalling in the brain. A disturbed proNGF:NGF was shown to lead to Alzheimer's
disease. A high-resolution structure of the pro domain has been missing so far. |
modelled the proNGF dimer by combining experimental data with long MD simu-

lations.






Impact Statement

Neurodegenerative diseases are becoming ever more prevalent as the mean age of
the human population increases. Currently, there are no curative approaches for
most such diseases. Instead treatment often focuses on symptom management and
palliative care. Intrinsically disordered proteins (IDPs) have been shown to be key
components in a vast array of neurodegenerative diseases. A deeper understanding,
at the molecular level, of these key components is needed in order to enable rational
drug design for the diseases they cause.

The methods presented in this thesis provide a framework for studying the
structure and dynamics of IDPs, which previously were not amenable to traditional
structural biology techniques. The enhanced sampling techniques presented herein
are promising avenues to accelerate basic research into the causative agents of mul-
tiple neurodegenerative diseases. Furthermore, the sampling and modelling meth-
ods developed with these model protein systems are applicable to proteins involved
in other diseases, too, providing a tool that can be applied to many areas of basic
research.

Academically, this work extends the range of proteins studied robustly by MD
to include IDPs. | have done so by adapting an existing enhanced sampling method
(SWISH) for disordered entities. The results show excellent agreement with ex-
perimental ndings, especially when investigating the interplay between different
post-translational modi cations. This is the rst time an MD-based method cap-
tured such intramolecular communication, which plays an important role in many
cellular processes. As such, the methods presented here have many potential uses

and open new avenues for therapeutic interventions.
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Chapter 1

Introduction

In this chapter, | will outline the biological and structural importance of intrinsi-
cally disordered proteins (IDPs), their interactions with other components of the
cell and role in signal transduction. | will also give a summary of the effect of post-
translational modi cation and interactions with binding partners on the structural
ensembles of disordered proteins and peptides. | will conclude with a description

of the two model protein systems used in the work presented in this thesis.

1.1 What leads to order vs disorder

1.1.1 Protein folding

The central dogma of molecular biology states that information ows from DNA,
via RNA, to proteins [1]. This translation of information from DNA bases (which
have very similar chemical properties) to amino acids, which are chemically much
more diverse — ranging from acidic to basic, small to bulky, exible to rigid, reac-
tive to inert side chains — leads to the great diversity observed in the proteome of
organisms in all kingdoms of life. It is this chemical diversity that forms the ba-
sis of structural diversity, since the native three-dimensional structure of a protein
(tertiary structure) is dictated by its sequence (primary structure) [2]. The particu-
lar sequence of amino acids in a protein determines whether the resulting macro-
molecule will be a rigid structural element, such as microtubule laments found
in the cytoskeleton [3], or a highly dynamic molecule with speci city for a bind-

ing partner and ability to catalyse reactions to generate mechanical work, such as a
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motor protein moving along those laments [4].

Protein folding refers to the spontaneous transition of a linear chain of amino
acids from unfolded to folded states, through intermediate conformations with vary-
ing stabilities [5]. Several different forces and interactions take part in this process,
and the mechanism of protein folding remains subject of debate [6]. The hydropho-
bic effect, associated with the difference in entropy of free bulk water vs water in
contact with hydrophobic residues, was shown to play a major role [7]. Similarly,
hydrogen bonds involving the protein backbone (leading to secondary structure)
and side chains also play a major stabilising part. In proteins containing charged
side chains or cysteine residues, salt bridges and disul de bridges further stabilise
the resulting tertiary structure through electrostatic and covalent interactions, re-
spectively. Once a collapsed state with some secondary structure (often referred
to as molten globule) is formed, van der Waals interactions are thought to bring
the protein closer to its native fold [8]. Interactions with binding partners and/or
chaperones can also in uence folding of a protein [9]. The order and signi cance
of each of these components is still debated and possibly depends on the particular
protein.

For a very long time, a stable tertiary structure was assumed to be key in the
interaction of proteins with their environment, and a disordered state or conforma-
tion was often considered a dysfunctional intermediate in the folding pathway [10].
More and more, research has shown coexistence of order and disorder in proteins
and challenged the previous binary division of proteins into stable/folded and disor-
dered. The current view is that proteins are found on a continuum of stability, with
marginally stable proteins and intrinsically stable proteins exhibiting more uidity

in tertiary structure than was previously imagined [11].

1.1.2 Role of order and disorder in signal transduction

For decades, the prevailing paradigm for protein-protein interactions revolved
around complementary surfaces [12]. However, recent evidence suggests that there
is a crucial role of disorder in protein-protein interactions. The entropic contri-

bution of intrinsically disordered proteins (IDPs) to protein binding was recently
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demonstrated by Keul and coworkers, who showed that the presence of a disor-
dered region in the C-terminus (irrespective of its sequence) of BlEIRglucose-
6-dehydrogenase shifted the conformational equilibrium of the protein, favouring
inhibitor binding [13].

Some IDPs undergo disorder-to-order transitions in response to their environ-
ment, where they acquire at least partial order. This is often in the form of a binding
partner [14] or a post-translational modi cation (PTM) [15]. A well-known exam-
ple of the former is A which assumes a helical conformation upon association
with a membrane, while it is disordered in solution. An example of the latter is
the N-terminal tail of Huntingtin, as described in detail in chapter 3, which also
transitions from an ensemble of disordered states to a helical conformation upon
phosphorylation at a key residue.

There are some IDPs, however, which remain disordered even when in contact
with their interaction partners, as demonstrated recently by Borgia and colleagues
[16]. Another prominent example, which is the subject of Chapter 5, is the dis-
ordered pro domain of the proNGF dimer. The pro domain maintains a mostly

disordered conformation even when in contact with mature NGF dimer.

1.1.3 Role of post-translational modi cations in structure and

dynamics

Post-translational modi cations (PTMs) are covalent additions to protein termini
or side chains after the protein has been translated by ribosomes. The added moi-
eties are diverse (Table 1.1), as are their effects on the protein. PTMs allow or-
ganisms to diversify their proteome signi cantly and reversibly by extending the
effective repertoire of amino acids. They are brought about by enzymes with spe-
ci ¢ recognition sequences, adding a layer of proteome regulation beyond tran-
scriptional control. The fact that these modi cations can be reversed rapidly and
dynamically offers the cell temporal control of its response to internal and external
stimuli, with a lower energetic cost compared to synthesising new proteins. Also,
many residues can have multiple potential PTMs, each of which changes the be-

haviour of the residue differently, therefore allowing for a ner control of protein
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function.

Table 1.1: Frequency of PTMs reported experimentally and non-experimentally in
the UniProt Knowledgebase. [17].

H Frequency Modi cation H

58383 Phosphorylation

6751 Acetylation

5526 N-linked glycosylation
2844 Amidation

1619 Hydroxylation

1523 Methylation

1133 O-linked glycosylation
878 Ubiquitylation

826 Pyrrolidone carboxylic acid
504 Sulfation

450 Gamma-carboxyglutamic acid
413 Sumoylation

305 Palmitoylation

178 Myristoylation

152 ADP-ribosylation

147 C-linked glycosylation
81 Farnesylation

65 Nitration

62 S-nitrosylation

56 Geranyl-geranylation

55 Citrullination

55 Formylation

53 Deamidation

37 S-diacylglycerol cysteine
34 GPI anchoring

33 Bromination

19 FAD

7208 Others

82182 Total characterized
89390 Total processed

Phosphorylation is the most common protein PTM [17] (Table 1.1) found
in roughly 30% of eukaryotic proteins[18]. It is involved in signal transduction
pathways implicated in many cellular processes, from growth factor signalling to
metabolic control. The introduction of a negative charge to otherwise only polar
residues (serine, threonine, and tyrosine in eukaryotes) leads to a large change in the

local environment of the protein where it is introduced. Many regulatory proteins
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contain multiple phosphorylation sites, each with different (sometimes opposing)
effects on the protein activity. The dependence between different phosphorylation
sites allows signals from multiple sources to be combined to accomplish regulation
of protein activity [19, 20].

Another very common PTM of proteins is acetylation. The most prominent
example of regulation by acetylation involves histones, a family of proteins crucial
for packing of DNA in the nucleus. They rely on their net positive charge to tightly
bind to the DNA backbone, which is negatively charged. Lysine acetylation masks
the positive charge of the lysine side chain and thus allows the chromatin to relax.
This, in turn, enables access to transcription factors and leads to transcription of the
exposed region. Many more PTMs of proteins and nucleic acids exist, but a further
discussion of PTMs is beyond the scope of this introductory chapter.

Perhaps the most drastic changes effected by PTMs have been observed in the
context of IDPs, where especially phosphorylation was shown to be instrumental
in changes in the structural ensemble. It is very common for the introduction of a
phosphate group to alter the free energy of an IDP such that folded conformations
are accessible and sometimes even favourable. One such example, Huntingtin, will
be introduced and explored in Chapters 3 and 4 of this thesis. As in other sites
of multiple PTMs, the N-terminal tail of Huntingtin responds to each PTM with
changes in both structure and dynamics, which determine the overall localisation

and behaviour of the full-length protein.

1.2 Protein aggregation

1.2.1 Deleterious aggregation

Protein misfolding and subsequent aggregation are implicated in a number of neu-
rodegenerative diseases (Table 1.2). Each disease predominantly affects a neuronal
population in speci ¢ regions of the brain, but it has become apparent that they share
some molecular and cellular mechanisms. Each disease is associated with a speci c
type of inclusion body or plaque composed of aggregates of a protein. Regardless

of the secondary structure of the monomer, aggregates typically have an amyloid
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form, i.e. they are predominantly composedbotheets which characteristically
align perpendicularly to the bril axis.

Parkinson's disease stems from the loss of dopaminergic neurons in the mid-
brain and the brain stem [21]. It manifests with resting tremor, slow movements and
rigidity. The causative protein ig-synuclein, which aggregates into intracellular
inclusion bodies known as Lewy bodies.

In the case of Alzheimer's disease, degeneration of neurons in the basal fore-
brain and hippocampus leads to progressive loss of memory, speech and recognition
of objects and people. Two distinct protein aggregates are involved in the disease:
extracellular plagues composed ob A22] and intracellular aggregates of hyper-
phosphorylated tau protein. The latter is involved in other neurodegenerative dis-
eases, too [23].

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease of motor
neurons [24], causing progressive motor weakness and paralysis. It is caused by
mutations in the superoxide dismutase 1 (SOD1), TAR DNA-binding protein of
43kDa (TDP-43) [25] or FUS [26] proteins. Huntington's disease and other polyg-

lutamine diseases are discussed in a later section of this Chapter (Section 1.4.1 on

page 43).

Table 1.2: Common neurodegenrative diseases in humans.

H Disease Protein(s) involved ReferencHes
Parkinson's disease a-synuclein [27]
Alzheimer's disease b-amyloid, hyperphosphorylated tau [23, 28]
Amyotrophic lateral sclerosis SOD1, TDP-43 [29, 30]
Huntington's disease Huntingtin [31]

1.2.2 Functional aggregation

While protein aggregation is widely understood to be the basis of many neurodegen-
erative and other systemic illnesses in humans, such as Alzhemier's, Parkinson's,
Huntington's disease and systemic amyloidosis, it is important to note that func-
tional aggregation also exists and is used as a method of ef ciently storing func-

tional or defective proteins alike in all kingdoms of life [32].
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Reversible and irreversible protein aggregation is a key part of response stress
in prokaryotic and eukaryotic cells. Far from being a result of misfolding, bac-
terial amyloidosis is deliberate and has bene ciary physiological functions, owing
to the resistance of amyloids to proteolysis and denaturation [33]. In prokaryotes,
protein aggregation is a physiological process in virulence [34] and in bio Im for-
mation [35]. In eukaryotes, reversible protein aggregation is observed in response
to stress. Examples include response to heat shock [36] and oxidative stress in yeast
[37]. In the latter case, aggregation of misfolded proteins into inclusion bodies was
protective against cellular oxidative stress. In addition to stress, phase separation
of low-complexity prion-like proteins observel vitro is thought to be relevant in
subnuclear substructure [3B] vivo. Even in pathological settings, it is not clear
whether aggregates are the toxic or protective species. Studies of arhydbmved
that the oligomers, and not plaques, were the cytotoxic species [39, 40]. By seques-

tering toxic oligomers, aggregates have a protective effect.

1.3 Methods used to study structure and dynamics

Methods used in structural biology today, both experimental and computational,
originate from physical sciences: X-ray crystallography emerged from studying the
structure of metals and inorganic salts; NMR spectroscopy is still routinely used in
synthetic chemistry to characterise small organic molecules. Computational meth-
ods, especially molecular dynamics, were also predominantly used for simpler sys-
tems. Only after the late 1970s did proteins become subjects of the eld[41]. The
dif culty in analysing and characterising biological systems arises from their chem-
ical and structural diversity, which is much greater than that of simpler or smaller
materials. While the protein building blocks are rather simple, the complexity arises

from their combination together in a protein and spatial arrangement.

1.3.1 Experimental methods

1.3.1.1 X-ray crystallography

X-ray crystallography is the most widely used method in structural biology; 89.2%

of all structures in the Protein Data Bank (PDB) have been determined by it (Table
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1.3). This method relies on transforming the X-ray diffraction pattern from a crys-
talline solid to get the electron density of the units forming the crystal. The mean
position of atoms or groups of atoms can then be deduced from the electron density,
depending on the resolution of the electron density map.

Table 1.3: Distribution of PDB data by experimental method. Protein:NA stands

for protein:nucleic acid complex, EM stands for electron microscopy. Table was
adapted from the PDB statistics page [42].

H Method Proteins Nucleic Acids Protein:NA Total % of AHII
X-Ray 129,073 2,041 6,670 137,792 89.2
NMR 11,141 1,293 261 12,703 8.2
EM 2,616 32 905 3,553 2.3
Other 259 4 6 282 0.2
Multi 140 5 2 148 0.1

The result is a model of the protein of interest, averaged across time and struc-
tural ensemble present in the crystal. Due to advances in crystal optimisation and
the use of synchrotron-generated X-ray beams, resolution of crystal structures has
reached sub-Angstrom levels [43—-45]. However, notwithstanding the extremely
high resolution, such static models are incomplete representations of the dynamic
nature of proteins. Biomacromolecules are dynamic entities, which explore a num-
ber of conformations, and this exibility plays an important role in their interac-
tions with other molecules (protein-protein interactions, protein-ligand interactions,
protein-nucleic acid interactions, etc.) and structural organisation (folding, quater-
nary structure). The averaging of signal leads to the disappearance of disordered
protein parts from the electron density and thus the nal model based on it. Model
re nement leads to further underestimation of the conformational heterogeneity in
the crystal [46].

Another drawback of X-ray crystallography is its requirement of relatively
large and well-ordered crystals with no large defects to ensure adequate diffrac-
tion intensity. However, not all proteins readily form such crystals [47] (leading to
a bottleneck in the protocol).

Protein crystals are also known to contain channels lled with substantial
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amounts of solvent. Since some enzymes remain active in the crystals, these chan-
nels have been used to add ligands or substrates, to allow for the structure of the
apo and bound states to be measured using the same crystal. However, the mi-
croenvironment of the crystal is far from representative of biological contexts due
to additives used to ensure crystal formation or growth [48], and to minimise arte-
facts due to cryogenic temperatures. Crystal artefacts such as stabilisation of loops
into apparently ordered conformations [49] are also well-known. This means that
the conclusions drawn based on crystal structures alone most likely could not apply
in the solution or cellular setting. Furthermore, crystals are often rapidly cooled
to cryogenic temperatures (90-120 K) to minimise damage to the macromolecules
from X-ray-induced free radicals [50]. The rapid cooling is assumed to lead to the
formation of vitreous ice which traps the protein and its solvent in the equilibrium
state observed at room temperature, but it has been shown that this ash cooling is
not homogeneous and often leads to structural changes [51, 52].

In conclusion, X-ray crystallography has helped elucidate the relationship be-
tween the structure and function of many proteins. Despite its drawbacks, the sheer
number of static conformations captured in different crystal structures has made it
possible to gain insight into the motions and mechanisms of proteins [53], albeit
indirectly. Crystal structures continue to provide a starting point for many studies
today, both experimental and computational, and when combined with techniques

that take dynamics into account, the described drawbacks can be compensated for.

1.3.1.2 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy, the second most common ex-
perimental method for determining the structure of proteins and/or nucleic acids at
high resolution (Table 1.3), is based on the behaviour of nuclear spins in an applied
magnetic eld. Nuclear spins are remarkably sensitive to their local magnetic eld,
which is a combination of the external magnetic eld and the eld arising from the
electrons around the nucleus. The chemical diversity of the amino acid side chains
provides plenty of different chemical environments, allowing for the differentiation

of the signal arising from individual amino acids, as well as the detection of slight
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changes in local secondary or tertiary structure.

