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Abstract

As a standard, both laboratory experiments and simulations of proteins, especially enzymes, are
conducted in diluted solutions like buffers or water with ions. However the cytoplasm of a living
cell, where the proteins function in nature, provides quite a different environment, with around 30%
of the volume taken by macromolecules like RNA, proteins and lipids. Such level of crowding can
affect diffusion and conformational dynamics of the proteins, and thus also indirectly affect their
activity.

In this thesis I describe investigation of how does crowded environment affect the NS3/4A pro-
tease from Hepatitis C virus, which is an example of a protein containing an intrinsically disordered
region (IDPr). Such proteins make up almost a half of all proteins, and even larger proportion of
viral enzymes. Viruses exploit IDPr to widen a range of functionalities within a very limited number
of proteins, by binding to and taking over cellular structures and proteins of the host. Unstructured
protein fragments gain more ordered conformations upon approaching binding partners or under
changing environment, and so they might be especially prone to be affected by crowding.

To better understand the molecular mechanisms of the effects of crowding on NS3/4A, I com-
bined analysis of laboratory experiments and simulations conducted in analogical conditions. In
both cases the protease was observed in water and in the presence of polyethylene-glycol (PEG) and
polysucrose. These polymers are among the most often used crowder molecules in the laboratory as-
says, but hardly ever included in molecular dynamics (MD) simulations. In order to divide observed
effects into those caused by volume exclusion and by protein-crowder interactions, I additionally
simulated the protease surrounded with coarse-grained crowders of my design.

Thanks to combining observations in two scales - of billions of proteins in the activity assay and
one protein in the simulations, I was able to propose a molecular mechanism behind the opposite
effects of PEG and Ficoll on the NS3/4A activity, and discover that crowded environment may
influence biological functions of the protease, by stabilising a precursor of transmembrane helix at
the terminus of NS4A protein - this way facilitating the process of anchoring the protease to the host
membrane. I also found that polysucrose crowders, widely thought to be an inert, non-interacting
crowder, actually engage in multiple contacts and hydrogen bonds with the studied protein.

New technical methods described in the thesis include parameterisation of all-atom PEG and
polysucrose models, that maintain realistic diffusion in the simulations of multiple molecules, and
also a design of a spherical bead-shell coarse-grained crowder, that can be used in multi-scale MD

simulations with explicit water.






Streszczenie w jezyku polskim

Zaréwno eksperymenty biochemiczne jak i symulacje bialek prowadzone sa zwykle w rozcieniczo-
nych roztworach takich jak bufory lub woda z jonami soli. Tymczasem naturalne Srodowisko w
ktérym funkcjonuja biatka stanowi zupetnie inne Srodowisko; na przyktad cytoplazma zywych ko-
morek w 30-40% zajeta jest przez makromolekuty takie jak RNA i biatka. Taki poziom zattoczenia
moze wptywacé na dyfuzj¢ i dynamike konformacyjna biatek, a wigc réwniez posrednio na ich ak-
tywnos¢ enzymatyczna.

W tej pracy opisuj¢ badania wptywu zattoczonego Srodowiska na proteaz¢ NS3/4A z wirusa za-
palenia watroby typu C (HCV), ktéra jest przyktadem biatka posiadajacego wewnetrznie nieustruk-
turyzowane fragmenty. Takie biatka stanowia prawie potowe wszystkich bialek, i nawet wigksza
czgs$¢ enzymoOw wirusoéw, ktore wykorzystuja te fragmenty do wiazania i przejmowania kontroli nad
strukturami komérkowymi i enzymami infekowanego organizmu. Nieustrukturyzowane fragmenty
biatek zyskuja bardziej uporzadkowane konformacje w kontakcie z makromolekutami z ktérymi od-
dziatuja, lub pod wptywem zmian w otaczajacym je Srodowisku. Z tego powodu moga by¢ one
szczegblnie podatne na wptyw zattoczenia molekularnego.

Aby lepiej zrozumieé¢ molekularne mechanizmy wptywu zattoczenia na NS3/4A, potaczylam
analiz¢ eksperymentéw laboratoryjnych i symulacji prowadzonych w analogicznych warunkach. W
obu przypadkach proteaza byta obserwowana w wodzie, oraz w obecnosci glikolu polietylenowego
(PEG) 1 polisacharozy. Oba polimery naleza do czasteczek najczescie] wykorzystywanych do mo-
delowania zattoczonego §rodowiska w doswiadczeniach laboratoryjnych, ale prawie nigdy nie sa
wlaczane do symulacji dynamiki molekularnej (MD). Aby podzieli¢ obserwowane efekty na te spo-
wodowane wylacznie przez ograniczenie przestrzeni, i te wynikajace z oddziatywania z czastecz-
kami modelujacymi zatloczone srodowisko (crowderami), dodatkowo przeprowadzitam symulacje
proteazy otoczonej gruboziarnistymi pseudo-czasteczkami, ktére oddziatuja z biatkiem w minimal-
nym stopniu.