NMR spectroscopy is arguably the best experimental method for studying the
dynamics of biological systems in a large range of timescales, as well as sparsely
populated states with populations as little as 0.5% [54]. What sets it apart from
other methods, which are possibly more sensitive in terms of signal-to-noise ratio,

Is its time resolution and the diversity of measurements that cit offers [55]. There
are many NMR pulse sequences which allow one to probe a myriad of different
properties, and to push size and timescale boundaries, enabling one to study systems
of larger size and processes across many timescales. Methods combining selective
labelling and advanced pulse sequences, such as methyl-TROSY, have extended the
range of protein sizes amenable to NMR from around 30 kDa to systems as big as
the bacterial chaperone GroEL/GroES of 900 kDa [56]. Since recording of NMR
spectra is not destructive, the same sample can be used for multiple measurements
— be it for repeating the same pulse sequence or running a number of different
sequences —, the limit on the number of experiments depending on the stability of

the protein in solution.

Magnetic resonance can be transferred from one nucleus to another through
bonds or through space, which allows the observer to trace adjacent NMR-active
nuclei. One of the most frequently used NMR pulse sequences is HSQC, which re-
lies on the transfer of magnetic resonance from protons to nitrogen nuclei, resulting
in a resonance in the nal spectrum for each backbone amide group. The position
of each peak depends on its chemical environment, so each protein has a signa-
ture HSQC spectrum, which is a function of its sequence and environment. Other
pulse sequences where resonance is transferred along the protein backbone forms
the foundation of assignment of peaks corresponding to amide groups. An assigned
HSQC NMR spectrum can be used to monitor and quantify changes to each amino
acid in the protein upon addition of an interaction partner or ligand. Given a large
enough difference in the chemical shifts of some peaks in the two states (bound
and unbound), it is possible to quantify the dissociation constant of the ligand by

titration [57].
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Resonance transfer through space is distance-dependent and is ef cient up to
5 A. Using short (2.54), medium (3.54), and long (5A) distance restraints calcu-
lated from NOESY spectra, as well as other measurements (such as residual dipolar
coupling), it is possible to derive the solution ensemble of a protein using molec-
ular mechanics optimisation [58, 59]. This method of structure determination is
more time-consuming than X-ray crystallography since it requires peak assignment
rst, but the result is an ensemble that satis es the experimentally observed distance
constraints (cf. an ensemble- and time-averaged snapshot from a crystal), and thus,
re ects the dynamic nature of the protein of interest. It is possible, therefore, to
observe and quantify precisely which parts of a protein are dynamic, and which are
rigid [60]. Larger distances can be measured by introducing paramagnetic labels,
such as those that contain nitroxide groups. The paramagnetic group distorts the
local magnetic eld to a greater extent than covalently bound electrons and, thus,
affects more distant nuclei. The major drawback of using NMR methods which rely
on differences in chemical shifts is that they often fail with IDPs and for regions that
contain repeats of a single amino acid. This is because IDPs lack a stable fold, and
thus most (if not all) the amino acids experience the same chemical environment.
Repeated sequences, on the other hand, have similar chemical environments due
to the chemical homogeneity of the residue involved. This leads to an overlap in
the subsequent NMR spectra. Low dispersion, especially in the proton dimension,

limits the interpretation and utilisation of NMR for IDPs.

One of the greatest advantages of NMR spectroscopy is that, unlike X-ray crys-
tallography or electron microscopy, it can be performed at or very close to physio-
logical conditions: NMR spectra are routinely recorded in solution at biologically
relevant temperatures, and can even be perfoimed/o, in either intact prokary-
otic or eukaryotic cells or cell extracts [61]. The temperature can be altered to probe
the protein's behaviour in different settings. However, the protein of interest needs
to be isotopically labelled to either enrich or deprive it of NMR-active nuclei. Bi-
ologically relevant NMR-active nuclei includeH, ?H (deuterium),}3C, 1°N, and

31p. Only!H is the dominant isotope in this list, which means that the detection
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of other nuclei requires isotopic labelling. In large proteins, it is desirable to re-
place hydrogens with deuterium and/or to introduce selective labelling of a subset
of methyl groups (such as those in isoleucine, leucine or methionine) to reduce the
number of peaks in the resulting spectrum so that signal overlap is minimised and
noise is reduced [62, 63]. Isotopic labelling, especially selective labelling at chosen
residues, increases the cost of sample preparation since it involves using isotopically
labelled components in the growth medium. It can also reduce protein yield since
a controlled medium is used as opposed to ones derived from yeast extracts, such
as 2TY or LB. Moreover, due to the intrinsic low sensitivity of NMR, a relatively
concentrated solution of the protein, in the millimolar range, is required to obtain
a favourable signal to noise ratio (typically, a sample of 0.3-0.6 ml of 0.1-5 mM is
needed for solution NMR). Not all proteins are soluble at such high concentrations.
Overall, NMR spectroscopy is an indispensable tool in structural biology, es-
pecially for its strengths in probing timescales and transiently visited states. More
importantly, the only difference between the protein in its physiological state and in
NMR studies is often isotopic labelling, which is a much less intrusive change than
those required for other techniques: addition of uorescent tags for FRET, presence

of cryoprotectants, surfactants or precipitants in X-ray crystallography.

1.3.1.3 Far-UV circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy uses circularly polarised light in the UV re-
gion (190-260 nm) to detect secondary structure elements in proteins. It is based
on the observation that asymmetric molecules absorb circularly polarised light in
different intensities and at different frequencies. In proteins, this asymmetry arises
from the formation of different secondary structure elements and is related to dif-
ferent alignments of the amide bonds in the backbone. It is particularly sensitive
to a-helical regions and has primarily been used in structural biology to probe the
helical content of proteins.

Far-UV CD spectroscopy is a very fast, cheap and easy way of assessing sec-
ondary structure, and as such it has been routinely used in studies investigating

changes in structure or as a rst method for probing the structural composition of
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a protein whose structure is unknown. The output is the absorption pro le of the
protein of interest against a range of wavelengths. This signal is deconvoluted us-
ing standard curves calibrated with proteins of known secondary structure content
(a-helix, b-sheet, poly-proline helix or random coil) to give the relative abundance

of each secondary structure element [64].

The main disadvantage of CD is that the result is the average fraction of sec-
ondary structure elements over time, ensemble and sequence. This means that the
CD spectrum of a protein half of which is constantly helical looks the same as that
of a protein which is entirely helical half of the time. Similarly, there is no distinc-
tion between the dynamics of the latter. That is to say, a protein which uctuates
between 0 and 100% helical content every ns has the same CD spectrum as one
which uctuates between the same 2 states evesy This is problematic when
attempting to understand behaviour of proteins since these two scenarios have dif-

ferent implications for the function of a protein and any attempt to modulate it.

In addition, the sensitivity of the method is low due to molecular motions in
solution, so it cannot be used to differentiate small changes in secondary structure,
especially if the protein contains other regions of the same secondary structure.
Recent advances in CD, namely the use of synchrotron radiation, have led to an
increase in sensitivity [65]. When this is combined with a stopped- ow setup, the

helix formation upon binding between two IDPs can be detected [66].

Being a far-UV spectroscopic method, CD is also rather sensitive to reagents
which absorb strongly in this region of the electromagnetic spectrum. These in-
clude chloride which is a very common component in many buffers usidvitro
studies, as well as oxygen. To avert these problems, chloride can often be replaced
by uoride without any adverse effects on the protein, and Tris buffers can be re-
placed by low concentrations of phosphate buffer. Oxygen is removed by purging

the instrument with nitrogen gas.

CD's biggest advantage, on the other hand, is that unlike higher resolution
methods, it requires a smaller amount of protein for the experiment and even less

prior information about the protein of interest. A small sample of relatively low con-



38 Chapter 1. Introduction

centration of protein (typically 500 pl of 50-100 uM sample) can be used to probe
the secondary structure of the protein in different conditions (such as temperature

and concentration of denaturants).

1.3.1.4 Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) uses information from X-ray scattering pat-
terns of monodisperse solutions of proteins to report on the shapes and sizes of the
molecules of interest. Unlike X-ray crystallography, it does not require crystal for-
mation, and thus can report on the solution behaviour of proteins. The size limit of
SAXS is much higher than that of solution NMR, so it can be used on much larger
proteins and complexes.

It is also non-destructive and requires much less sample preparation compared
to higher resolution methods. Since the protein is in solution, its conformational
diversity can be seen. However, spatial averaging leads to an intrinsically low reso-
lution result. This makes SAXS unsuitable for distinguishing between small struc-

tural changes or for reporting on the size of small peptides.

1.3.2 Computational methods

1.3.2.1 Quantum Mechanics

Quantum mechanics (QM) provides the most accurate description of matter at
the atomic level. QM calculations require the solution of the time-dependent
Schibdinger equation for the entire system. If computational time were no object,
QM calculations could be used for protein simulations, however, this is prohibitively
computationally expensive even for much smaller systems. QM description of even
small systems requires several approximations, such as the Born-Oppenheimer ap-
proximation, which ignores the motion of the nuclei with respect to electrons. Fur-
ther simpli cations are often employed, such as density functional theory, where
the electron density is calculated instead of the wave function. Due to these limi-
tations, QM calculations today are restricted to small structures, such as ligands, or
to protein active sites in hybrid methods which combine QM methods with molec-

ular mechanics methods [67]. QM calculations have also been used extensively to
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provide parameters for more coarse-grained methods, such as molecular dynamics.

1.3.2.2 Molecular mechanics

Molecular mechanics (MM) methods are a well-established way of simulating
the behaviour of and interactions between molecules at the atomic level. Molec-
ular dynamics (MD) simulations are the most common physics-based computa-
tional/simulation method used in structural biology today. Many MD simulation
packages such as AMBER [68], GROMACS [69], CP2K [70] are available, as well
as sets of parameters, called force elds, which are potential energy functions de-
scribing interactions between atoms.

MD is a more coarse-grained treatment of systems of interest than QM meth-
ods since the effects associated with electrons motion are ignored in the force eld
formalism. Instead, atoms are treated as rigid spheres with xed physicochemical
properties and bonds as harmonic springs. The increase in granularity (nuclei as
smallest unit as opposed to electrons) greatly extends the size limit in comparison
to QM calculations, allowing for larger molecules and molecular assemblies to be
studied. Typically, systems of hundreds of thousands of atoms can be simulated
on the ps order of magnitude. However, the accuracy of MD simulations, in turn,
depends on the suitability of the approximations made in the parameterisation of
the force eld used. While early force elds tended to lead to early compact and
helical ensembles, optimisations made over the recent decades have now produced
many force elds which are able to describe both folded and unfolded proteins in
good agreement with experimental data. This improvement in protein force elds
has also been re ected in the improved performance of MD-based methods in the
recent protein structure re nement competition of CASP11 [71], where | and others
in my group were the assessors.

Granularity of size can be further increased when individual particles repre-
sent a group of atoms. Use of one bead for protein backbone and another one or
two (based on size) for the side chain is common in coarse-grained simulations of
biomolecular systems [72]. However, the resulting dynamics are altered due to the

larger particle size. The loss of atomistic degrees of freedom smooths out the poten-
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tial energy surface leading to smaller effective friction between beads and therefore
to a faster sampling of different conformations compared to all-atom simulations,
especially in the bulk solvent. As a result, the diffusion rate is typically overesti-

mated.

MD simulations can be used to study both natural (room or body temperature,
pressure and composition) and unnatural systems, in which extremes of tempera-
ture, pressure, voltage can be used, as well as alchemical methods and exchange
of coordinates between different simulations. Therefore, the boundaries of what's
experimentally possible can be pushed, allowing exploration of a much wider range
of phenomena and conditions. Such approaches are often used in calculations of
the binding energy of a ligand relative to another (similar) known ligand. In this
case, an alchemical transformation of the known to the unknown ligand can be used
to calculate the relative binding energy of the latter. In replica exchange-based en-
hanced sampling methods, multiple replicas of a system are run in parallel, each
with different thermodynamic conditions. Exchanges between these replicas are
used to improve sampling and exploration of the conformational landscape of the
system. In bias-based enhanced sampling methods, prede ned degrees of freedom

are manipulated to explore the energy landscape along the reaction coordinate.

MD simulations, especially fully atomistic MD, are very rich sources of in-
formation. The output often includes exact coordinates and velocities of all atoms
over time, and instantaneous state variables (such as temperature, pressure, density)
along the trajectory. This makes it possible to detect and observe, rather than infer,

the steps involved in a process.

The greatest drawback of MD simulations is their requirement of a large
amount of computational resources due to the typical size of a solvated molecu-
lar system. Due to use of periodic boundary conditions (see section 2.2.2), which
ensures the constant number of particles during the simulation, a large volume of
solvent needs to be present in the simulations to avoid artefacts arising from inter-
actions between the protein of interest with a periodic image of itself. As a result,

most of the calculations in an MD simulation are those concerning the interactions
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between the atoms of the bulk solvent. Use of an implicit solvent model can re-
move this computationally expensive part of the calculations, although not without
side effects. Implicit solvent models represent the solvent as a continuous poten-
tial as opposed to individual molecules at atomic resolution [73]. While their use
in pure liquid systems is relatively accurate, in processes where interactions with
water are important, such as folding, binding or protein-protein interactions, the
lack of a ne-grained model impacts the accuracy of the results [74]. Consequently,
the majority MD simulations involving these processes are simulated using explicit

solvent systems.

Many interesting biological processes happen on a much larger timescale than
is available in MD simulations. While it is possible to match the length of simu-
lations required for the former using specialised hardware and software [75], the
length of MD simulations that are typically run by research groups on HPC facili-
ties are one or two orders of magnitude lower than this. Many enhanced sampling
methods have been developed over the years, which overcome the need for long
simulations by arti cially increasing sampling ef ciency, while maintaining equi-

librium properties.

A major drawback already alluded to is the limitations of force elds in de-
scribing what are essentially quantum systems. Lack of electron polarisability and
the ability to break or form bonds means that MD simulations cannot truly represent
biological systems. This is especially relevant in systems which contain divalent
metal ions. There are some polarisable MD force elds [76—78], but these suffer

from drastically lower ef ciency.

1.3.2.3 Monte Carlo simulations

Instead of evolving the system by moving atoms using Newton's law of motion
as in molecular dynamics simulations, Monte Carlo (MC) simulations use random
changes in atom positions: at each step of an MC simulation, atoms and molecules
are randomly translated and rotated. The new set of nuclear positions is accepted or

rejected based on the Metropolis criterion:
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rand(0;1) e DEZeT (1.1)

whereDE is the energy difference between the two stdtgss the Boltzmann

constant and T is the temperature.

If the potential energy of the new con guration is lower than the previous one,
the MC move is accepted. If on the other hand it is higher, the acceptance is decided
based on the Boltzmann distribution. As a result, the correct statistical ensemble is
produced, where the probability of each microstate is determined by its energy.
As in MD simulations, molecular mechanics potential energy functions are used to

determine the energy of a given con guration of the system of interest.

MC simulations lack a temporal element, so they cannot be used to draw
conclusions about time-dependent phenomena. The Hamiltonian replica exchange
method used in Chapters 3 and 4 of this thesis relies on an MC move for replica

exchange.

1.3.3 Challenges of using current methods for IDPs

IDPs have long been outside of the domain of biomolecules studied by traditional
biophysical techniques: in NMR studies, their lack of a stable tertiary structure leads
to poor chemical shift dispersion, and thus dif culties in peak assignment (which is
a prerequisite for many other information-rich methods); large number of possible
conformations in solution causes low crystallisation success and poor resolution in
X-ray crystallography; their typically small size makes them unsuitable for lower
resolution methods, such as SAXS and CD, which do provide rather ambiguous
results. Similarly, IDPs have been outside of the domain of proteins suitable for
most molecular dynamics method, chie y due to limitations of most force elds
to accurately represent their dynamics. Many protein force elds produce overly
compact structures and systematically overestimate helical content [79, 80]. The
chief reason for this is the fact that early protein force elds were optimised for
compact, folded proteins. This, combined with the many assumptions and simpli -

cations made in the formulation of force elds (lack of polarisability or dispersion,
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xed point charges, inability to make or break covalent bonds) leads to a mismatch
between simulation and experiment.

Over the years, numerous iterations of optimisation were carried out on ex-
isting force elds, generating several new force elds suitable for both folded and
unfolded protein systems. Comparison of results from new and old force elds
revealed that the gradual optimisations did improve the agreement between sim-
ulations and experiment overall [81]. Especially Amber99SB*-ILDN force eld,
which contains the corrections to backbone dihedral angles (based on NMR data)
[82—84] and to side-chain torsion angles, has performed very well on small globular
proteins when scrutinised with extensive NMR data [85]. However, its performance
on IDPs in long unbiased MD simulations remained suboptimal due to overcom-
paction [80]. When combined with a new water model, which accounts for dis-
persion by including a dummy site, the Amber99SB*-ILDN force eld represented
IDP systems much better [86].