Dzigki polaczeniu obserwacji uktadu w dwéch skalach — miliardéw biatek w eksperymentach
biofizycznych 1 jednego biatka w symulacjach, udalo si¢ zaproponowaé¢ mechanizm molekularny
odpowiedzialny za bardzo rézny wptyw PEG 1 polisacharozy na aktywno$S¢ NS3/4A. Symulacje
MD w wodzie i w otoczeniu réznych crowderow wykazaty réwniez, ze zattoczone Srodowisko moze
wplywac na funkcje biologiczne proteazy. Dzigki stabilizacji prekursora helisy transbtonowej na N-
koncowym fragmencie NS4A, zatloczone Srodowisko wewnatrz komorki ludzkiej utatwia proces

zakotwiczenia kompleksu NS3/4A w btonie lipidowe;.
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Niniejsza praca opisuje jedna z pierwszych symulacji MD biatka w otoczeniu pelnoatomowych
crowderow PEG, oraz pierwsza symulacj¢ biatka w otoczeniu polisacharozy reprezentujacej wy-
korzystany w eksperymentach Ficoll. Ten polimer powszechnie uwazany jest za nie wykazujacy
oddzialywan z biatkami, jednakze w trajektoriach uzyskanych z modelem polisacharozy mozna za-
uwazy¢ wiele kontaktéw 1 wigzan wodorowych migdzy crowderami a badanym biatkiem.

Nowe techniczne metody opisane w pracy obejmuja parametryzacj¢ pelnoatomowych modeli po-
limeréw PEG i polisacharozy w taki sposéb, aby zapobiec ich agregacji w symulacji wielu molekut,
a takze opisanie modelu sferycznych gruboziarnistych crowderéw, ktére moga by¢ wykorzystane w

wieloskalowych symulacjach z woda 1 biatkiem w reprezentacji pelnoatomowe;.
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Chapter 1

Introduction

1.1 Life inside the cell

The inside of a living cell is not water with occasionally occurring molecules. It looks more like a
thick soup, in which it is not easy to find an unoccupied space to accomodate another macromolecule.
In addition to organelles, networks of membranes and filaments, the cytoplasm is crowded with
molecules and macromolecules such as ribosomes, proteins, nucleic acids, lipids and metabolites,
which together occupy up to 30 — 40% of the available space! (Figure 1.1). The largest and most
functionally diverse group of crowders are proteins, which in the cytoplasm play the role of machines
catalysing chemical reactions, transporters and transmitters of signals about the change of the state

of the cell and organism.

Figure 1.1: Crowded environment of bacterial cytoplasm from a computational model. Figure pre-
pared based on the work of M. Feig et al.?

Proteins consist of several hundred to several thousand amino acids linked together in an order
unique to each protein. Despite the small diversity of their elements — in case of most proteins only
20 basic amino acids — there are up to 400,000 different proteins in the human body, each performing
an unique specific task.

The final structure and function of a protein in a deterministic way depends on its most basic

structure, i.e. the order of the amino acids making up the protein chain. This is the so-called protein
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CHAPTER 1. INTRODUCTION

primary structure (Figure 1.2). Aiming for an energy minimum, the amino acid chains first fold
into helices and beta strands — components of the secondary structure, from which more complex
structural motifs and complexes of individual protein domains arise. Formation of each of these
structures results from interactions between amino acids, such as hydrogen bonds, electrostatic,

hydrophobic, and even covalent interactions between the amino acid side chains.

Figure 1.2: Primary, secondary and quaternary structure of a protein illustrated on an example of
NS3 protease domain and NS3/4A protease from HCV. Primary structure (A) refers to a sequence
of amino acids in the protein chain. Secondary structure (B) refers to basic structures like a-helices
(in pink) or 3-strands (in yellow), which are held together by a network of hydrogen bonds between
backbone atoms. While all three proteins are folded into their specific three-dimensional structure,
therefore maintaining their tartiary structure, figure C shows an additional feature, i.e. formation of
a functional complex by interaction between NS3 and NS4A proteins, which constitute a quaternary
structure of the NS3/4A protease.

The biological functions of proteins range from building blocks of the intracellular structures,
through transporting metabolites and ions across biological membranes, or binding antigens that
threaten the cell, to catalysis of metabolic processes. Within the latter, each protein catalyses a
specific chemical reaction. Thanks to its unique spatial configuration and charge distribution, such
proteins are able to help form or break chemical bonds in the molecules being processed, lowering
the energy needed for the reaction to take place.

In each case, the ability of proteins to perform their functions depends on the interactions with
other molecules — components of protein complexes, processed substrates or molecules that modify
the structure and activity of the protein. Interactions with partners are strictly dependent on the char-
acteristics of the protein’s surface, especially in the ligand binding region or the active site, which
includes amino acids directly involved in the catalytic process. This region, specifically dedicated
to substrate processing, is often located in a pocket inside the protein structure, able to perfectly
accomodate the ligand.

Each atom building a protein residue can be described by spatial coordinates X, y, z and a partial
charge — in this sense mathematically they can be represented by vectors of four dimensions. The
charge distribution results in another property of the protein surface — polarity or hydrophobicity
determined by dipole moments of the amino acid side chains. These properties, in addition to charge-
charge interactions with ligand molecules, also largely determine the overall structure of the protein,

packing hydrophobic residues inwards and exposing hydrophilic ones towards the solvent.
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CHAPTER 1. INTRODUCTION

Spatial arrangement and partial charges on the protein surface create a four-dimensional map,
unique for each protein, determining interactions with its partners — molecules that, in order for
the interaction to occur, must fit this map, both spatially and in terms of charge distribution. The
interactions take place when the protein and ligand — both undergoing random-walk diffusion —
find each other in the crowded cytoplasm. Proteins in this process, due to their mass and occupied
volume (average mass in the order of tens of thousands of g/mole and the radius of 10 to 50 A
%), remain practically stationary in relation to smaller, more mobile ligands. A typical translational
diffusion rate coefficient of a protein in cytoplasm is between 1 and 10 pum?/s® while for the example

metabolite (lactate) it is 210 um?/s3.