Work presented in this thesis combines two approaches for making MD suit-
able for studying IDPs. The rst is the use of a collection of force elds recently
optimised for IDPs. The second, and more novel approach, is the adaptation of
recent solvent sampling technique developed for cryptic pocket exploration to IDP
conformation exploration [87]. Due to computational resource limits, the latter was
only applied to the smaller of the two biological systems studied. The following
two sections of this Chapter brie y introduce the biological backgrounds of the two

proteins used in the work presented in Chapters 3-5.

1.4 Httl-19 as a model system for PTM-induced local
folding

1.4.1 Huntington's disease

Huntington's disease (HD) is a progressive autosomal dominant neurodegenerative
disorder, caused by an expansion of a trinucleotide repeat in the genome, leading to
an extended poly-Q tract in the resulting protein product. It was rst described by

George Huntington in 1872. The corresponding gene, Huntingtin (HTT), and the
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genetic disease mechanism were discovered in 1983 and 1993 [88, 89].

HD patients are characterised by personality changes, mood disturbances, de-
mentia, involuntary movements, and worsening voluntary movements. As the dis-
ease progresses, the psychiatric disturbances increase [90]: almost half of HD pa-
tients suffer from depression [91], and HD patients are 4 times more likely to com-
mit suicide [92]. The disease typically appears in the fourth to fth decades of
life [93]; however, earlier onset is observed in a minority of patients with severe
forms of the disease [93]. HD is a progressive disorder, with muscular and neuronal
degeneration worsening throughout disease progression over 10-20 years [94]. Cur-
rently, there is no treatment. Instead, disease management is centred on controlling

somatic and psychiatric symptoms.

HD is a member of a family of related diseases, called polyQ diseases, all of
which share the same aetiology, hamely, expansion of trinucleotide repeats cod-
ing for glutamine. The trinucleotide repeats of each of the polyQ diseases are
found in different genes, and each disease affects a different subset of neurons,
even though polyQ expanded proteins are expressed throughout the brain, as well
as non-neuronal tissue [95]. Even the critical number of repeats that distinguishes
carriers from those affected differs between the different members of this family of
diseases (Table 1.4). The only commonality is that the polyQ tract resulting from
the expanded CAG repeat leads to protein aggregation and, subsequently, neuron

death.

The trinucleotide repeat found in HD is composed of cytosine, adenosine and
guanine (CAG) and is found in the rst exon of the huntingtin gene (HTT). The
length of the CAG repeats determines the age of onset [97] and disease severity.
The number of CAG repeats in the huntingtin gene varies greatly in the population,
with a healthy range of 10-26 repeats. HD has complete penetrance (i.e. all carriers
of the mutant allele express the associated phenotype) at CAG repeats longer than
45 copies [94], and partial penetrance at CAG repeats of 35-39 copies. CAG repeats
greater than 60 copies lead to the more aggressive juvenile form of the disease with

disease onset as early as young adulthood or even childhood [98].
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Table 1.4: Poly-glutamine diseases in humans. SBMA stands for spinal and bulbar
muscular atrophy, HD for Huntington's disease, DRPLA for dentatorubral palli-
doluysian atrophy, SCA for spinocerebellar ataxia, AR for androgen receptor, TBP
for TATA-box-binding protein. The table was reproduced from reference [96].

| Disease Gene CAGyT CAGyisease Major pathology \

|
SBMA AR 5-34 37-70 Degeneration of lower moﬂgr
neurons in spinal cord an
bulbar region of brainstem
HD Hitt 6—-35 39-250 Major loss of medium-sized
spiny neurons of the striatun
and cortical projection neur
rons
DRPLA Atrophin-1 7-35 49-88 Degeneration of brainstem,
cerebellar, and deep midbrajn
structures
SCA1 Ataxin-1 6-44 >39 Atrophy, gliosis, and severge
loss of Purkinje cells in the
cerebellum
SCA2 Ataxin-2 13-33 >31 Severe degeneration of the
Purkinje and granule cells ifp
addition to neuronal loss and
gliosis of the inferior olive
and pons
SCA3 Ataxin-3 12-40 55-84 Degeneration of the
spinocerebellar tract, brain-
stem, and spinal cord
SCA6  Ataxin-6 4-18 19-33 Marked cerebellar atrophy
with loss of Purkinje cells ang
cerebellar granule neurons
SCA7 Ataxin-7 4-35 37-306 Degeneration of retinal pho-
toreceptors in addition to ney-
ronal degeneration and re 1:
tive gliosis in the cerebell
cortex, dentate nucleus, infe-
rior olive, and pontine nuclei
SCA 17 TBP 25-48  43-66 Atrophy of the cortex, strja-
tum, and cerebellum, with
neuronal loss in the striatun
and cerebellar Purkinje ce
layer

=)

—_—)

The most seriously affected region in HD is the striatum in the basal ganglia,

speci cally GABAergic medium spiny neurons, the population of which shrinks by
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95% in HD patients [99]. This corresponds to approximately half of the striatal
volume. Loss of GABAergic neurons leads to the characteristic motor impairment
[100]. Other affected areas in the brain are the hypothalamus [101] and the cerebral
cortex [102], as well as glial populations [103]. Outside of the brain, HD affects
many organs and tissues, such as skeletal muscles, heart, immune, endocrine and

reproductive systems [104].

1.4.2 Htt protein

The HTT gene is globally expressed [105] and evolutionarily conserved in mam-
mals [106], indicating a fundamental cellular role. Indeed, it was shown to be es-
sential in embryogenesis since HTT knock-out mice do not survive to term [107].
HTT is alarge gene (around 180 kb in length) composed of 67 exons. There are two
main splicing variants, 10 and 12 kb in length [94]. The protein product (Htt) is 348
kDa, and contains many HEAT repeats connected with disordered regions [108].
Htt's interactions with many other proteins [109, 110], and the fact that it contains
exible regions linking repeated HEAT domains (thought to mediate protein-protein
interactions), suggests that it may function as a scaffold protein [111].

In healthy individuals, Htt is found diffusely in the cytoplasm and the nucleus
of brain cells. Mutant Htt (i.e. Htt with an expanded polyQ tract) is found in
aggregates which lead to cell death by a number of mechanisms. The modes of
cytotoxicity are diverse and not fully understood. Mutant huntingtin (mHtt) seems
to disrupt cell biology both via its messenger RNA (mRNA) and the protein. mHtt
MRNA was shown to be translated in all possible open reading frames, leading
to polyalanine, polyleucine, polycysteine, as well as polyglutamine homopolymers
via repeat-associated non-ATG translation, further increasing the volume of protein
aggregation in regions affected by HD [112]. Protein-based cytotoxicity mecha-
nisms are better known. mHtt protein aggregates recruit and saturate the ubiquitin-
proteosomal degradation pathway [113]. In addition, essential proteins in the cell,
such as CREB-binding protein, nucleolin, and DICER, were shown to co-aggregate
with mutant Htt, leading to their depletion in the cell [114, 115]. Protein aggregates

in HD were shown to associate with membranous organelles and cause ruptures in
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the cell [116].

14.3 Httexonl

Full length mHtt protein is cleaved in the cytoplasm to release the toxic N-terminal
fragment, which preferentially localises in the nucleus and aggregates [117]. Block-
ing nuclear entry of the Htt N-terminal fragment alleviates neuron death [118],
whereas increasing nuclear localisation exacerbates disease symptoms in mouse
models of the disease [119, 120]. Moreover, mHtt N-terminal fragment correspond-
ing to exon 1 was found in circulation and in brains of HD patients [121-123], and
was shown to be suf cient to cause HD in mouse models [124, 125] and in tissue
culture models of HD [126-128].

In addition to proteolytic cleavage of the full-length Htt protein, exon 1 was
shown to arise from aberrant splicing of the full-length mHtt mRNA in a polyQ
length-dependent manner in mouse and cell-line models [129], as well as in HD
patients [130]. The aggregation properties of full-length Htt were revealed to be
similar to that of exon 1 [131], further emphasising that exon 1 is the minimal and
biologically relevant protein construct in HD. Thus, mamnyitro andin vivostudies
to date have focused on exon 1 to model HD.

Htt exon 1 is composed of 3 regions: an N-terminal tail of 17 residues (Htt1-
17, also called N17 or NT17 in literature), the polyglutamine tract and a proline-rich

region. Each of these regions is introduced below.

1.4.3.1 Htt1-17 region

Htt1-17 is highly evolutionarily conserved in mammals [132, 133]. This stretch of
residues is disordered in solution, and was shown to mainly adopt a random coil
conformation in solution, with transiemt-helical conformations [134, 135]. In

the presence of membranes, Htt1-17 forms an amphipatiielix, and is thought

to tether to cell membranes using this helix [136]. Thus, it determines intracel-
lular localisation of huntingtin by inserting into cellular membranes [133]. This
membrane-induced helical structure is quite a common pattern observed in mem-

brane tethered proteins, such as proteins involved in membrane curvature sensing
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[137-139].

The N-terminal tail of Htt houses many sites for post-translational modi ca-
tions and acts as a regulatory hub of the protein [140]. All of the known PTMs of
this region in uence its aggregation pro le [141]. Phosphorylation at T3 is a key
PTM, modulating Htt toxicity, aggregation and clearance [142, 143]. This PTM was
observed at lower frequencies in HD patients [144], implying that there is at least
a tenuous/indirect link between helical conformation and a reduction in protein ag-
gregation. This trend was recently observed in the causative agent in another polyQ
disease: the Ala-rich region in ataxin-7 was shown to promote helix formation in
the polyQ tract which follows it and to reduce the aggregation propensity of polyQ
[145]. The aggregation mechanisms in Htt and ataxin7 may be similar.

There are two more phosphorylation sites (S13 and S16) in Htt1-17, which
were also shown to slow down aggregation [146, 147], and potentially aid degrada-
tion [143].

There are three lysine residues in Httl-17, (K6, K9, and K15) which can be
acetylated, SUMOylated, or ubiquinated. Thompson and colleagues showed a link
between phosphorylation of S13 by the in ammatory kinase IKK and an increased
clearance of Htt protein through the engagement of proteosomal or lysosomal path-
ways due to PTMs of the three lysines in Htt1-17 region [143].

In addition to a large array of PTMs, Htt1-17 also contains a nuclear export
signal which controls traf cking and aggregation of exon 1 [148]. The importance
of this signal was previously highlighted, since blocking nuclear entry attenuated
HD symptoms [118].

1.4.3.2 Polyglutamine tract

As mentioned before, many aspects of HD pathology depend on the length of the
polyQ repeat [130]. The molecular basis of these observations seem to be the link
between the aggregation rate and polyQ length: the rate of aggregation was shown
to be proportional to polyQ tract extension [149]. However, while many aspects
of HD are CAG length-dependent, it is important to note that other regions of the

protein — especially in exon 1 — play key roles in HD pathology and tune the aggre-
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gation propensity of the polyQ tract.

The polyQ tract adopts many different conformations [150, 151] in isolation
and within the Htt protein. The addition of the Htt1-17 fragment increases the
likelihood of aggregation of the polyQ region, while the addition of the proline-rich
region decreases it [152, 153]. The aggregation mechanism of Htt is still a matter of
debate, with many mechanisms suggested. These are brie y overviewed in section
1.4.4.

1.4.3.3 Proline-rich region

Proline-rich regions are well-known mediators of protein-protein interactions [154—
156]. In Htt, the proline rich domain was shown to attenuate the aggregation likeli-
hood of the protein and to regulate its turnover [153, 157, 158]. Addition of as few
as 5 prolines after the polyQ tract reduced the aggregation and stability of brils.
This effect was only observed if the proline stretch was C-terminal to the polyQ
tract (and not N-terminal) [153]. Additionally, the proline-rich region was shown to

have a neuroprotective effect by shielding the cell from excitotoxicity [159].

1.4.4 Aggregation mechanism

Htt aggregation mechanism is still highly debated with many proposed options
[134]. The membrane-associated amphipathic helix formed by Htt1-17 plays a cru-
cial role in this multi-step process [160].

Htt1-17 resists aggregation on its own, but upon inclusion of polyQ, aggre-
gation propensity increases in a length-dependent manner [134]. It has been sug-
gested that both the membrane-association and potential helix bundle formation by
the Httl-17 section play a role in initiating aggregation [160]. Blocking of the N-
terminal section (especially the non-polar face of the helix) by chaperonin TRIC
suppresses Htt aggregation [161]. Tam and colleagues showed using photoactive
proteins that the N-terminal part interacts with itself and the polyQ region in exon
1, suggesting that it initiates aggregation as a site of nucleation. They also showed
that formation of an amphipathe-helix in the N-terminal section was necessary

for aggregation. Indeed, a recent publication by Kotler and colleagues showed a
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potential NMR-derived snapshot of helical nucleation using a construct containing
the Htt1-17 and 7 glutamine residues (PDB ID: 6N8C) [162].

Given Htt1-17 acts as the signalling hub of the protein, determines its cellular
localisation, and controls its aggregation, understanding the interaction between

different PTMs in this region is very important.

1.5 proNGF pro domain as an example of IDP en-

semble modelling

1.5.1 Neurotrophins

Neurotrophins are a family of secreted proteins which drive neuron proliferation
and survival, differentiation, and axon and neurite outgrowth, apoptosis and synap-
tic plasticity [163—165]. Nerve growth factor (NGF) was the rst neurotrophin
to be characterised, and was discovered in 1950s by grafting a mouse sarcoma
in chicken embryos [166]. The active ingredient was later isolated and identi-
ed as a soluble factor and named nerve growth factor [167, 168]. There are
three other known neurotrophins in mammals: brain-derived neurotrophic factor
(BDNF) [169], neurotrophin-3 (NT-3), and neurotrophin-4 (NT-4) [170], which
have a shared ancestor [171]. Most neurotrophins are found as noncovalent ho-
modimers, although some heterodimers have been reported [172]. Neurotrophins
share an overall structural fold and most have a characteristic cystine knot motif,
where a disul de bridge goes through rings formed by the other two [173, 174].
They were all shown to bind the p¥YB receptor (a member of the tumour necro-
sis factor receptor superfamily) with similar af nity [175]. Three tyrosine receptor
kinases in the tropomyosin-related kinase family were also shown to bind neurotr-
phins with more speci city: TrkA preferentially binds NGF, TrkB binds BDNF and
NT-4, and TrkC binds NT-3 [176].

Mutations and/or changes in expression of neurotrophic factors have been im-
plicated in numerous neurodegenerative diseases (neuronal atrophy). For example,
depletion of BDNF in the striatum has been linked to HD [177-180]. The WT Hitt

protein was shown to be crucial in vesicular traf cking of this key neurotrophin and
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the depletion of Htt led to a decrease in BDNF in the striatum, leading to neuronal
death [181]. Introduction of BDNF, NT-3 and NT-4 were shown to reverse the stri-
atal nerve loss in rodent models of HD [182]. BDNF depletion was also implicated
in mouse models of ALS [183], Alzheimer's disease [184, 185], and Parkinson's
disease [186, 187].

NGF is instrumental in the growth and maintenance of the peripheral nervous
system. Reduction in NGF levels has been linked to diabetic neuropathy [188, 189].
Supplementation of NGF in such cases and other types peripheral nerve damage led
to recovery. This has been attributed to the activation of PI3K/Akt/GSKAd
ERK1/2 pathways by NGF in rat models, leading to the reversal of excessive ER
stress caused by high glucose levels in diabetes mellitus [190]. Changes in NGF

signalling was also implicated in chronic and in ammatory pain [191].

1.5.2 NGF and proNGF production and function

NGF regulates differentiation, maintenance, growth, and survival of neurons and
non-neuronal cells alike [192]. In addition to its effect on nerve cells [168, 193],
many non-neuronal functions of NGF have been described after its initial discovery.
NGF is expressed in a wide array of tissues ( such as lungs [194], retina [195],
pancreas [196], bone [197], adipose tissue [198], and immune system [199]), and
it mediates many diverse phenomena such as in ammatory pain [200] and allergy
[201]. It is also implicated in the progression and metastasis of various cancers
[202—204].

Like other neurotrophins, NGF is rst produced as a precursor (namely, as
a preproprotein) which is proteolytically cleaved to release the active molecule.
An 18-residue N-terminal signal sequence directs preproNGF to the endoplasmic
reticulum, and is cleaved off yielding proNGF, which is composed of a pro domain
and the mature NGF part. The 103-residue pro domain helps the oxidative folding
of the mature part in the endoplasmic reticulum and is then cleaved off by furin in
the trans-Golgi network to release the mature NGF dimer [205—-207]. It has recently
been shown that proNGF can also be secreted intact (i.e. without cleavage of the

pro domain), and its cleavage into the pro peptide and the mature NGF can take
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place extracellularly, too, indicating the coexistence of proNGF dimer and the pro
domain alongside the mature foimvivo [208].

Despite the initial view of the pro domain only as a chaperone for correct fold-
ing of the mature dimer [207], it was shown that the pro domain has a role of its own.
Unlike mature NGF, proNGF is predominantly found in the central nervous system,
where a disturbance of the proNGF:NGF balance was associated with Alzheimer's
disease [209, 210], and Down syndrome [211]. proNGF dimer has distinct functions
and interaction partners, with some overlap with those of the mature NGF dimer.
There are three known receptors for NGF and proNGF: TrkA (which predominantly
binds mature NGF), sortilin (which binds proNGF), and P75 (which binds both).
TrkA, being a tyrosine receptor kinase, leads to cell survival and proliferation. On
the other hand, p?R and sortilin are upstream of pro-apoptotic pathways, result-
ing in cell death in response to proNGF. The balance between proNGF and NGF,
as well as expression levels of TrkA and P78 and sortilin receptors determines
if the overall trend is pro-growth (via TrkA) or pro-apoptotic (via P75, through
caspase 3 [212]). This raises a number of questions about the structural basis on

which the two proteins differ so greatly.

1.5.3 NGF and proNGF structures

The rst structure of the mature NGF was determined crystallographically [173],
and many entries both in apo form and bound to receptors exist in the PDB. The
mature dimer is an obligate homodimer with an antiparalisbndwich motif, com-

mon to the neurotropin family.

The structure of the pro domain, on the other hand, has remained elusive for a
long time. The pro domain is intrinsically disordered, as indicated by CD studies
[213] and a lack of electron density in the corresponding region in X-ray structure
of the proNGF dimer with p7'R [214]. Dif culties in expressing and purifying
the protein, as well as dif culties in assigning its HSQC spectrum, have limited
the extent of NMR studies that could be performed with it [215]. A number of
biophysical experiments have been carried out on the pro domain alone and also on

the proNGF dimer, allowing only a rather low-resolution glimpse into the structure
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and dynamics of the pro part. The results of these experiments are detailed in the
introduction to Chapter 5.

Given its distinct roles in the brain and the immune system [216], elucidation
of the structure of the proNGF dimer — especially of the pro domain — is necessary
for a better understanding of its function in the brain and elsewhere. Prior to the
results presented in Chapter 5 of this thesis, a high-resolution solution structure
or ensemble of the pro domain was not available. SAXS-derived low resolution
models indicated a crab-like structure for the proNGF dimer, with the mature dimer
in the centre and the pro domains in two major conformations around it: extended
out, or collapsed onto the mature part [217].

We addressed the knowledge gap about the structure and dynamics of the NGF
pro domain in the context of the proNGF dimer by modelling the solution ensemble
using a total of 6 ps fully atomistic molecular dynamics simulations and NMR-

derived selection criteria.






Chapter 2

Theory and Methods

The importance of dynamics in protein function was discussed in the previous chap-
ter. In this chapter, | focus on the methods | used to gain insight into such dynamics
of our chosen systems. Experimental techniques such as X-ray crystallography and
NMR spectroscopy provide a high-resolution spatial model and in the latter case,
also some information about dynamics, but they can rarely provide a full descrip-
tion of the dynamics of a protein. Most, if not all, experimental structural biology
techniques rely on computational methods to t data and to extract models (such as
structure determination by NMR or model building with CD data), however, com-
putational methods on their own can also provide valuable data. A wide range of
simulation methods exist, which describe systems in varying degrees of accuracy
(as brie y overviewed in section 1.3.2). This chapter describes the concepts be-
hind the methods used in the work presented in this thesis. A brief introduction
to the theory behind molecular dynamics simulations simulations is given, with a

particular focus on the methods used in this thesis.

2.1 Molecular dynamics simulations

Interactions between atoms in a molecule and its surroundings de ne its structure
and behaviour. Contributions from both nuclei and electrons determine the strength
and duration of such interactions. Given the quantum mechanical nature of matter
at this scale, an exact description the structure and dynamics of molecular systems

requires use of QM methods. As brie y mentioned in section 1.3.2.1, QM methods
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are prohibitively computationally expensive for molecules of beyond hundredss of
atoms in size. Molecular mechanical methods, where particles are treated classi-
cally by approximating the Hamiltonian by a simpli ed force eld, is a computa-
tionally less intensive alternative which has proven to retain decent accuracy in most

cases.

2.1.1 Force elds

The force on each atom is a sum of individual contributions from bonded and non-
bonded interactions. A parametric function, called force eld, is used in molecular
dynamics simulations to approximate the potential endgyof a molecular sys-

tem as a function of nuclear coordinates,

U(r)= é. Ubondedt é Unon bonded (2.1)

Force elds use xed algebraic forms to approximate each type of interaction
(e.g. harmonic oscillator for bond length and torsion, LJ potential for van der Waals
interactions). Differences between atoms are re ected in the coef cients used in
these algebraic forms (e.g. equilibrium bond length). The functional form of a
typical force eld is shown in Figure 2.1.

The rst two terms describe bond stretching and bending, respectively, using
harmonic oscillator approximation, whebg and qg are equilibrium bond length
and angle values, respectively, afglandK, are the force constants. Torsion an-
gles are described using a periodic function with minima corresponding to allowed
values of the dihedral angle. planar groups such as the peptide bond and phenyl
groups are restrained using improper dihedrals.

Non-bonded interactions model interactions between all atoms (with non-zero
size and/or partial charge) in the system. They are composed of van der Waals
and electrostatic components. The former is approximated using the 6-12 Lennard-
Jones potential and the latter by Coulomb's law.

The Lennard-Jones potential is composed of repulsive and attractive parts: re-

pulsive part is effective at short distances and represents the Pauli exclusion prin-
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Figure 2.1: Functional form of a typical biomolecular force eld. The rst 3 terms
describe bonded interactions, the last 2 describe non-bonded interactions. This g-
ure was reproduced from reference [218]

ciple. The attractive part is effective at intermediate distance ranges and models
dispersive attraction. At long distances, the energy decays torzenepresents the
distance at which the interaction is strongest, with energy differenee of

The parameters in the potential functions making up the force eld are derived
from ab initio methods and by tting to experimental data, to reproduce molecular
geometry and experimentally observed properties. For example, equilibrium bond
lengths can be derived from X-ray crystallography data, bond bending coef cients
from IR absorption, partial charges from density functional theorem (DFT) calcu-
lations. Lennard-Jones parameters, which approximate van der Waals interactions,
are more dif cult to experimentally determine and are often optimised iteratively to

match experimental data.

The key assumption made in empirical force- eld formalism is that the values
obtained using a relatively small set of molecules are transferable to different, and
often larger, systems. However, a limited number of atom types and bond types are
de ned in any one force eld, thus limiting the accuracy of the resulting approx-

imation of the potential. This is why there are many force elds, each of which
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have been slightly differently optimised for biomolecules, with varying degrees of
success in representing different biomolecules.

As introduced in the previous chapters, historically, protein force elds have
failed to describe proteins well, especially those with intrinsically disordered re-
gions [219]. Many force elds typically over-estimated the helical content in all
proteins, not just IDPs [220]. Many still, tend to result in overly compact structures
[86]. Corrections in the force elds to solve the problem of over-compactness have
led to some which introduced unfolded regions in proteins that are known to be sta-
bly folded. In the recent years, many new protein force elds have been released,
which appear to balance these corrective approaches and successfully describe both
folded and unfolded regions and proteins [86, 221]. Three such force elds have

been used in work presented here.

2.1.2 Water models

Compared to similar molecules suchHsS, water has many surprising properties,
such as high surface tension, high boiling point, expansion upon freezing, high heat
capacity, arising from the abundance of strong hydrogen bonds between molecules.
As such, it dictates structure and function in biological molecules in nature.

The lack of electron dispersion in molecular dynamics simulations mostly
affects water models as electron dispersion is known to play a big role in wa-
ter's unique properties. As a result, accuracy of parameters used to describe
water molecules in simulations determines the accuracy of the resulting model
[79, 86, 222]. Over the years, many water models have been developed alongside
protein force elds. Water models typically used in biomolecular simulations are
rigid and have between 3 to 5 particles describing each molecule. The greater the
number of particles describing the model (whether they represent physical atoms
or electron pairs), the more inaccuracies introduced by the granularity of molecular
dynamics methods can be corrected.

Due to their reduced computational cost, the most widely used water models
have been 3-site models, such as S&@ygle point charge) and TIP3Ransferable

intermoleculampotential with 3 points). In both models, each atom in the water
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Table 2.1: Prarmeters for common 3-, 4- and 5-point water modegjg.androy is
O-H and O-dummy or O-lone pair bond lengths, respectively.q. andgy is the
charge on O, lone pairs or Ky is the depth of the energy well (for O atoms),
is the distance at which inter-particle potential equals zgm@ndf represent bond
angles shown in Figure 2.2.

H SPC TIP3P  TIP4P-D TIPSIﬂ

ron=A 1.0 0.9572 0.9572 0.957@
rox=A — - 0.1546 0.70
Joorq. -0.820 -0.8340 -1.16 -0.241

g4 +0.410 +0.4170 +0.58 +0.24
eo=kJmol *  0.65 0.6364 0.9366 0.6694
s=A 3.166 3.15061 3.165 3.12

g/° 109.47 10452 10452 104.52

fle - - 52.26  109.471

=

molecule is represented by a particle, with a xed point charge (Table 2.1). Only
the oxygen atom has Lennard-Jones parameters (in effect, size). This reduces the
number of water-water interaction sites, therefore increasing the computational ef-
ciency. As mentioned before, the presence of thousands of water molecules in
typical biomolecular MD simulations means that most of the computational power

is spent calculating solvent interactions. Thus, a water model which is de ned by

fewer particles enables signi cant extension of simulation times.

Figure 2.2: Geometry of common 3-, 4- and 5-point water models. O represents
oxygen, H hydrogen, L lone pair of electrons, M massless dummy patrticle used for
charge dislocation.

The TIP4P water model uses 4 sites: 3 sites representing each of the atoms in
water, and the fourth site (called a dummy site since it does not represent an atom)
located at the bisector of the H-O-H angle for the partial negative charge on the

oxygen atom. TIP5P water model extends this further by having 2 dummy sites -
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one for each lone electron pair on the oxygen atom (Figure 2.2).

As force elds have been optimised to better represent experimental results, so
have their accompanying water models been modi ed to ensure they are harmonised
with the changes made to the protein force elds. For example, The TIP3P water
model was adapted in CHARMM force elds to include van der Waals interactions
on the hydrogen atoms as well as the oxygen. This model was further modi ed in
the CHARMM36m force eld to better model IDPs [222]. Similarly, the TIP4P
water model was re-paramaterised to match a number of different protein force
elds: TIP4P/2005, TIP4P-Ew, TIP4P-D, a99SB-disp water model.

Decision on which water model to use hinges on the trade-off between com-
putational expense vs complexity/accuracy required. Water models which contain
dummy atom(s) to represent the lone pairs of electrons on the water oxygen have
better electrostatic distribution around the molecule and thus account for the effects
of dispersion better. Therefore, they are better for describing systems where wa-
ter determines structural and dynamic properties, such as intrinsically disordered
proteins - albeit at a higher computational cost. It is worth noting that due to the
extent of hydrogen bonding in liquid water, the individual water molecules are not
chemically equivalent, so no water model which represents an average, rigid struc-
ture will succeed in replicating water exactly, however 4- and 5-site models come
close. Since | was dealing with systems with disorder, whether in full as in the case
of Htt1-19 or partial as in proNGF, | chose a water model that was shown to model

IDPs very well [86].

2.2 Implementation of MD simulations

An MD simulation starts from an initial structure, which is often experimentally de-
rived. This may be the direct result of an experimental method such as X-ray crys-
tallography or a homology model built on one. Any missing parts, such as loops,
are added and any required sequence modi cations made. Since experimentally-
derived models may contain artefacts, such as arti cial contacts due to crystal pack-

ing or poorly de ned regions in NMR, the geometry of the starting structure is rst
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optimised in the energy minimisation step. This step ensures that large forces that
would arise from incorrect geometries are avoided. After energy minimisation, ini-
tial velocities of particles are assigned using the Maxwell-Boltzmann distribution
centred at the temperature where simulations are to take place.

In essence, MD is based on integrating Newton's equation of motion for each

particle:

F=mg (2.2)

whereF is the force acting on particlie my is the particle's mass arg is its
acceleration. The force on partidlgs is a derived from the potential energy of the

system, U(r):

F=RNyu(r) (2.3)

Velocities and coordinates, combined with the parameters of the force eld,
are all the information needed to evolve the system of interest over time. At each
step of the simulation, the force on each particle is calculated using the coordinates
and the parameters of each particle as described in the force eld. By integrating
Newton's equaton of motion over a short time step (typically 2fs), new positions
and velocities are determined. The system evolves by iterating through these steps.
The result is a trajectory of coordinates and velocities, which describe the time-
evolution of the system in phase space. The statistical mechanics principle which
governs molecular simulation methods is the ergodicity principle, which states that
the ensemble average of a propehtys the same as its time average. Therefore, a
long enough simulation of a system of interest can be used to get a good approxima-
tion of its ensemble properties. These can, in turn, be compared to those obtained

by experiment where possible.

1

i & AP @4

Qo=

PAI =

1

wherepN andrN are the momenta and coordinates of the particles in the sys-
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tem, and M is the number of discrete steps in the simulation.

Modern implementations of MD simulations employ a number of techniques
to maximise computational ef ciency while maintaining physical properties of the
system of interest. A number of most oft-used techniques for improving simulation
ef ciency and approximating experimental conditions are described below. This
chapter is by no means exhaustive. Instead, it is intended as a background for the

methods used in this thesis.

2.2.1 Thermostats and barostats

Without temperature and pressure control, energy-conserving MD simulations
evolve under the microcanonical ensemble, with constant number of particles, vol-
ume, and total energy. While this may be representative of molecular behaviour at
microscopic level, it cannot be used for comparisons with experimental data. Physi-
cal experiments are performed under well-de ned conditions, such as constant tem-
perature and pressure. In order for meaningful comparison to be made between
experiments and simulations, the same state variables need to be kept constant in
simulations, too. To this end, methods which maintain the temperature or pressure
constant at a user-de ned value, called thermostats and barostats, are routinely used.
There are a number of thermostats and barostats used in MD simulations of biolog-
ical molecules. Below | discuss a few examples of each, including those which |

used in work presented in this thesis.

2.2.1.1 Thermostats

Kinetic energy of the system is linked to its temperature as described by equation

2.5, and to the mass and velocity of its constituents, as described by equation 2.6.

K= gNkBT (2.5)

where N is the number of particlekg is the Boltzmann constant, and T is

temperature.

1 N
K= 358 mv; (2.6)
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wheremy is the mass of particle andy; is its velocity.

Therefore, the simplest way of maintaining constant temperature is by scal-
ing the velocities of particles by a factor such that the instantaneous temperature
matches the reference. If re-scaling is performed at every time-step, uctuations in
kinetic energy will be lost, which is not representative of the canonical ensemble.
The Berendsen thermostat [223] employs temperature re-scaling at a speci ed time
intervals, rather than at every step, to weakly couple the system to an external heat
bath at the reference temperatufg;;. While this does not suppress uctuations
in kinetic energy of the system as much as re-scaling at every time step would, the
outcome is still not consistent with the canonical ensemble, especially for small
systems. But due to its ef ciency in bringing the temperature of the system to the

desired value, Berendsen thermostat is still often used in equilibration steps.

The Langevin thermostat uses imaginary particles embedded in the system of
interest which exert friction and random force on the system. This in turn dampens
the velocity, and introduces random uctuations dependent on the reference tem-

perature. The stochastic change in velocity at each step is given by

q -
Dvi= aDt gviDt+ x 2kgTrergVi=m (2.7)

wherev;j, a;, andm represent the velocity, acceleration, and mass of paiticle
respectivelyg is the friction coef cient,x is a normally distributed random number

anf T Is the reference temperature.

The velocity-rescale algorithm is a more rigorous version of the Berendsen
thermostat, developed for simulations in the canonical ensemble. It combines ve-
locity scaling with a stochastic term to correctly sample the correct distribution in
the canonical ensemble. This algorithm was used in the production simulations of
Huntingtin 1-19 with A99SB-disp and CHARMM36m force elds, and for proNGF
simulations. The Langevin thermostat was used for Htt1-19 simulations with the

Amber99SB*-|LDN force eld.
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2.2.1.2 Barostats

Pressure in MD simulations is calculated using the virial, which is de ned as:

N
W= é ri F (2.8)

where N is the number of atoms, is the position of atom, F; is the sum of
all forces acting on atom

Fi is composed of forces due to other particles in the system (which is calcu-
lated as part of simulation when propagating the atomic coordinates and velocities),
and forces due to the container, which is equal 8PV. As a result, pressure of
the system can be modulated by changing the volume of the box. This is analogous
to modulating velocities to change temperature.