Relative to the macroscopic components of the cell these
are huge values, therefore, despite numerous non-specific contacts with molecules in the crowded

cytoplasm, ligand are observed to find its partners with surprising frequency.

Biochemical reactions in cytoplasm depend on the constant movement of all its elements. The
fastest movements in the molecule are oscillations of the bond lengths between atoms present in
molecules (with frequencies of the order of 1014Hz?), as well as the oscilations of angles and dihedral
angles between individual pairs of bonds. At the scale of a single (macro)molecule, we observe
rotational movements, i.e. rotations of the molecule around its axis, and translational diffusion,
1.e. the movement of a molecule from one location to another. Most often, this movement has
the character of random position fluctuations closely related to the thermal energy of the molecular
system; its consequences are collisions with other molecules, including water molecules, in which
kinetic energy is transferred to other elements of the system. A high degree of randomness in the
directions of movement gives the impression that the interior of the cell is in chaos. However, due to
the fact that the movements of molecules are extremely fast (with diffusion coefficients of the order
of hundreds pm?/s?) and the collisions between them occur with a high frequency (with over 100000
productive collisions per Mole per second?), the protein is able to process, and therefore also meet

up to several thousand substrates during every second*.

In addition to random movements and collisions with neighboring molecules, Van der Waals
(VdW) and electrostatic interactions help attract the substrate to the binding site of the correspond-
ing enzyme. VAW interactions cause pairs of atoms to attract each other, the stronger the closer the
distance between them; at a distance, slightly greater than the sum of the radii of the atoms, the mu-
tual attraction is the strongest, while when this distance is exceeded, the atoms are strongly repelled
as they start to overlap (Figure 1.3). The electrostatic interaction causes atoms to be attracted or re-
pelled, depending on their charge or partial charge. In close vicinity of the active site of the enzyme,
where the charge distribution is perfectly matched with the substrate, electrostatic interactions play
the role of a parking support system — they help the approaching substrate to attach to the appropriate
binding site in optimal conformation.

The protein as well is not a rigid structure — on the contrary, it is in constant motion, so in order
to match the ligand also the active site of the protein is able to adjust the conformation of individual
amino acids. In more complex systems, the interaction can take place only under appropriate con-

ditions, for example after binding an effector adjusting the protein conformation, or if the substrate
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Figure 1.3: Potential energy of interaction between two pairs of nonbonded backbone atoms: oxygen

and hydrogen, with partial charges of -0.51e and 0.31e (top), and two hydrogens with partial charges
of 0.31e (bottom).

binding site is at the interface of domains that can move relative to each other, the interaction can
only take place at the appropriate configuration of protein components.

In summary, protein activity is determined by two factors: the current structure or conformation
of the protein and the rate of diffusion of its own and its substrates — change in either of these factors
will have consequences for that activity. As it turns out, placing a protein in a crowded environment
is able to affect both of them.

1.2 The consequences of crowding — theory

A significant fraction, reaching 40% of total volume of the cytoplasm is occupied by macromolecules.
In practice, it means that biomolecules evolved in an environment where the distance from neigh-
bouring molecules is often smaller than their radius.

Meanwhile, our knowledge of biochemical processes largely relies on experiments carried out in
dilute aqueous solutions, mimicking the amino acid protonation states and ionic strength present in
the cytoplasm, however, completely ignoring the issue of proteins’ surroundings and the extremely
limited space available to them. Studying the actual impact of crowding is crucial to verify the results
of such experiments and to identify cases where including crowders in the standard experimental

procedure is necessary.

It is easiest to imagine the effect of crowding on the diffusion of molecules. Two to even ten-fold
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CHAPTER 1. INTRODUCTION

decrease in translational diffusion coefficient is observed, relative to the diffusion in water, showing
considerable influence on the diffusion dependent reaction rates®.

However in addition to diffusion, crowding can also affect the energy landscape of individual
proteins and their complexes. Crowding may change the protein folding path, the size of the popu-
lation of individual conformations, the stability of proteins and their complexes® — these are changes
that often have significant biological consequences, such as changes in the level of activity of indi-
vidual proteins, and also the way they interact with other molecules, for example drug molecules.

Crowding affects proteins through two mechanisms: excluded volume effect and non-specific
interactions with the crowder molecules.

In a crowded cytoplasm, a substantial fraction of volume is occupied by large and small molecules,
therefore making this volume unavailable (or excluded) for other molecules. For an example metabo-

lite, as the available volume is decreased, effective concentration of this molecule will be higher.

A B

SRZA
D

o
G @ 4
\J(,'O

Figure 1.4: Excluded volume (shown in pink and black) and available volume (shown in blue)
in a solution of background macromolecules. The two panels show the volume available to the
centre of a test molecule (T) either (A) much smaller than or (B) of similar size to the background
macromolecules (see the text for details). Figure reproduced from the work of Rivas et al.’