The Berendsen barostat [223] uses this analogy, and couples the pressure of
the system to an external pressure bath, with presBure, As with the Berendsen
thermostat, the result is a correct average pressure but incorrect ensemble. There-
fore, as with Berendsen thermostat, this barostat is often used in equilibration stages
to reach the target pressure. Barostats, such as the Parrinello-Rahman barostat [224]
and the Andersen barostat [225], which produce better ensembles are used for pro-
duction simulations. All simulations presented in this thesis were run in the canon-
ical ensemble. Barostats were only used in the equilibration processes to determine
the correct box size. Initial equilibration was performed with Berendsen barostat,

followed by 10 ns equilibration with the Parrinello-Rahman barostat.

2.2.2 Periodic boundary conditions

Edge effects are eliminated in MD simulations by using periodic boundary condi-
tions. As a result, a relatively small number of atoms can be used, minimising com-
putational expense. When a patrticle leaves through one face of the periodic box, its
image from the neighbouring box on the other side of the simulation box replaces
it. This ensures that the number of particles in the simulation box remains constant

and that the forces on the particles are identical to the case of in nite dilution.

It is essential to create a box large enough (with enough solvent molecules) so
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that artefacts due to a protein interacting with an image of itself do not arise. This
means that the minimum distance from the protein to the box boundary (buffer dis-
tance) must be larger than the distance cut-off used for LJ calculations (see section
2.2.4).

While a cubic box is the easiest to implement, there are many other three di-
mensional shapes which have smaller volumes in comparison. Some commonly
implemented boxes are truncated octahedron and truncated rhombic dodecahedron.
The number of solvent needed to achieve the same buffer distance can be apprecia-
bly reduced, leading to more ef cient use of computational resources. A truncated
octahedral box requires 77%, and a rhombic dodecahedral box around 71% of a

cubic box with the same buffer distance.

2.2.3 Constraints

Numerical integration of equations of motion requires discretisation of time. This
necessitates the use of a small enough time step to ensure that the force acting
on particles can be assumed to be constant. As a result, the fastest motions in the
simulated system determines the maximum integration time-step, since if the former
is faster than the latter, the system becomes unstable. In biomolecular systems, the
fastest motion is the vibration of covalent bonds of hydrogen atoms to heavy atoms.
Assuming these bond vibrations are not signi cant in the dynamics of the system
overall, they can be constrained to their equilibrium lengths to allow for a larger
time-step to be used. This, then, increases the length of the trajectory that can be
acquired using a set amount of computational resources.

The SHAKE [226] algorithm is routinely used in the Amber simulation pack-
age, whereas LINCS (for proteins) [227] and SETTLE (for water) [228] algorithms
are used in MD simulations to constrain hydrogen-heavy atom bonds. All of these

algorithms were used in the simulations presented in this thesis, as appropriate.

2.2.4 Distance cut-offs

Many inter-atomic interactions decay very quickly with distance, especially van der

Waals interactions. Therefore, it is only necessary to calculate the forces arising
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from these interactions for a small number of atoms around the atom of interest. To
this end, it is common to include a distance cutoff, beyond which the interactions
are assumed to be negligible and are numerically set to zero. The ruggedness to the
potential introduced by the distance cut-off can be and is often corrected for []. It

is also common to maintain a neighbour list for LJ calculations, containing nearby
atoms, which is updated every 20 steps or so. This is based on the observation that
the neighbouring atoms of a given atom do not change very rapidly. The combi-
nation of using a distance cut-off and a neighbour list greatly reduces the time for
calculation of LJ potential, which tends to consume a lot of computational resources
since it applies to all atoms in a system.

Since electrostatic interactions do not decay as rapidly as vdW interactions, an
alternative treatment is necessary. Particle mesh Ewald (PME) method divides elec-
trostatic interactions in PBC into short- and long-range interactions and treats the
former using using real space and and the latter using reciprocal space summations.
Use of fast Fourier transforms of the calculations in the reciprocal space increases

the ef ciency of calculations [229].

2.3 Enhanced sampling methods

The timescales involved in biologically interesting processes greatly surpass the
timescales currently available for most molecular dynamics simulations. Many en-
hanced sampling methods have been developed to increase the ef ciency of confor-
mational sampling in atomistic molecular dynamics simulations. Here | describe
two widely-used families of enhanced sampling methods, the rst of which | used
in this thesis: replica exchange-based methods and collective variable (CV)-based

methods.

2.3.1 Replica exchange methods

Replica exchange-based enhanced sampling methods rely on simultaneously per-
forming multiple MD simulations where a thermodynamic variable, such as tem-
perature or the system Hamiltonian, is altered in a stepwise manner between the

different replicas. Each replica, therefore, has a different resulting ensemble. At in-
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tervals speci ed by the user, each replica attempts to exchange con gurations with a
neighbouring replica, alternating between the two options. Exchange between repli-
cas of the system, whereby con gurations from a replica are swapped with that from
another, enhances the exploration of the conformational states available to the pro-
tein much faster than would be possible in one simulation. This is due to the large
number of degrees of freedom and, therefore, long simulation times required to ex-
plore the conformational surface. There are many variations of such algorithms,
a few common ones are overviewed below. In all implementations of replica ex-
change MD simulations, exchange attempts follow similar rules introduced in the
Monte Carlo section: exchanges between neighbouring replicas are only accepted
if they ful | the Metropolis criterion, which ensures that the resulting ensemble has
equilibrium distributions.

Parallel tempering was the rst replica exchange-based MD method to be de-
veloped. It enhances sampling by using a range of temperatures higher than the
target/neutral replica. In replicas where temperature is increased, the protein can
break interactions and thus conformations, more easily than in replicas with lower
energies. Upon exchange (if the MC move is accepted), the new conformation can
be sampled at a new temperature. It is common practice to scale the desired tem-
perature range geometrically to ensure around 20% exchange success rate, in order
to maximise conformational exploration. While it greatly helps overcome enthalpic
barriers, parallel tempering cannot help overcome entropic ones.

Hamiltonian replica exchange is a more generalised version of parallel tem-
pering, where the difference between replicas can be a multitude of components
de ning the Hamiltonian. In the present study, we chose to scale the Lennard-Jones
parameters of a number of atoms in the system. Unlike parallel tempering, we used
a linear range of values since the terms that were scaled are linearly related to the

energy of the system.

2.3.2 CV-based methods

Collective variables (CVs) are functions of the coordinates of a system which have

distinct values at the different con gurations of interest. They can be as simple as
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a key distance or much more complex, depending on how much data is necessary
to de ne the reaction coordinate being studies. By condensing the large number of
degrees of freedom to a single metric, CVs reduce the dimensionality of the whole
system or part of it such as root mean square deviation from a reference structure,

radius of gyration, a speci ¢ angle or distance.

CV-based enhanced sampling methods require the de nition of one or more
collective variables to bias the MD trajectory. It is critical that the CV can differ-
entiate between end points along the reaction coordinate, such as ligand binding or
folding. Major algorithms in this category are umbrella sampling and metadynam-

ics (MetaD).

Umbrella sampling limits the range of the collective variable of choice as a way
of controlling conformational sampling. By dividing the CV range of interest into
smaller chunks, it is possible to ensure that the whole range is sampled, without
the trajectory being stuck in a local minimum. The energy landscape can be put

together from individual part using methods such as WHAM [230].

In MetaD, a history-dependent potential is used to disfavour the re-sampling
of conformations already visited by the system [231]. By ” lling the energy land-
scape with computational sand’[232], the energy landscape is attened, allowing
frequent sampling of all values of the CV of choice. The free energy as a function
of the CVs used in the biasing can then be reconstructed by adding all the biases
up. The choice of CV is very important in MetaD simulations. They need to (i) dif-
ferentiate between distinct states, (ii) describe the slowest motion of the system so
that they can drive conformational exploration. The success of MetaD simulations
hinge on the suitability of the CV to do the above, and proper exploration of the
conformational landscape can be hindered if there are hidden collective variables,

unknown to the user.

Steered MD uses a more direct approach than the above two methods, where
the trajectory of the system is steered using an external potential towards a de ned
value of the chosen CV. This can be very useful to nd key interactions involved

along a reaction coordinate.
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In all cases, while the time evolution is not physical, by correcting for the bias

involved in the system, it is possible to draw conclusions about equilibrium events.

2.3.3 Hybrid methods

Replica exchange- and bias-based approaches have been combined in methods such
as parallel-tempering MetaD simulations. In such instances, the exploration of
phase space is enhanced by the bias-based MetaD approach while parallel tem-
pering enhanced exploration of all degrees of freedom of the system. Similarly

HREX-MetaD simulation have also been reported [233].






Chapter 3

Using SWISH-MD on an IDP system

3.1 Introduction

This chapter is about applying a Hamiltonian replica-exchange based enhanced wa-
ter sampling method developed for cryptic pocket exploration, SWISH [87], for
studying the solution ensemble of the intrinsically disordered N-terminal tail of
Huntingtin in the context of phosphorylation. | argue for the similarity between the
problem SWISH set out to solve and the problem of nding the structural ensem-
ble of an IDP with a helical tendency. The biochemical focus of this chapter is on
exploring the similarities and differences between phosphorylation and phospho-
mimetic substitutions in Huntingtin 1-19, to assess suitability of such mutations for
Htt1-19. | describe how SWISH was adapted for exploring the solution structural
ensemble of an intrinsically disordered peptide and present results on phospho-
rylated and phosphomimetic Httl1-19 peptides with 3 force elds (Amber99SB*-
ILDN [83, 84], Amber99SB-disp [221] and CHARMMS36m [222]). This chapter
lays the foundation for the next chapter of this thesis, which describes how SWISH
was used to probe the cross-talk between different post-translational modi cations

(PTMs) and their in uence on the secondary structure of Htt1-19.

3.1.1 Phosphorylation and phosphomimetic substitutions

Phosphorylation is one of the best studied and most prominent PTMs, with about
30% of the proteins in a eukaryotic cell being subject to it [18]. It is often found

at serine, threonine and tyrosine residues in eukaryotes and is controlled by around
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500 kinases and 150 phosphatases [18]. These enzymes themselves are modulated
in response to signalling, are often controlled (activated or inhibited) by other ki-
nases, such as those involved in growth factor signalling pathways [234] or apopto-
sis (caspases) [235]. Studying the effects of phosphorylation has been challenging
as proteins often have multiple sites of phosphorylation. The picture is yet further
complicatedn vivo, as the phosphorylation state of a given protein depends on the
balance between activities of potentially multiple kinases and phosphatases [236].
Even if the enzymes involved are known and can be (de)activated at will (by en-
hancers or inhibitors), it is impossible to ensure that the residues of interest are
modi ed in full and no other residues are affected. These factors make it dif cult to

isolate the effects of phosphorylation from other contemporaneous events.

A historic method of isolating the effect of a speci ¢ residue of interest has
been the alanine scan, where the residue of interest is mutated to alanine, which is
apolar, and post-translationally unmodi able. The effect on the protein's activity,
stability and/or interaction network would thus indicate if the mutated residue plays
a key role in the aspect or process being studied. While this approach of generat-
ing a phospho-de cient mutant was useful as a negative control, a suitable positive

counterpart was missing.

In their 1987 study of the mechanism of isocitrate dehydrogenase deactivation
by phosphorylation, Thorsness and Koshland substituted the site of phosphorylation
(Ser113) with an aspartate, which completely deactivated the enzyme, mimicking
the effect of phosphorylation [237]. As a result, they could reduce the function of
the phosphate group to its negative charge. This was the birth of phosphomimetic
substitutions as a gain-of-function alternative counterpart to the loss-of-function
alanine substitution approach. Their approach was soon adopted by others to study
phosphorylated proteins [238, 239] and is still in use today [240—-243] due to its

general apparent success and to its ease of implementation.

Structurally, phosphomimetic mutations rely on the fact that the acidic side
chains of aspartate (Asp) and glutamate (Glu) and the phosphorylated serine (pSer),

threonine (pThr) and tyrosine (pTyr) side chains are all negatively charged, over-
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looking the magnitude and the pH-dependence of the said negative charge [244].
Assuming that substitution of the phosphorylated side chain with Asp or Glu main-
tains some/most or all the salt bridges and hydrogen bonds formed by the phosphate
in the tertiary structure of the protein, it is expected to reproduce the effects of phos-
phorylation. Given the similarity in size of the side chains of phosphorylated serine
or threonine residues to aspartate and glutamate, phosphomimetic substitutions ap-
pear to work better for these sites of phosphorylation compared to phosphotyrosine,

which is much larger in size (Figure 3.1).

Both aspartate and glutamate have been used for phosphoserine and phospho-
threonine. The choice of which phosphomimetic residue to use seems to be made

empirically.

While phosphomimetic substitutions have been useful in some cases where the
major contribution of the phosphate group is electrostatic [239, 245], there are sev-
eral examples where they fail to replicate the effects of phosphorylation [246], and
sometimes even have the opposite effect [247, 248]. In some cases, some but not
all aspects of the phosphorylation are recapitulated by the substitution [249]. As
the structures in Figure 3.1 show, the two major differences between phosphory-
lated side chains and the acidic ones are bulkiness and charge (both magnitude and
density). The phosphate group has a larger ionic shell than the carboxyl groups
and forms stronger hydrogen bonds (especially with arginine due to its side-chain
geometry) compared to aspartate or glutamate [250]. In addition, the unique size
and shape of the phosphate group is recognised by multiple domains, such as 14-3-
3 [251] and SH2 [252] domains, which mediate protein-protein interactions. Such
cases which require surface complementarity cannot be mimicked using acidic side

chains.

Moreover, the phosphate group can access both -1 and -2 charges, depending
on pH [244], whereas aspartate and glutamate typically have -1 charge. To counter
this difference, some have used two glutamate residues to mimic a phosphate group
(in yeast MAPK [253], and in myosin [254], for example). The empirical nature

of the decision between the two phosphomimetic options, the mismatch between
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Figure 3.1: Comparison of phosphorylated and phosphomimetic substitutions. The
ionisation state is based on physiological conditions.

shape, size and ionisability of phosphate group vs acidic side chains all point to
the need for a better understanding of the molecular mechanisms of activation and
deactivation by phosphorylation. Given how wide the array of phosphoproteins is
and how diverse and context-dependent the effects of phosphorylation can be, it is
not possible to nd a system to represent all possible cases. | have chosen to study
the N-terminal tail of the huntingtin protein since phosphorylation is known to have

a measurable impact on the structure, and since some experimental data is available

to compare to MD simulations.
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3.1.2 Phosphorylation in Htt1-19

There are three known sites of phosphorylation in the N-terminal tail of Huntingtin:
Thr3, Serl3 and Serl6 [142, 146, 255]. Our knowledge of the effects of phos-
phorylation of these residues is basediorvivo andin vitro experiments, some

of which include phosphomimetic substitutions. Thr3 was shown to be the most
common phosphorylation site in N17 in tissue culture models of huntingtin in HeLa
and ST14A cells [142]. It was also detectednrvivo mouse models of the disease
[256]. Phosphorylation of this residue modulates Hitt tail structure and ultimately, its
subcellular localisation [136]. Levels of pThr are reduced in Huntington's disease
models [144], suggesting its downregulation in disease and potentially a protective
role against aggregatioim vitro experiments have also found a link between reduc-
tion in aggregation and phosphorylation at T3 [135]. Phosphorylation of Thr3 is the
main subject if this chapter, the other two phosphorylation sites will be discussed in
more detail in the next chapter.

Studying the effect of phosphorylation in Huntingtin N-terminal tail has been
challenging due to the reasons explained in the previous chapter. Before this study,
it was not clear whether and to what extent phosphomimetic substitutions can mimic
phosphorylation. Since phosphomimetic substitutions have been used to draw con-
clusions on this and similar systems [255], | decided to investigate the similari-
ties and differences between phosphorylated peptide and phosphomimetic peptides

compared to the wild type protein.

3.1.3 Relevance of SWISH to this case study

Water is of key importance in structure formation and function in proteins and other
macro-biomolecules. Both cryptic pocket formation and secondary structure for-
mation is tightly linked to interactions of the protein with the water surrounding it.
Both research problems deal with eeting conformational changes - be it in creation
of a pocket, or of a helical turn - with signi cant functional implications and great
dif culties for observations.

SWISH-MD uses scaling of protein-water interactions to expose cryptic bind-

ing sites in proteins. In the case of IDPs, where proteins interact more with water
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than they do with themselves, leading to disorder, probing water interactions is also
sensible. A similar conceptual approach has been used extensively in experimental
methods, where low molecular weight aliphatic alcohol co-solvents such as 2,2,2-
tri uoroethanol (TFE) are added to aqueous solutions of proteins or peptides with
helical tendency to promote helix formation [257]. MD simulations of peptides
with water-TFE mixed solvent showed that TFE promotes helix formation by par-
tially coating the peptide, reducing its interaction with water, and thus favouring
intramolecular interactions instead, thus leading to both helix nucleation and exten-
sion [257-259].

Based on the conceptual similarity of SWISH to water-TFE mixed solvent en-
vironments and the success of SWISH in exploring cryptic pockets in globular pro-
teins, | decided to use the method on Htt1-19 peptide. The peptide is known to form
an amphipathic helix in contact with cellular membranes or in the presence of TFE
[136], or upon phosphorylation at Thr3 [135]. | aimed to explore the secondary
structure of the peptide in different SWISH replicas as well as in the presence of

relevant PTMs.

3.2 Methods
3.2.1 Amber99SB*-ILDN simulations

3.2.1.1 System setup

At the time of simulation setup, there were many entries for huntingtin exon 1 con-
structs in apo state (4FE[8BD], 3I0[WVUT64]) or of the huntingtin N-terminal
peptide in complex with binding partners (3LRH, 4RAV), as well as 2 structures of
the N-terminal tail in solution (2LDO, 2LD2) as shown in Table 3.1. Neither the
large Htt constructs, nor the complexes would have been good starting structures
due to the fact that the peptide of interest is in a different structural context in these
structures, either in contact with the rest of the protein or with a binding partner.
Only two PDB depositions for the Htt 1-17 as a monomer in solution were
suitable for this investigation of the structure and dynamics of the N-terminal tail in

solution: one in presence of DPC micelles (PDB ID: 2LD2) and another in presence
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Table 3.1: PDB entries for Huntingtin. M stands for the rst N residues, Ex1
stands for exonl.

H PDB ID ‘ Construct ‘ Apo or complex ‘ Method ‘ Ref H
4FES8 MBP-Ex1 fusion| Apo X-ray (3.0A) | [151]
AFEB MBP-Ex1 fusion| Apo X-ray (2.8A) | [151]
4FED | MBP-Ex1 fusion| Apo X-ray (2.8A) | [151]
3IOW | Ex1(17Q) Apo X-ray (3.5A) | [150]
30V Ex1(17Q) Apo X-ray (3.7A) | [150]
30U Ex1(17Q) Apo X-ray (3.7A) | [150]
310T Ex1(17Q) Apo X-ray (3.5A) | [150]
3106 Ex1(17Q) Apo X-ray (3.7A) | [150]
3104 Ex1(17Q) Apo X-ray (3.6A) | [150]
4RAV | N3-17 Complex X-ray (2.5A) | [260]
3LRH N5-18 Complex X-ray (2.6A) | [261]
6EZ8 Full-length Complex cryo-EM (4A) | [262]
6N8C | N2-24 2mer/4mer solution NMR | [162]
2LDO N17 Apo (50% TFE) solution NMR | [136]
2LD2 N17 Apo (DPC micelle)| solution NMR | [136]

of 2,2,2-tri uoroethanol (TFE) (PDB ID: 2LD0). Both structures were derived us-
ing mixed solid and solution state NMR. [136]. The two structures are very similar,
with an RMSD of only 3.83A (Figure 3.2).

Figure 3.2: Overlay of the two NMR-derived structures of Htt1-17. 2LDO (shown
in blue) was in 50% TFE whereas 2LD2 (shown in red) was in presence of DPC
micelles. 2LDO0 was used for simulations presented herein.

Having access to experimental (circular dichroism spectroscopy, see chapter
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4) data of various huntingtin peptides via collaborators [263], | strived to create a
simulation system as close to the experimental system as possible in order to be
able to use the former to validate the latter. Since the CD spectra were recorded
with samples with various amounts of TFE (due to its effect on peptide secondary
structure), as well as aqueous conditions, the mixed solid and solution state NMR
structure of Huntingtin 1-17 N-terminal tail in presence of TFE (PDB ID 2LDO,
blue in Figure 3.2) was used as the starting structure for the fully atomistic explicit

solvent molecular dynamics simulations described herein.

The peptides used to obtain the CD spectra available at the time of simula-
tion setup encompassed the rst 19 residues of Huntingtin, whereas the PDB entry
2LDO0 only encompasses the rst 17 residues. In other words, 2 glutamine residues,
which are part of the polyQ tract of exon 1, were added to the N17 section in the
experimental systems. In order to match the experimental systems, the NMR struc-
ture 2LDO was extended accordingly using Modeller 9.1.2 [264]. This model of the
rst 19 residues of Huntingtin was used as the starting structure for the wild type
(WT) Htt1-19 peptide simulations and as the starting point for all modi cations
necessary for other peptides with either mutations (T3D, T3E) or post-translational

modi cation(s) (acetylation, phosphorylation described in the next chapter).

Amber99SB*-ILDN [83, 84] force eld was supplemented with parameters for
phosphorylated threonine residue, T2P [265]. The phosphate group was assigned
a charge of -2, since it is not expected to be protonated at physiological pH [244].
Side-chains of lysine, glutamate and aspartate residues were also ionised, since their
pKa values are also below/above the physiological pH, and those used the experi-

mental conditions.

Changes to the WT protein for T3D, T3E and pT3 peptides were introduced in
leap, by modifying the input pdb le to replace the corresponding residue with the
appropriate alternative: ASP, GLU, or T2P, respectively. Peptides were not capped,
I.e. had charged N- and C-termini. Sequences of all Htt1-19 systems simulated with
the Amber99SB*-ILDN force eld are shown in table 3.2.

After modi cations to the input structure le as described above, each peptide
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Table 3.2: Htt1-19 peptide variants simulated with the Amber99SB*-ILDN force
eld. Post translational modi cation  for phosphorylation) or mutations are
shown in red, bold font.

H Peptide Suf x Mutation/PTM(s)\ Sequence H

w Wild Type MATLEKLMKAFESLKSFQQ

p pT3 MApPTLEKLMKAFESLKSFQQ
d T3D MADLEKLMKAFESLKSFQQ
e T3E MA ELEKLMKAFESLKSFQQ

system was embedded in a pre-equilibrated box of TIP4P-D water model in leap.
An octahedral simulation box was used to minimise the number of water molecules
in the system. CHARMM22 Naand Ct ions were added to reach charge neutrality
and a nal concentration of 100 mM NaCl. The total number of atoms was approx-
imately 35,000. The minimum distance between the peptide and the edges of the
periodic box (buffer distance) was determined using a two-step approach: rst, a
completely extended WT Htt1-19 peptide was generated in leap, and solvated using
a buffer distance of 4, since a LJ cutoff of 8\ was to be used for production runs.
Secondly, the folded peptide (2LD0+2Q as described above) was solvated using a
range of buffer distances until the new box size matched that from step 1. This led
to a buffer distance of 8with the folded peptideThis two-step process was used
to ensure that if the peptide completely unfolded during enhanced sampling pro-
duction runs (which was likely to happen in replicas with highesalues given the
peptide's intrinsically disordered nature and increased strength of interactions with
water), the simulation box would be large enough to avoid artefacts arising from the

peptide interacting with its periodic image.

3.2.1.2 Equilibration

Equilibration consisted of steepest descent energy minimisation, followed by heat-
ing in the NVT ensemble under constant temperature (298.15 K) and volume,
followed by 2 rounds of NPT equilibration pressure (1 bar) equilibrations using

Langevin thermostat [] and Berendsen barostat [223]. Positions of protein atoms
were restrained during equilibration to maintain protein coordinates while the sol-

vent equilibrated around it. Equilibration was carried out using the Emerald super-
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computer.

3.2.1.3 Production

A pilot Hamiltonian replica exchange molecular dynamics simulation was set up to
determine the optimal range and spacing of Lennard-Jones scaling coef dignts (
for production SWISH MD runs.

When!| = 1, water behaves as it is parameterised in the force eld.l As
increases, so does the strength of the interactions between the oxygen atom in the
water and apolar atoms in the protein. This leads to a slight perturbation towards
more unfolded conformations, and helps in exposing cryptic pockets in globular
proteins [87]. The authors chose a scaling coef cient range:@®1 |  1:35,
which proved to be effective in exposing cryptic pockets in a number of protein
targets. In its use in the context of an IDP, SWISH needs to dowalues smaller
than 1 as well as those greater than 1 in order to ensure that the enhancement of
sampling is not biased towards extended conformations of the peptide.

In the pilot simulation, al nax value similar to that in the original im-
plementation (1.3 vs 1.35) was chosen and the range was extended to in-
clude values below 1. Eight replicas of the wild type Htt 1-19 were created
using an earlier version of the publicly available python script, available at
https://github.com/OleinikovasV/CrypticSWISH (Differences be-
tween the earlier and current verion are described below.). The Lennard-Jones
interactions between water oxygen atoms and a subset of apolar atoms in the pro-
tein (discussed below) were scaled linearly , with 0 | 1.3, and in increments
of 0.1.

In the original implementation of SWISH, the aim was to make water more
ligand-like by increasing the strength of interactions between the oxygen atoms in
the water with a subset of apolar atoms in the protein. This subset of atoms was
chosen to be all carbon atoms, except for those of carbonyl groups, and all sulphur
atoms, as well as all hydrogens covalently bound to C or S atoms. In later versions
of the SWISH protocol, carbonyl carbons were excluded from the list of apolar

atoms, however, in the version of the protocol available at the time of setting up
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Amber99SB*ILDN simulations, this was not yet the case. Therefore, carbonyl car-
bons were included in the list of scaled atoms in the Amber99SB*ILDN simulations
of Htt 1-19.

Hamiltonian replica exchange MD was performed with Amber14 [68] on the
Emerald supercomputer. An exchange was attempted between neighbouring repli-
cas every 5 ps, alternating between higher and lower neighbours (i.e., replica 2
attempts to exchange with replica 3 in one attempt, and with replica 1 in the next
attempt). The average exchange success rate was 39%.

Having observed that the most extreme replidas=(0.6,1 = 1.3) were not
exploring signi cantly different collective variable values than their neighbouring
replicas [ = 0.7,1 =1.2) as explained in subsection 3.3.2 on page 89, a smaller
range ofl values with smaller steps in between were used in the production MD
simulations to decrease the computational cost and to further increase the replica
exchange success rate. As aresult, arange88f 0l  1:10, in steps of 0.05, was
used, leading to 6 replicas. The smaller steps in this setup led to an increase in the
average replica exchange frequency to 53%.

SWISH-MD simulations of all versions of the Htt 1-19 peptide, as shown in
table 3.2 on page 79, were performed on the Emerald supercomputer using Am-
berl4 [68] as the MD engine. 6 replicas of at least 1 pus were produced for each
peptide. The simulations were post-processed using CPPTRAJ [266] to remove
water molecules and to centre the solute in each replica. The rst 30 ns (of each
replica) were discarded as equilibration, as were any time beyond 1030 ns so that

each trajectory was exactly 1 ps long.

3.2.2 Amber99SB-Disp simulations

3.2.2.1 System setup

The Amber99SB-Disp force eld [221] was kindly provided by the authors. Since
Amber99SB-Disp force eld was developed based on the Amber99SB*-ILDN pro-
tein force eld and TIP4P-D water model, for which modi ed residue parameters
exists, the former was supplemented with parameters for phosphorylated threonine

used in the latter [265]. The parameters for the unprotonated phosphothreonine
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residue(T2P) were added following instructions in the Gromacs manual.

Starting peptide structures for all simulations with Amber99SB-Disp force
eld (table 3.3) were the same as those for Amber99SB*-ILDN simulations (ex-
plained on page 76) for consistency. The peptide was placed in a rhombic dodeca-
hedral periodic box with a minimum distance of 1 nm between the protein and the
edge of the simulation box, and solvated with TIP4P-Disp water model, supplied
with the force eld. Sodium and chloride ions were added to neutralise any net
charge and to a nal concentration of 100 mM.

Table 3.3: Httl1-19 peptide variants simulated with the Amber99SB-Disp force

eld. The post-translational modi cationg( stands for phosphorylation) and mu-
tations are shown in bold, red font.

H Peptide Suf x Mutation/PTM(S)\ Sequence H

w Wild Type MATLEKLMKAFESLKSFQQ
p pT3 MA pTLEKLMKAFESLKSFQQ
d T3D MA DLEKLMKAFESLKSFQQ
e T3E MA ELEKLMKAFESLKSFQQ

3.2.2.2 Equilibration

Solvated peptide systems were energy-minimised using steepest descent minimisa-
tion algorithm. Positions of atoms in the protein were restrained using harmonic
potentials during all but the last step of equilibration. After energy minimisation,
the peptides were heated to 298.15K for 100 ps using the velocity-rescale thermo-
stat.

All bonds involving hydrogens (including heavy atom-hydrogen) were con-
strained using LINCS algorithm [227]. Short-range electrostatic and van der Waals
interactions were cut off at 1 nm. Particle mesh Ewald algorithm [229] was used
to treat long-range electrostatic interactions. Following heating, the volume of the
system was equilibrated in two steps. First, an NPT equilibration was performed
for 500 ps at constant pressure (1 bar) using the Berendsen barostat [223], during
which positions of the atoms in the protein backbone (amide nitrogesason,
and carbonyl carbons) were restrained. Then, Parrinello-Rahman barostat at 1 bar

was used to further equilibrate the peptides for 10 ns, with no position restraints. A



3.2. Methods 83

frame with the average volume of the nal step of equilibration was extracted as the

starting structure of simulations.

3.2.2.3 Production

1 ms unbiased MD simulations were performed at constant temperature (298.15K)
and volume. Temperature was controlled using the v-rescale thermostat [267].

For SWISH simulations, 6 replicas were created.Scaling coef cients ranged
from 0.85 to 1.10, in steps of 0.05, as in previous simulations. Each replica was
further equilibrated for 10 ns under NPT and a frame was chosen based on the
average volume in the NPT stage. SWISH-MD simulations of all four peptides
were performed on the Piz Daint supercomputer using GROMACS 2018.3 patched
with PLUMED 2.4.3 to support Hamiltonian replica exchange. 6 replicas of at least
1 ms were produced for each peptide. In additiomglof unbiased MD simulations
of each of the replicas with scaled protein-water interactions was also performed. In
these simulations, the interactions between apolar atoms in the protein and the water
oxygens were scaled as in SWISH simulations, but no exchange was attempted
between replicas.

All simulations were post-processed using GROMACS tools to centre the so-

lute in each replica.

3.2.3 CHARMMS36m simulations

3.2.3.1 System setup

Wild type, pT3 and phosphomimetic Htt1-19 peptides (T3D and T3E mutants) were
prepared using the CHARMM-GUI web server [268]. The dry wild type peptide as
prepared for Amber99SB*-ILDN simulations (see section 3.2.1.1 on page 76) was
used as a starting point for all four peptides. Phosphorylation or phosphomimetic
substitution mutations (T3D or T3E) were carried out using CHARMM-GUI [269].
The Gromacs input les were exported [270] and used to prepare starting structures.
As done for A99SB-disp simulations, all peptides were placed in a rhombic dodec-
ahedral periodic box, with a minimum distance of 1 nm between the protein to the

edge of the simulation box. Peptides were solvated with the mTIP3P water model
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provided in the CHARMM36m force eld [222]. Sodium and chloride ions were

added to neutralise any net charge and to a nal concentration of 100 mM.

3.2.3.2 Equilibration

Equilibration protocol for this set of peptides was identical to that described in sec-
tion 3.2.2.2.

3.2.3.3 Production

1 ms unbiased MD simulations were performed at constant temperature (298.15K)

and volume. Temperature was controlled using the v-rescale thermostat [267].

Since the CHARMM36m force eld contains a further modi cation to the
CHARMM TIP3-P water model [222], | decided to probe the current and the pre-
vious water models in a more continuous way. Scaling was between water oxygens
and the same subset of apolar atoms as before. Table 3.4 showwv#hges with
the corresponding values of the 8 replicas used in the simulations. The strength
of nonbonded interactions of the water hydrogen with water oxygens and ions were
corrected using NBFIX terms (to be identical to the mmTIP3-P water model, i.e.

replica 5 in this setup), as in the original paper [222].

Due to a mistake in simulation setup, the highest replica (replica 7) remained
unscaled. In other words, itsvalue remained 1, instead of increasing in line with
the rest of the replicas. However, since the scaling coef cient of the previous replica
(replica 6) is approximately 2.5 times greater than the accidentally unscaled replica,
this mistake should not have affected the conformational distribution, but merely

led to a reduced ef ciency of exchange between these replicas.