A new (macro)molecule can be added to the existing mixture in a very limited number of ways
(Figure 1.4) — with each new molecule the entropy of the solution would decrease, to avoid overlap
with the cosolutes. As a consequence, the free energy of the system will rise®°. In an effort to max-
imize entropy, the system will seek to minimize the excluded volume, both in terms of volume and
surface to volume ratio — as a result compact, globular protein conformations would be promoted, as

well as oligomeric structures that occupy less space than a number of monomeric proteins.

The increase of free energy resulting from volume exclusion can be described thermodynami-
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cally as
i =yl + RTIn(a;) = pd + RTIn(c;y;) (1.1)

where yi; is partial molar free energy of the i’th component, 10 is its free energy in a standard state
and a; is its thermodynamic activity, here expressed as effective thermodynamic concentration c¢;7;,
where c¢; is the molar concentration of the i’th component and -; is its "activity coefficient" that
takes into account its deviation from ideal behaviour arising from volume exclusion. In(+;) can be

expanded in powers of the solute(s)’ concentrations as:

In(y;) = Z a;jcj + Z Z @ijRCJCr + .. (1.2)
ik

J

with the summations over excluded volume contributions of all interactions present in the system. In
this form, a;; can be described as two particle excess excluded volumes, a;; = U;; — —V/;, where U,
is the volume around particle ¢, where the center of particle j cannot be placed, and V; is the molar
volume of particle j. Iny can be approximated as a function of ¢, a fraction of volume occupied by
spherical particles in a fluid of identical hard spheres, where + is increasing exponentially with the
volume fraction.

One of the most significant consequences of volume exclusion is its effect on the equilibria
of molecular rearrangements, especially for reactions proceeding with significant conformational
change of molecules or with their association. For chemical reactions, equilibrium constants relate

thermodynamic activities of substrates and products:

K =ap/as = BIvs _ jea , 18 (1.3)
[A]va YA
KPP is the apparent equilibrium constant, determined by concentrations, the one that we observe in
experiments
Ko — @ _ A (1.4)
Al s
this way, the volume excluded by products to the volume excluded by substrates ratio <1 or >1 can
affect the equilibrium, shifting it towards products that occupy less space '°. Major predictions based
solely on volume exclusion include the preference for compact, globular conformations in crowded
solutions and profound effects on association rates. Under volume occupancy between ¢ = 0.1 and
¢ = 0.5, that is in conditions found in the cytoplasm, the association rates are predicted to rise by
several orders of magnitude, compared to the values measured in dilute solutions. This effect would
be greater for association of larger molecules, and increase monotonically with volume occupied by

crowder species?.

Indeed, it might be enough to restrict the volume available for the macromolecule to exert ef-
fect on its conformation, association and reaction rates. But molecules present in the cytoplasm are
not inert space-fillers — each of them can interact with the molecule of interest by VAW interac-

tions — (each background molecule weakly attracts the tracer molecule), and also charge-charge and
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hydrophobic interactions, being either attractive or repulsive, depending on the charge distribution
and hydrophobicity of each molecule’s surface and mutual orientation of each pair of interacting
molecules.

While effects related to the limitation of available space are associated with changes in the en-
tropy of the system, chemical interactions, called soft interactions, are enthalpic in nature. Crowder-
protein repulsion interacts with entropic effects, acting to reduce the excluded volume and in effect
stabilize compact structures. At the same time attractive interactions can act in the opposite direc-
tion, causing stabilization of extended or unfolded conformations. This way, enthalpic contribution
to crowding effect can alter the activity of a protein, increasing the proportion of active or inactive
conformations'!.

Crowding components also affect diffusion of macromolecules in a different way. While diffu-
sivity reduction caused by volume exclusion affects mainly translational diffusion (except for steri-
caly blocking a non-uniformly shaped molecule), crowder interactions can reduce both translational
and rotational diffusion. Weak non-specific interactions can result in forming transient clusters of
molecules. Such clusters will diffuse as a group, while significantly reducing rotations of individual
molecules '>13.

The effect of crowding on a protein’s structure and reactions is a sum of many components: ex-
cluded volume effect and non-specific interactions affecting molecule’s conformation and associa-
cion and multi-component effects on diffusion rates. The sum of these effects can be very complex
and different for each protein-environment combinations. This is why we lack standardised cor-
rections to the dilute-solution experiments that would include predicted effects from crowding, and

each system needs to be studied separately.

1.3 Measuring the effects of crowding

Including the crowd into any experimental procedure, both computational and in vitro, first requires
a decision on which model of crowded environment to choose. Although much depends on it, a
compromise is often needed between the realism and practicality of a given solution. The natural
environment inside the living cell is a complex composition of proteins, RNA and metabolites — all
of them fully interacting particles, some of them heavily charged as well. Using equally diverse
solution, like for example a cell lysate as the crowded environment would rank highest in terms of
realism, but the presence of many types of macromolecules in solution could make it impossible to
experimentally measure the properties of individual proteins or reactions of interest. It is more prac-
tical to place the studied protein in a solution of homogeneous particles, later called the crowders.
A popular practice is to choose crowders that interact with proteins as little as possible, to minimize
the contribution of non-specific interactions to the effects on protein behaviour. Such crowders can
be well-soluble non-protein polymers such as Ficoll and Dextran (polysucrose and polyglucose) or
Polyethylene Glycol (PEG). A more realistic approach involves the use of small proteins, whose

properties are similar to molecules found in the cytoplasm, but a significant drawback of this method
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is the need to obtain significant amounts of purified proteins.