Hamiltonian replica exchange simulations were performed on the Piz Daint
supercomputer using GROMACS 2018.3 patched with PLUMED 2.4.3. 8 replicas
of 1 ms were produced for each replica. In additiormd of unbiased MD simu-
lations of each of the scaled replicas was also performed. In these simulations, the
interactions between water and protein were scaled as in HREX simulations, but no

exchange was attempted.
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Table 3.4: Lennard-Jones scaling coef cients used i CHARMM36m simulations
and the corresponding water models. Replica 3 corresponds to the old mTIP3P wa-
ter model, replica 5 corresponds to the new modi ed mTIP3P water model, which
was used for simulations of IDPs with CHARMM36m [222].

H Replica | e /kcal/mol e/kJ/mol H

0 0.7065 0.0325 0.13598
1.0000 0.0460 0.19246
1.2935 0.0595 0.24894
1.5870 0.0730 0.30543
1.8804 0.0865 0.36191
2.1739 0.1000 0.41840
2.4674 0.1135 0.47488
1.0000 0.0460 0.19246

No ok WN PR

3.2.4 Data analysis

All the externally available software used is cited. Unless otherwise stated, the
scripts for the various analyses described below were written by the author. Python
NumPy, Pandas and MDTraj libraries were used for data analysis while matplotlib

and seaborn libraries were used for plotting gures.

3.2.4.1 Secondary structure assignment

Secondary structure assignment was calculated using the DSSP algorithm, via

compute _dssp function in the MDTraj library, which is based on DSSP-2.2.0.
Helicity of each residue was calculated by dividing the frequency of the residue

being assigned as helixy3 a, or p) by the total length of the simulation. Simi-

larly, overall helical content of the peptide was calculated by dividing the number

of residues assigned as helical at each timestep by the total number of residues in

the peptide (19).

3.2.4.2 Backbone dihedral angles

Python MDTraj library was used for backbone dihedral angle calculations. Ra-
machandran plots were plotted using matplotlib and a dihedral-based secondary
structure assignment was performed using standard python libraries NumPy and
pandas, with custonh andy boundaries for each secondary structure element

(Figure 3.3). | initially used the secondary structure boundaries suggested in the
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supplementary information of the CHARMM36m force eld paper [222] based on
the top 500 PDB structures. However, on comparing a Ramachandran plot of all the
peptides | simulated with these boundaries, | noticed that they did not optimally de-
scribe the distinct sections in the plot, especially inlihgheet region. Therefore, |

de ned a new set of secondary structure boundaries, which describe my data better

(Figure 3.3) without deviating too much from those that describe globular proteins.

Figure 3.3: Ramachandran plot of Htt1-19 peptides simulated with the Am-
ber99SB*ILDN force eld. Two sets of secondary structure boundaries are shown:
the rst based on rama500 dataset as described in reference [222] on the left, and
the second based on my simulation data, on the right. The main difference is in
the boundary separatingysheet from PPII helix. The boundaries on the right have
been used in analysis.

Using the boundaries above, an alternative secondary structure metric was cal-
culated. Extendea -helical region was de ned as 160° f 34°% T7°
y 37° b-sheetas 180° f 110%90° y  180°, poly-proline helix as
110° f 10%90° y 180°, left-hande@-helixas 37° f 74° 3°
y 57°

3.2.4.3 Backbone and side-chain hydrogen bonds

Python MDTraj package was used for distance and angle measurements. Hydrogen
bond occupancy was calculated for backbone-to-backbone, sidechain-to-backbone
and sidechain-to-sidechain hydrogen bonds using a heavy atom-to-heavy atom dis-
tance cutoff of 3.5A and heavy atom-hydrogen-heavy atom angle cutoff of either

100° or 120°. The uncapped termini were considered a part of the backbone for



3.3. Adapting SWISH to an IDP system 87

this analysis. The backbone NH groups, side chains of lysigg @utamine (H),

serine (H) and threonine (i) residues were considered as hydrogen bond donors,
whilst the backbone CO group and the side chains of lysing,(lutamine (N,

Og), serine (Q), threonine (Q), aspartate (¢), glutamate (@) and methionine

(S4) were considered as hydrogen bond acceptors. Although traditionally not con-
sidered a polar residue, methionine can act as a hydrogen bond acceptor [271], thus,
was included in the list of acceptor groups. For degenerate groups, such as the ly-
sine amino group, an occupancy of 1 was assigned if any of the equivalent atoms
took part in hydrogen bonding, without making a distinction between the case where
more than one atom makes a hydrogen bond with the corresponding hydrogen bond

acceptor.

3.2.4.4 Replica exchange statistics

Replica exchange log les were parsed using standard python 3 libraries. The path
taken by each replica throughout replica exchange MD was calculated. The success
rate of exchanges between replicas was visualised by looking at viakie of the

incoming replicas into eadh level.

3.3 Adapting SWISH to an IDP system

3.3.1 Pilot simulation to determine range of scaling coef cients

In application of SWISH for cryptic pocket exploration, Oleinikovas and coworkers
used a Lennard-Jones (LJ) scaling coef cient between water oxygens and protein
apolar atoms ranging between 1I  1:3 [87]. In adapting SWISH to my IDP
system of interest (Huntingtin), | started with the same upper value and extended
the range td values lower than 1. Due to the need for having an even number
of replicas to allow Hamiltonian replica exchange between both of the 2 possible
neighbouring replicas, | chose 0.7 as the lowestlue, leading to 8 replicas in the
pilot run, with linear spacing. This has the unaltered water replica approximately in
the middle of the range, minimising the risk of skewing the resulting ensemble in
either direction. A total of 600 ns of SWISH simulation was run, where an exchange

was attempted between neighbouring replicas every 5 ps.
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Table 3.5: Replica exchange success rate in the pilot SWISH simulation of wild
type Huntingtin 1-19.

H Replica ID‘ [ replica ‘ Partner ID‘ | partner ‘ Mean exchange success rﬁte

0 0.6 1 0.7 0.545
1 0.7 2 0.8 0.445
2 0.8 3 0.9 0.400
3 0.9 4 1.0 0.245
4 1.0 5 11 0.375
5 11 6 1.2 0.525
6 1.2 7 1.3 0.590
7 1.3 0 0.6 0.000

Exchange success rate was between 24.5 and 54.5% (Table 3.5), which is com-
fortably within the expected range for ef cient enhancement by replica exchange
[272]. Replicas attempt to exchange with only immediate neighbours (replica above
and below), alternating at each step. Figure 3.4 depicts exchange between replicas
in the pilot simulation. The distributioh value of the incoming structures (if the
exchange attempt has been successful) is shown for each replica. For example,
when an exchange happens between replica 3 and 4, the peptide in simulation 3
adopts the coordinates of what was the peptide in simulation 4, which has the
value of replica 41(4,=1.0). The opposite is true for replica 4, which now adopts the
conformation of replica 3, which hdd=0.9. If exchange does not take place, the

replica maintains its origindl value.

Apart from the two extreme replicas (those withi, or | may), replica exchange
in the pilot simulation was symmetrical for both upper and lower neighbours (Fig-
ure 3.4). The asymmetry is expected for the lowest and highest replicas since ex-
change between only one of the two neighbours is energetically favourable. Due
to the difference in the conformation, therefore, energy across the stack of replicas,
the replica withl nax rarely successfully exchanges with thgi, replica, whereas

exchange with max 1 replica is much more likely.
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Figure 3.4: Replica exchange success in the pilot simulation. The distributibn of
values visited by each replica is shown.

3.3.2 Effect of replica exchange on the exploration of HTT19

conformational landscape
In replicas where the strength of the LJ interactions between water oxygens and the
chosen apolar atoms in the protein (all C and S atoms and the hydrogens covalently
bound to them) was weakendd € 1), the Htt1-19 peptide collapsed into a very
compact conformation.The ensemble of this replica was highly helical and rather

rigid, with small uctuations only at peptide termini.

Figure 3.5: Mean helical content, end-to-end distance distribution and radius of
gyration distribution of the replicas in the pilot set. Replicas are colour coded. The
LJ scaling coef cient) , of each replica is indicated in the legend.

This is re ected by the small standard deviation observed in the radius of gyra-

tion and the bimodal distribution of the end-to-end distance(Figure 3.5). A low scal-
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ing coef cient (I ) results in a solvent which is more lipophobic than water, since
the strength of interaction between water and apolar atoms is further disfavoured.
This, in turn, enhances the formation of intramolecular contacts over protein-water

contacts, given the lowered af nity between the peptide and the water.

Conversely, a high value gives rise to a solvent which is more lipophilic by
favouring interactions between water and apolar atoms. This is the original set-up
of the SWISH method, where water behaves more like a ligand, leading to opening
of cryptic pockets [87]. In application of SWISH to a disordered peptide system,
the hight end of the stack of replicas is dominated by much more extended confor-
mations with little to no helical content (Figure 3.5). The peptide explores mainly
disordered states with little to no secondary structure. While most conformations
are extended, the peptide samples a larger ranBg edlues in comparison to repli-

cas with lowell values.

By including| values both above and below 1, both extended and compact
conformers were explored, respectively. Figure 3.5 shows the distribution of a
number of collective variables in each replica in the pilot run. Htt1-19 samples
very compact conformations in replicas with 0.7, as can be inferred from the
lower median value of the end-to-end distance and radius of gyration correspond-
ing to this replica. This set of conditions also favours a greater amount of helical
content in the peptide. This is the case even though there is decent replica exchange
with the neighbouring replica as shown in table 3.5. Conversely,1.2 results in
almost entirely extended conformations, leading to larger radii of gyration and end-
to-end distances. Representative structures from the extreme replicas are as shown

in gure 3.7.

As a result of the pilot simulation, | decided to choosle eange of 0.85 and
1.10, and a step of 0.05, resulting in 6 replicas. This resulted in a larger replica

exchange success rate, as shown in Figure 3.6.
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Figure 3.6: Replica exchange success in the production simulation. The distribu-
tion of | values visited by each replica is shown.

Figure 3.7: Representative structures from 3 replicas in the WT production simu-
lations. Htt1-19 is shown in the cartoon representation, with its N- and C-termini
coloured in blue and red, respectively. The top structure is frorh fereplica, the
middle one is from in replica, and the bottom structure is from thgax replica.
This gure was reproduced from [263]
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The improved replica exchange success rates in the production run, and the fact
that very different ensembles are sampled in each replica, covering the whole range
of extended to folded conformations (Figure 3.7), means that the starting structure
does not in uence the outcome. Exchange with replicas With 1 help break the

continuous helix observed in the starting structure.

3.4 Amber99SB*ILDN SWISH production runs

| set out to understand the mechanism of helix stabilisation by phosphorylation
at Thr3 and to see whether phosphomimetic substitutions could replicate the ef-
fects of phosphorylation in the case of Htt1-19 peptide. To this end, | performed 1
us SWISH-MD simulations of the wild type, phosphorylated and phosphomimetic

Htt1-19 peptides.

3.4.1 Helical content

Phosphorylation is known to stabilise a helical conformation in Htt1-19 [135]. Our
SWISH-MD simulations, in agreement with CD experiments in aqueous conditions,
show that pT3 increases overall helical content from 6.8% in WT to 11.9% in pT3
peptide compared to 8% to 15% as observed in CD [263] (Figure 4.2).

To understand the effect of phosphorylation of Thr3 on secondary structure at
in greater detail, the helical occupancy/propensity of each residue in the peptide was
calculated by averaging its DSSP secondary structure assignment along the whole
trajectory. The resulting plot, helicity per residue, depicts the frequency of nding
each of the residue in a helical conformationg(& , or p helix) (Figure 3.8).

Unlike the starting structure, which contains one continuous helix spanning
residues Leu4 to Serl3, two shorter helices are observed in the SWISH simulations.
The N-terminal helix spans residues 3 to 6 or 7, and the C-terminal helix residues
11 to 15 in most peptides. Ala2 and Leu4 acts as the N capping residue of the N-
terminal helix, and Phell as that of the C-terminal helix. Ala2 ts N-capping motif
Ib, Leu4 motif lla and Phell motif Ia, as described by Aurora and Rosee [273].

The breaking point in the helix, which lies between residue 8 or 9, seems to be

common in all variants, and is in agreement with a recent solution NMR structure
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Figure 3.8: Helical pro le of the WT, pT3, T3D and T3E peptides. The y-axis
shows the probability of nding each residue in a helical conformation as deter-
mined by DSSP. Onl{y = 1 replicas are shown. The pro les of the wild type (blue)
and phosphorylated protein (red) are shown in dotted lines to allow comparison with
phosphomimetic peptides.

[274] and previous parallel tempering MetaD simulations of the peptide [233]. The

breakage of the helix is potentially due to the repulsion between Lys6 and Lys9.

Phosphorylation at T3 stabilised a helical conformation in the N-terminal por-
tion of the peptide, from Ala2 to Leu7, to a greater extent than it did in the C-
terminal half of the peptide. This is consistent with propensity of nding negatively
charged residues at N-termini of helices and acting as N-capping moieties [273].
The N-capping residues stabilise the helix by satisfying backbone hydrogen bonds
which cannot be formed intrahelically. Phosphomimetic peptides also increased he-
lical content in the same region, albeit to a much lesser extent. This shows that
the negative charge at position 3 helps stabilise the helix, but is not suf cient on its
own. To probe other components of this effect, | looked at backbone and side-chain

hydrogen bonds in the peptide.
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Introduction of a phosphate group to the Thr3 side chain led to change in the
distribution of backbone dihedral angles of the Thr residue and its neighbours, as
one might expect. The distribution bfof Ala2 and Thr3 shifted to values closer
to those observed in helical conformations. What was interesting was the effect
pT3 had on sequentially rather distant residues, such as Glul2, Serl3 and Serl6.
They angles were not affected much, but theangles of these residues shifted
In not insigni cant amounts upon phosphorylation of Thr3 (Figure A.3). Interest-
ingly, Serl3 and Serl6 are also sites of phosphorylation, so, there may be some

cooperativity between the phosphorylation eventgvo.

3.4.2 Backbone hydrogen bonds

Secondary structure is a result of hydrogen bonds in protein backbone. To un-
derstand which residues were involved in helix stabilisation in Htt1-19, | plotted
the backbone hydrogen bond network of each peptide (Figure A.1). Having ob-
served that backbone hydrogen bonds were exclusively formed with neighbouring
residues, a heatmap showing hydrogen bonds from the carbonyl group of residue
to the amide groups of residuedl, i+2, i+3 (corresponding to 13 helix) andi+4

(corresponding ta helix) were plotted, to simplify the graph.

Figure 3.9: Backbone hydrogen bond network of the WT, pT3, T3D and T3E pep-
tides in Amber99SB*-ILDN SWISH simulations. Each cell is coloured according
to the frequency of the hydrogen bond formed between CO of the residue in that
column and the NH of the residue with the increment shown in the row labg| (

2, 3, 4 or 5). The percentage frequency of the hydrogen bond is shown numerically
if it is above 1%. Only = 1 replicas are shown.
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Figure 3.9 shows the backbone hydrogen bond network in WT, pT3 and phos-
phomimetic peptides. All the peptides appear to preferentially foigrhalices of
different lengths as deduced from the stretches of hydrogen bonds formed between
CGO andNHis 3.

Phosphorylation at residue 3 leads to a remarkable increase in the occupancy
of the Ala2-Glu5 backbone hydrogen bond, from 4% in the WT protein to 47%
in the pT3 peptide. Phosphomimetic peptides fail to match this approximately 11-
fold increase: the frequency of the same hydrogen bond is 11% in T3D and 12%
in T3E, corresponding to roughly a 3-fold increase. Phosphorylated and phospho-
mimetic peptides both have a greater stretchq@ft®lix in the N-terminus of the
peptide, compared to the WT. The C-terminal helix is not affected greatly by either

phosphorylation or phosphomimetic substitutions.

3.4.3 Side-chain hydrogen bonds

Helix stabilisation, especially in the N-terminus, is expected to be mediated by side-
chain to backbone hydrogen bonds given the importance of polar and/or charged
residues acting as N caps at helix termini [273, 275]. Furthermore, interactions be-
tween charged residues, especially between glutamate and lysine, was shown to play
an important role in stabilising long singéehelices [275]. Therefore, | next looked

at the frequency of non-bonded interactions involving the peptide side chains.

There are two acidic and three basic side chains in the Htt1-19 peptide: Glu5,
Glul2, Lys 6, Lys9 and Lys15. Upon phosphorylation, another acidic side chain is
introduced. | investigated the occurrence of a salt bridge between the charged side
chains. In 21.6% of the simulated frames of pT3 peptide, a hydrogen bond was
formed between pThr side chain and the Lys6 side chain (Figure 3.10). The phos-
phate side chain was also involved in hydrogen bonds with the backbone amides of
its own and nearby residues. Phosphomimetic peptides also formed side-chain to
side-chain salt bridges between positions 3 and 6, although these were much less
frequent at 5.5 and 8.7%. There were no other SC-SC interactions that did not
involve charged groups (Figure A.2).