In case of simulations, on the other hand, the options are virtually unlimited. While it is difficult
to find a non-interacting polymer, creating a non-interacting crowder model is not problematic. Such
a particle can be obtained by creating pseudo atoms or pseudo particles of any size and shape, from
a protein-sized sphere to a chain of beads modelling a polymer. More realistic models of crowded
environments include using full-atom or coarse-grained models of crowders used in laboratory ex-
periments, or even placing a protein of interest within a modelled fragment of the cytoplasm.

Crowded environment can be incorporated into a range of biochemical and biophysical experi-
ments, as well as into molecular simulations, to study numerous aspects of protein behaviour:

Enzymatic activity under crowding is typically described with kinetic parameters, measured by
monitoring substrate or product content in the reaction mixture. Choice of methods include fluo-
rescence assays and Forster Resonance Energy Transfer (FRET) measurments, that allow to assess
changes in reactants’ fluorescence during the course of the reaction. They often require attaching
fluorophore or chromofore tracking tags to interacting molecules. Alternatively, with the Isother-
mal Titration Calorymetry (ITC) method, the reaction of unlabelled molecules can be observed by
measuring heat changes that occur during the biochemical process.

A flagship example of the effect of crowding on protein activity is DNA ligase '#, which becomes
activated when surrounded by molecules such as Ficoll, PEG or Bovine Serum Albumin (BSA).
Crowding also leads to enhancement of RNAse T1', when surrounded by dextran molecules, while
both proteins remain inactive in dilute solutions. Another example relates to chaperonins GroEL and
GroES, whose efficacy is enhanced upon crowding'¢. On the contrary, experimental data show de-
crease in enzymatic activity of trypsin!” and HIV I protease '8, in the presence of PEG crowders. As
crowding is generally expected to decrease reaction rates due to altered diffusion constants, increased
activity is often thought to be implicated by changes in conformational dynamics and stability of the
interacting enzyme.

Protein stability is an example of a property that is inversely affected by individual crowding
components. This is evidenced by the results of MD simulations in which exclusively repulsive
crowder particles can be used to approximate crowding by volume exclusion. In agreement with
theoretical predictions, surrounding a protein with repulsive crowders can promote compact confor-
mations ', stabilise proteins?’ and protein-protein complexes?!*>?3. In one of the studies'’, com-
paction of apoflavodoxin under crowding observed in the simulation has been confirmed experimen-
tally with circular dichroism (CD) spectrometry, fluorescence correlation spectroscopy and FRET,
measuring changes in secondary structure content, volume and radius of gyration of the protein of
interest. However simulations with all-atom crowders show examples of reverse effects. Simulations
studying proteins surrounded with protein crowders has shown that the presence of realistic crowder
molecules modelled with atomistic detail can actually destabilise the native conformation of some

2425 or even promote local unfolding?®. This behaviour can be attributed to the presence

proteins
of attractive interactions between the studied proteins and protein crowders, which confirms the

importance of including the enthalpic component of crowding in experiments.
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Structural change, as a relatively rapid process, is well suited to observation through MD sim-
ulations that allow monitoring the conformational dynamics processes and observe the mechanics
behind it. Laboratory experiments that can study structural dynamics under crowding conditions
include, on the other hand, CD spectrometry and NMR, which capture structural information at
a specific point in time. The spectrum of possibilities for representing molecular systems in MD
simulations range from fully coarse-grained simulations with single pseudo-atom crowders to short
experiments with all-atom proteins simulated in atomistic model of a cytoplasm. Simulating a long
process of HIV-I protease subdomain movements with spherical crowders and CG protein model?’
has shown that the presence of crowders is able to affect the frequency of adopting the active con-
formation, related to opening and closing of flap-shaped elements of the enzyme. Similar changes
in the subdomain positions have been observed for the PDHA enzyme, in the all-atom simulation of
the cytoplasm? and directly attributed to protein-protein interactions with the crowders.

Another category of experiments investigating crowding-induced structural changes are short

protein simulations, which are discussed in more detail in the next subsection.

1.3.1 Special case of intrinsically disordered proteins

Intrinsically disordered proteins (IDP) and Intrinsically Disordered Protein Regions (IDPr) comprise
of extremely heterogeneous ensemble of conformations that lack stable secondary and/or tertiary
structure. Some IDPr transition to more ordered structures upon interaction with their binding part-
ners, like RNA or other protein, other may act as flexible linkers between protein domains or mediate
protein-protein interactions.

IDP change structure or fold in response to changing environmental properties such as pH, tem-
perature, polarity or hydrophobicity of the immediate surroundings?®, and so they are particularly
sensitive to the effects of crowding. Based on theoretical predictions, they should fold upon vol-
ume exclusion, yet some remain completely unfolded in crowded conditions, needing another fold-
inducing factor like the presence of their natural binding partner?°. In vitro and in silico experiments
with crowding report wide spectrum of observations?®2°. Although compaction is frequently ob-
served, the overall effects of crowded environment highly depend on the sequence of particular IDP,
the volume fraction and size of used crowders°.