Next | considered hydrogen bonds involving the side chains. Since some
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Figure 3.10: Percentage occupancy of side-chain salt bridges in WT, pT3, T3D and
T3E peptides. Salt bridges between side chains with opposite charge were de ned
using a distance cutoff ofA (or 5 A, shown in brackets). n/a refers to not available.

residues such as glutamine, serine and threonine have both hydrogen donors and
acceptors, | looked at hydrogen bonds where the side chain was the donor sep-
arately from those where it was the acceptor. Figure 3.11 shows the frequency
of side-chain to backbone hydrogen bonds in Htt1-19 peptides, where side-chain
was the hydrogen bond acceptor (i.e. hydrogen bonds formed with backbone NH
groups). In the WT peptide, residues with side chains that contain hydrogen bond
acceptors (Met, Thr, Glu, Ser and GIn) formed hydrogen bonds primarily with the
backbone NH group of the residue itself, and the following 2-3 residues to a smaller
extent. Upon introduction of the phosphate group, the hydrogen bonds observed at
the site of phosphorylation increased in frequency and the pattern shifted towards
the N-terminus. The pThr side chain formed a hydrogen bond with its own NH
group in 60% of the trajectory, vs 20% in the WT peptide. It also formed hydrogen
bonds with the N-terminus of the peptide 27% of the time. There was an increase

in Glubsc  Ala2ny hydrogen bond, from 2% in WT to 14% in the pT3 peptide.

Phosphomimetic peptides behaved differently to the pThr3 one. T3D peptide
was somewhat intermediate between the wild type and phosphorylated peptides.
The aspartate side chain formed hydrogen bonds with the backbone residues in a
similar pattern to the phosphothreonine residue but the frequency of observing these
hydrogen bonds did not reach the same extent. Asp3 side chain to NH hydrogen
bond was formed 38% of the time, compared to the 60% observed in the pThr3

peptide. This is probably due to the much shorter side-chain length of the former
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Figure 3.11: Side chain to backbone hydrogen bonds in WT, pT3, T3D and T3E
peptides (SC is acceptor) in WT, pT3, T3D and T3E peptides. Each cell shows the
frequency of a hydrogen bond between the side chain of the residue shown in the
corresponding row with the backbone NH group of the residue in the corresponding
column. Rows which represent residues lacking hydrogen bond donors are shown
in gray.

compared to the latter. T3E peptide, on the other hand, has a backbone hydrogen

bond network almost identical to the WT.

Figure 3.12 shows the frequency of side-chain to backbone hydrogen bonds in
Htt1-19 peptides, where side-chain was the hydrogen bond donor. These hydrogen
bonds were formed much less frequently compared to those involving side-chain
hydrogen bond acceptors. The interaction observed between pThr3 side chain with
the Lys6 side chain was also re ected in the side chain to backbone hydrogen bond

between these two residues - albeit to a much smaller extent.
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Figure 3.12: Side chain to backbone hydrogen bonds in WT, pT3, T3D and T3E
peptides (SC is donor) in WT, pT3, T3D and T3E peptides. Each cell shows the
frequency of a hydrogen bond between the side chain of the residue shown in the
corresponding column with the backbone CO group of the residue in the corre-
sponding row. Columns which represent residues lacking hydrogen bond donors
are shown in gray.

3.4.4 Ramachandran plots

In addition to DSSP, | also looked at the Ramachandran plot of peptides as a way of
deducing secondary structure more directly. Figure 3.13 shows the Ramachandran
plot of the four peptides.

Phosphorylation led to an increase in the occupancy ofatielical region
of the Ramachandran plot from 31% in WT to 43%. A decrease itthad PPII
regions accompanied the increase indhbelical region. Phosphomimetic peptides

had more modest increases, with Ramachandran plots almost identical to the WT
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Figure 3.13: Ramachandran plots of WT, pT3, T3D and T3E peptides. Regions
corresponding ta -helix, b-sheet, ppll helix and left-handed-helix are shown in
red boxes. Occupancy of each region is shown as a percentage.

protein.

| also looked at Ramachandran plots of individual residues close to the site
of phosphorylation. Figure 3.14 shows Ramachandran plots of residues Ala2 to
Lys6 in all four peptides. The phosphorylated threonine residue has a very sharp
and densea -helical peak (88% occupied), compared to its wider and more sparse
counterparts in the WT (32%) and phosphomimetic mutants (38% and 46% in T3D
and T3E). The sharp and intersehelical backbone conformation in the phospho-
rylated peptide is sustained for 3 residues, spanning Thr3 to Glu5, before fading a
little in Lys6. Thea -helical conformation of residue 3 seems to be dampened in the

aspartate mutant due to left-handed helical conformations in Ala2 and Asp3.

Phosphomimetic mutants follow similar trends as before, and are found to be
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intermediate between WT and pT3 peptides. The helix stabilising effects of the
mutants are much weaker than that of the phosphorylated residue. The difference

between T3D/E and the WT backbone conformations vanish at residue Lys6.

In conclusion, | adapted SWISH to an intrinsically disordered protein system,
and shed some light on the mechanism of helix stabilisation by phosphorylation
in Htt1-19. In our simulations, which are in excellent agreement with experimen-
tal data on helical content of Htt1-19, | saw that phosphorylation at Thr3 led to
an increase in helical conformation due to a strong interaction between pThr3 and
Lys6 side chains and the hydrogen bond formed between the pThr3 side chain and
backbone. | also observed a signi cant stabilisation of the Ala2-Glu5 backbone hy-
drogen bond in the phosphorylated peptide, as a result or in conjunction with the
side-chain salt bridge of their neighbouring residues. | can rationalise the sharp and
intense peak of the backbone of the pThr3 residue with the hydrogen bond formed

between the pThr3 side chain and backbone.

3.5 Comparison with other force elds

Having observed a number of differences between phosphorylated and phospho-
mimetic peptides using Amber99SB*ILDN force eld, | wanted to explore the pep-
tide's behaviour in additional force elds. | used two recently released force elds,
both of which were optimised for intrinsically disordered peptides, Amber99SB-
Disp [221] and CHARMMS36m [222]. The results of these simulations are not as
conclusive as those already presented (acquired using the Amber99SB*-ILDN force

eld) for the reasons described below.

Overall helical content of Htt1-19 varied substantially between replicas used
in simulations described in the previous section (Figure 3.5). This was indeed the
objective and aim of using SWISH in the rst place. However, helical content of
the normal water replicd (= 1) converged to its equilibrium value shortly after
the start of production runs (Figures A.4). In simulations with both CHARMM36m
and Amber99SB-Disp force elds, equilibration of the helical content took much

longer, varying between 500 to 800 ns (supplementary gures A.5 for Amberdisp
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Figure 3.14: Ramachandran plots of N-termini of WT, pT3, T3D and T3E peptides.
Regions corresponding &-helix, b-sheet, ppll helix and left-handed-helix are
shown in red boxes. Occupancy of each region is shown as a percentage.
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simulations, A.6 for CHARMM36m simulations). This may, in part, be due to the
slightly different experimental setup. Replica exchange was attempted every 5 ps
in the Amber99SB*-ILDN simulations. However, because of problems in the ex-
ecution of Hamiltonian replica exchange on the supercomputer used for the newer
simulations, replica exchange needed to be attempted more frequently (every 2 ps).
This may have, in part, led to the longer equilibration time as well as smaller dif-
ferences in the properties between replicas (supplementary gures A.7 and A.8).
However,

Due to limited computational resources and time available, longer simulations
could not be performed. The results of these limited simulations, which have not
yet reached convergence, cannot be used to form quantitative conclusions about the
relatively small differences between WT, pT3 and phosphomimetic peptides. The
analyses performed on the previous set of simulations were nevertheless performed
on simulations with these newer force elds as well, results of which are shown in

the rest of this chapter for completeness.

3.5.1 A99SB-Disp simulations

3.5.1.1 Helical content

Peptides simulated with AmberDisp force- eld were more helical than those sim-
ulated with Amber99SB*-ILDN force eld. However, the general trend in helical
content was somewhat conserved: phosphorylation at Thr3 led to an increase in he-
licity in the N-terminal part of the peptide (Figure 3.15). Phosphomimetic peptides
managed to replicate and even surpass the effects of phosphorylation on DSSP-
derived helicity.

Ramachandran plots of the peptide also showed similar trends, with the WT
peptide backbone occupying helical conformations in 53% of the time, compared
with 66% in pT3, 71% in T3D and 62% in T3E.

3.5.1.2 Backbone and side-chain hydrogen bond network

The backbone hydrogen bond network was also in agreement with DSSP and

Ramachandran-plot based descriptions of secondary structure. In contrast to
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Figure 3.15: Helical pro le of the WT, pT3, T3D and T3E peptides in SWISH
simulations with the Amber99SB-Disp force eld. As before, the trace of the WT
and pT3 peptides are shown in dotted lines for comparison. Only the replica with
unscaled a99SB-disp water model is showrZ, replica 3). The y-axis shows the
probability of nding each residue in a helical conformation as determined by DSSP

Amber99SB*-ILDN simulations,a-helices were more prominent in the Am-
berDisp simulations than;g@ helices. Interestingly, the key backbone hydrogen
bond seen in Amber99SB*-ILDN simulations (Ala2-Glu5) was preserved, even

though the rest of the backbone hydrogen bonds were very different.

Side chains participated in hydrogen bonds with the protein backbone in the
middle of the peptide, which stabilised a larger stretcladielix in these simu-
lations. between 15 to 17% of the time, a hydrogen bond was found between the
Serl3 side chain and the Lys9 carbonyl oxygen.

The N-terminus of the helix was stabilised by a similar pattern of side chain
to backbone (NH) hydrogen bonds as observed in Amber99SB*-ILDN simulations.
The phosphate side chain's stabilisation of its backbone was more pronounced with

a hydrogen bond between the side chain and its backbone NH being formed in 76%
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Figure 3.16: Ramachandran plots of the WT, pT3, T3D and T3E peptides

in SWISH simulations with the Amber99SB-Disp force eld. Percentages of
backbone-based secondary structure elements are shown in red rectangles. Only
the replica with unscaled a99SB-disp water model is shdwii(replica 3).

of the time.

Lys9 side chain also formed hydrogen bonds with the side chain of Glul2 in
all peptides (Figure 3.20). The frequency of this interactions is similar across all the
peptides, so it appears not to be affected by the phosphorylation of Thr3, but rather

may be the cause or the result of a helix over-stabilisation.

3.5.2 CHARMM36m simulations

3.5.2.1 Helical content
Peptides simulated with CHARMMS36m force eld were more likely to adapt
helical conformations as shown by helicity per residue plot (Figure 3.21) compared

to Amber99SB*-ILDN simulations. Almost no;g helix was formed, an@-helix
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Figure 3.17: Backbone hydrogen bond network of the WT, pT3, T3D and T3E
peptides in SWISH simulations with the Amber99SB-Disp force eld. Row3
suggest § helix, i+4 a -helix andi+5 p helix. Only the replica with normal TIP4P-

D water model is shown (replica 3).

Figure 3.18: Side chain to backbone hydrogen bond network of the WT, pT3, T3D
and T3E peptides where the side chain is hydrogen bond acceptor. Only the replica
with unscaled a99SB-disp water model is shoWwrZ, replica 3).

was also absent, as is the case will all simulation of Htt presented here.
Ramachandran plots showed a much more helix-heavy structure compared to

other force elds, with a very sharp distribution of the backbone dihedral angles
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Figure 3.19: Side chain to backbone hydrogen bond network of the WT, pT3, T3D
and T3E peptides where the side chain is hydrogen bond donor. Only the replica
with unscaled a99SB-disp water model is showrZ, replica 3).

at thea-helical region. This observation is rather unexpected in a peptide of such
short length, regardless of the number of helix-stabilising groups in its side chains
(Figure 3.22). The backbone dihedral angles of the pThr3 residue were shifted to
unusual location in the plot, potentially due to the interactions between side chain

and the backbone.

3.5.2.2 Backbone and side chain hydrogen bond network

Backbone hydrogen bond network of CHARMM36m simulations were consistent
with helical estimates based on DSSP and Ramachandran plots, as shown in gure
3.23. In agreement with DSSP assignment, majority of the helical content was of
a-helix variety, as indicated by the long stretch of hydrogen bonds between the
CO of residue i and the NH of residue4 (Figure 3.23). Frequencies of helical
backbone hydrogen bonds were much higher than those observed in Amber99SB*-

ILDN simulations.
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Figure 3.20: Side chain to side chain bond network of the WT, pT3, T3D and T3E
peptides. Only the replica with unscaled a99SB-disp water model is showi (
replica 3).

Stabilisation of the helix was accompanied by interactions between the side
chains and the peptide backbone. Stabilisation of the N cap of the helix was sim-
ilar to that observed in the Amber99SB*-ILDN force eld, and involved hydro-
gen bonds between the phosphothreonine side chain to the backbone NH groups
of residues found at the N-terminus. Phosphomimetic mutants failed to form these

interactions, potentially due to the shorted side-chain lengths (Figure 3.25).

The frequency of the main SC-SC salt bridge seen in Amber99SB*-ILDN sim-
ulations (between pThr3 and Lys6) was surpassed by the frequency of the salt bridge
involving side chains of Glu12 and Lys9 (Figure 3.26). As observed in AmberDisp
simulations, this interaction coexisted with a hydrogen bond between Lys9 back-
bone CO and Ser13 side-chain hydrogen (Figure 3.24). It may be due to the persis-
tence and over-stabilisation of electrostatic interactions in these force elds, espe-
cially in CHARMM36m, which led to the elevated levels of helical content as well

as the signi cantly increased time needed to reach equilibrium helicity.
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Figure 3.21: Helical pro le of the WT, pT3, T3D and T3E peptides in SWISH
simulations with the CHARMM36m force eld. As before, the trace of the WT
and pT3 peptides are shown in dotted lines for comparison. The y-axis shows the
probability of nding each residue in a helical conformation as determined by DSSP.
Only the replica with IDP-modi ed mTIP3P water model is shown (replica 5).

There was also a very prominent hydrogen bond involving the side chain of
GIn18 and the backbone of Phel7. This type of interaction was shown to be the
basis of polyQ pathologies and was recently reported in an MD-based study of the

androgen receptor, which also contains a polyQ tract [276].

3.6 Discussion

Amber99SB*-ILDN protein force eld [83, 84] combined with a recent IDP-
optimised water model, TIP4P-D [86] and CHARMMZ22 ions [277], were chosen
as the rst set of parameters for enhanced sampling simulations of Htt1-19, since
this combination of protein, water and ion parameters showed excellent agreement
with experimental data on intrinsically disordered proteins. Disordered systems
simulated with Amber99SB*ILDN and TIP4P-D water model did not suffer from
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Figure 3.22: Ramachandran plots of the WT, pT3, T3D and T3E peptides in
SWISH simulations with the CHARMM36m force eld. Percentages of backbone-
based secondary structure elements are shown in red rectangles. Only the replica
with IDP-modi ed mTIP3P water model is shown (replica 5).

over-compaction seen in previous water models [86]. Results of enhanced sampling
simulations performed with Amber99SB*-ILDN protein force- eld with TIP4P-D
water model agreed very well with experimental data on Htt1-19. Using these simu-
lations, | could describe the molecular underpinnings of helical stability of the pT3
peptide and show why phosphomimetic substitutions failed to replicate these ef-
fects. Phosphorylation at T3 led to a very strong helical stabilisation as indicated by
protein backbone dihedral angles and DSSP secondary structure assignment. There
was an increase in the side-chain to side-chain salt bridge between the phosphate
group of pThr3 and the-amino group of the Lys6 residue concurrently with the
increase in the Ala2-Glu5 backbone hydrogen bond. The former appears to help

stabilise a helical conformation at the N-terminal cap of the helix, allowing the for-
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Figure 3.23: Backbone hydrogen bond network of the WT, pT3, T3D and T3E
peptides in SWISH simulations with the CHARMM36m force eld. Rows3
suggest g helix, i+4 a-helix andi+5 p helix. Only the replica with IDP-modi ed
mTIP3P water model is shown (replica 5).

Figure 3.24: Side chain to backbone hydrogen bonds in the WT, pT3, T3D and
T3E peptides, where the side chain is the hydrogen bond donor. Only the replica
with IDP-modi ed mTIP3P water model is shown (replica 5).

mation of the latter. Results presented in the following chapter further demonstrate
the validity of this experimental setup, because eight more simulations performed

with Htt1-19 containing multiple PTMs were validated against experimental data
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