A good example of IDPs affected by crowding are peptides and their aggregates present in the
course of Alzheimer’s disease whose structure is often altered and whose aggregation accelerates
in crowded milieu?!. Experiments investigating their structure inside mammalian cells confirm that
a-synuclein undergoes some level of compaction, but remains largely unstructured in the cytoplasm,
with the aggregation prone component hidden inside the structure®?. Compaction of this peptide is
greater under Ficoll crowding, than in the presence of BSA — interacting protein crowders®*. Simula-
tions of a fast-folding trp-cage peptide in the presence of two types of protein crowders show another
example of diverse effects on conformational dynamics of IDP. The peptide, forming compact struc-

ture in dilute solutions, in the presence of interacting crowders adopt broad range of non-native
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conformations**>, with stabilised helical fragment>>.

A particularly widespread group of proteins containing IDPr are viral proteins, especially of
RNA viruses. One of the strategies, adopted by those viruses to take over components of the host
cell, is based on using unstructured fragments of its proteins to interact with host proteins, or to
anchor viral proteins to host membranes. In this work, the object of observation is one of such

proteins from the Hepatitis C Virus.

1.4 The NS3/4A protease

The Hepatitis C Virus (HCV) genome encodes only ten proteins: three structural proteins, includ-
ing the building blocks of viral envelope and capsid, and seven nonstructural proteins responsible
for production of new virion components and silencing of the cellular immune response (p7, NS2,
NS3, NS4a, NS4b, NS5a, NS5b), Figure 1.5. At the very beginning of the HCV infection, viral
RNA enters the cell and in the region of endoplasmic reticulum (ER) it is directly transcribed into
a polyprotein — all ten proteins linked to one another. To perform further steps of infection, each
protein has to be "freed" — its junctions with neighboring proteins have to be cleaved by specific

enzymes, one of which is the NS3 protease.

NS3

T~ S—i;i( x—i%( S—i;i(
o‘\’\ o% o‘\’\

/
HCV polyprotein

Figure 1.5: Schematic ilustration of the genome of Hepatitis C Virus, with the junctions cleaved by
the NS3 protease marked.

Some of the freed proteins, like NS3, NS4A, NS4B, NS5 or the HCV RNA polymerase, anchor
to the ER membrane, forming membrane embedded replication complex® with numerous protein-
protein interactions?’. With access to membranes, human ribosomes, and stores of amino acids and
nucleic acids, the endoplasmic reticulum creates excellent conditions for the production of elements
of new viral particles. In addition, to protect itself from the cell’s immune system and to protect
fragile RNA molecules from the activity of endonucleases, the virus replication machinery is encap-
sulated by a network of membrane vesicles*® formed as a result of viral proteins action. made in a
factory like this, viral proteins and replicated RNA copies are assembled into new viral particles.

NS3/4A is a bifunctional protein, a part of which acts as a protease. After performing enzymatic
cleavage, the protein switches to helicase activity (Figure 1.6). Those two functions are performed
by two spatially separated domains, connected by a linker®®. In this work, only the protease domain
is considered.

The protease domain of NS3 is a globular protein, with two large beta-barrels in its core. It is a

serine protease, cleaving protein-protein junctions with three catalytic aminoacids: His57, Asp (?)
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Figure 1.6: Membrane binding process of the NS3/4A protease, as proposed in the work of Brass et
al.* illustrated with the structures of the whole protein, with both protease and helicase domains.
First, the protease approaches the membrane, with the NS4A cofactor in the partially unstructured
conformations, then the complex anchors to the membrane, inserting a 12-24 helix of NS3 and
transmembrane helix formed on the N-terminal tail of NS4A. After membrane anchoring, the he-
licase domain rotates along the domain linker to move away from the membrane interface. The
helicase domain of NS3 is shown in gray, the protease domain in blue, with the actice site side
chains highlighted in purple. The NS4A cofactor is shown in orange, with the central part bound to
NS3 highlighted in yellow. Orientation of the membrane is shown with the schematic model of the
lipid bilayer. The figure on the left is prepared based on the crystallographic structure from PDB
(ID:1CU1), with the NS4A conformation selected from the molecular dynamic simulation of the
NS3/4A protease in crowded environment. Middle and right figures are prepared based on the figure
published by Brass et al.*
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81 ans Ser139, located on the brink of two barrels*'. A characteristic element of the structure is a zinc
ion, coordinated by histidine and three cysteine residues (Figure 1.7). Removal of the cation leads to
inactivation of the protein, associated with nearly complete loss of its tertiary structure**. Another
structure defining effector of NS3 is its protein cofactor — NS4A. Without it, N-terminal fragment
(aa 1 to 30) of the protein remains unstructured and its proteolytic activity is severely limited*® — the
cofactor enables cleavage at NS4A/NS4B and NS4B/NS5A site, (it’s able to free NS4A only when
bound to NS4A), whereas unbound NS3 only cleaves NSSA/NS5B junction (Figure 1.5). NS3/4A
complex is formed by hydrogen bonding between the eighth beta-strand of the NS3’s beta barrel and
the central part of NS4A (aa 21 to 34). Upon NS4A binding, the N-terminal od NS3 folds into ninth
beta strand and a short helix (Figure 1.7), and the active site of the protease is stabilised, enhancing

its activity towards all substrates*.

Zinc ion

£z 5
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—
Figure 1.7: The ribbon model of the NS3/4A protease structure (PDB ID 4JMY). The central part
of the NS4A protein cofactor is shown in yellow and the NS3 membrane contact sites are in green.

The (3-sheets include a 3-barrel shape in a horizontal view and a long 3-sheet interacting with the
NS4A cofactor. Figure prepared based on the published work**.

-

NS4A is a short 54 aa protein. While its central part becomes an integral component of the
NS3 structure, the N- and C-terminal tails remain unstructured in water. Typically for IDPs, the
structure of the tails strongly depends on the surrounding environment. The N-terminal tail contains
amino acid pattern typical for transmembrane helices — 15 mostly aliphatic residues flanked with
membrane interface residues — Thr2, Trp3 and Thr19,Thr20 on each side. As confirmed by CD and
NMR experiments conducted in hydrophobic conditions, this region is able to fold into an alpha-
helix — it is predicted to form transmembrane helix, which anchors the NS3/4A complex to the ER
membrane (Figure 1.6). The tail is located in the vicinity of other membrane contacting elements
of NS3 — the 38-40 loop and 10-24 helix folded upon NS4A binding. Additionally, the TM helix
region also contains several polar amino acids, that might be engaged in protein-protein interaction
with TM helices of other HCV proteins*’. The C-terminal tail of NS4A following predicted helix
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kink at aa 33 to 39 contains an acidic segment, that might in some conditions fold into a helix as well
— with protonated acidic groups, which can occur in high or inside another protein. This region likely
connects NS3/4A with other members of the replication complex. The function of the C-terminus
is unclear, however through mutational analysis it has been associated with virus replication and
assembly processes, as well as hyperphosphorylation of NS5A protein®.

As a partially unstructured protein with tails that change their structure according to conditions
and the surrounding environment, NS3/4A is a perfect candidate for a case-study investigating the
effects of crowding on the structural dynamics of IDPr. As time scales of potential movements and
folding events match time scales available in molecular dynamics simulations, this method was cho-
sen for the study as a way to observe the structural changes themselves at the atomic level and to
analyse in detail the mechanisms of potential crowding effects. Experimental methods were used to
confirm the simulation results and to investigate the effects of crowding on protein activity. An im-
portant part of the study was an interdisciplinary approach to reconstruct a test-tube environment in
a molecular dynamics simulation, with atomistic accuracy. This way simulation results can be con-
firmed with lab experiments, and vice versa, laboratory results can be explained through simulation

of a matching system.
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1.5 Aims and Objectives

Biochemical experiments and molecular dynamics simulations studying proteins are normally con-
ducted in dilute solutions, such as water or buffers. At the same time, the interior of living cells, that
is the natural environment in which the proteins function, is largely crowded with macromolecules
and metabolites, which occupy about 30% of the space in the cytoplasm!. Scientific studies in recent
years have shown that the presence of a crowded environment can affect the activity, reaction rates,

diffusive properties and structure of proteins*®+7.

However, there still remain open questions in
the field, concerning the mechanism of crowding-related effects, optimal modelling of the crowded
environment in experiments and estimation of how it will affect individual macromolecules.

In a broadest context, this thesis is part of an attempt to answer the questions of how to estimate
in the case of which proteins standard experimental conditions are sufficient, and in the case of which
it is necessary to conduct experiments in an environment that mimicks cellular level of crowding.

The specific aim of this study is to investigate the effect of a crowded environment on the activity
and dynamics of a particular protein: the NS3/4A protease from the hepatitis C virus (HCV). It
is an example of a protein that possesses intrinsically disordered regions (IDPr) in its structure -
i.e. fragments of protein chain that lack fixed three-dimensional structure, which in many cases is
recovered when interacting with the binding partner*®. The hypothesis behind the choice of this
model for the study is that proteins carrying unstructured fragments might be a group particularly
susceptible to the crowding effect. This is quite a large group, comprising a third of eukaryotic
proteins®, and an even larger proportion of viral proteins - about 20-40% of viral protein residues
are part of IDPr, with the most characteristic IDPr-containing proteins found in RNA viruses>°.
Among them is the studied NS3/4A protease from HCV.

In an interdisciplinary study, I combined analysis of laboratory experiments and simulations to

analyse the effects of crowding on the NS3/4A protease in aspects such as:

e rate of the enzymatic reaction catalysed by the protease, differently affected by the presence

of two types of crowders

¢ internal dynamics of the NS3/4 A protein complex, with particular emphasis on the biologically

relevant unstructured fragment of NS4A

e diffusion of the protein and its peptide substrates, as well as their interactions with crowder

molecules

The effects of crowding were studied using both experimental and computational methods, in an
attempt to construct one experimental setup in two scales: the test-tube scale, where the results of
collective action of billions of proteins are observed, and the simulation, where a single protein is
viewed with atomistic detail. In order to best replicate the experimental conditions, crowded environ-
ment models normally used in laboratory experiments were incorporated into molecular dynamics

(MD) simulations: the protease was surrounded by crowders in the form of non-protein polymers,
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which provide a restriction of the volume available for the protein, minimising the protein-crowder
interactions.

Polymers in the all-atom representation although minimally but nevertheless show some interac-
tions with the protein residues. In order to divide the effects observed in the simulations into those
arising from protein-crowder interactions and those caused solely by the limitation of the space
available for the protein, an additional crowder model was designed to exclusively provide volume
exclusion. In this model, each polymer molecule was represented by a bead-shell, constructed of
carbon-sized pseudo atoms distributed on the surface of the sphere, with a total size corresponding
to the average size of a polymer crowder.

By transferring the experimental conditions to simulations, and using various models of crowded
environment, it was possible to investigate the molecular mechanisms behind the observed effects,

which I focused on to the greatest extent in this work.

The main objectives of my thesis were to investigate how various crowders influence the diffus-
sion, activity and internal dynamics of the NS3/4A protease and its substrates. To achieve them, I

carried out research according to the following plan:

e design and test the coarse-grained model of a crowder that would reduce the volume available

for NS3/4A, without showing interactions with the protein

e perform molecular dynamics simulations of the protease in water and in the presence of crow-
ders, as well as simulations including the peptide substrates (of the protease surrounded with

substrates with and without the crowders)

e determine how the crowders affect the secondary structure of the NS4A cofactor via MD

simulations and CD experiments

e analyse obtained trajectories of the protease, substrates and crowders in terms of diffusive

properties and inter-molecular interactions

e explain the differences in the activity of the protease in the presence of various crowders shown

in the experiments
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Methods

2.1 Computational theoretical methods

This study includes a variety of molecular models, from molecules represented in atomistic detail
to reduced models. In this chapter, I describe the techniques used in performing and analysing
molecular dynamics (MD) simulations, and in terms of the models used, I focus on the models that
were included in every one of conducted simulations - the all-atom model of the NS3/4A protease
and explicit water. Specific information about crowder models that I designed, as part of obtained

results, are presented in a following chapter.

All-atom molecular model

After one of my conference talks I was asked why should we trust the results obtained with simula-
tions that are using coarse-grained models - models in which a group of atoms is represented by a
single pseudo atom. By raising such question we have no choice but to set the all-atom model as an
example of the well-known and trusted one. But looking closer into the model where each atom is
represented individually, it turns out this is largely a coarse-grained model itself.

In the all-atom model, a molecule is constructed of classical spheres on springs. Each atom
is represented as a point mass with assigned charge and radius. Atoms are connected by springs
modelled with harmonic potential, representing bonds between them.

In real-life atom, electric charge is spatially distributed between heavier positively charged nu-
cleus and negatively charged electron cloud, where electron locations are only given by probability
of finding an electron in a given location. The state of an electron is described with a wave function
U(t), whose square of the absolute value at a given point defines a probability density function - a

function that describes probability of finding the system in a state described by ¥ (z,t) (Eq 2.2).
L d ~
ih— [0 (t)) = H|¥()) 2.1
P(z,t) = [¥(x, 1) 2.2)
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Evolution of such system over time would be described by Schrodinger equation (Eq 2.1) - a
quantum counterpart of Newton Law of dynamics, used to characterize the state of the spheres-
on-springs molecule. In both equations, change in the spatial coordinates of the system is strictly
dependent on its energy, here described by the Hamiltonian operator H.

In the case of proton and electron, for the building parts of each of our balls on springs, the word
heavier has a very specific meaning; the proton is over 1800 times more massive than the electron.
Following this observation, it could be assumed, that nuclei and electronic movements can be treated
separately and we can describe electron density in relation to immobilized nuclei - as results from

the Born-Oppenheimer approximation>!-

- an approximation crucial for our all-atom model. The
model focusses on the movements of atomic nuclei, providing information about the electron cloud
in the model parameters, i.e. in the partial charges of the particular atom types.

One of the ways to describe the electronic structure of a multi-atom molecule is the molecular
orbital theory, in which electrons are assumed to move through the whole molecule, influenced by
atomic nuclei, and they are not assigned to particular chemical bond. The states of electrons are then

described as linear combinations of atomic orbitals (LCAQO)>3:

n
U= e (2.3)

i=1
where ¥; is an j’th molecular orbital being a sum of n y; atomic orbitals with corresponding weights
cij. X: are one electron functions, called basis functions. In quantum-chemical calculations, these

functions are often chosen to be linear combinations of Gaussian functions, such as for example:

gs(a,r) = (2a/7r)3/4exp(—ar2)

(2.4)
Ipe = (1280° /7)Y 4z eap(—ar?)

where s and px indexes refer to electronic orbitals. Such functions satisfy the Schrodinger equation
and permit integration of the Hamiltonian operator describing the energy of a molecule*.

Using quantum chemistry methods, molecular orbitals structures can be obtained for molecules
such as amino acids building the structure of a protein, including the studied protease. As shown
in Figure 2.1, such structure is far more complex than the balls-and-springs model; moreover, the
shape of these orbitals would change upon any fluctuation of the bond length or inter-atomic angles.

For the purposes of the balls and springs models, the structure of atoms is simplified, to be suit-
able for classical mechanics treatment: the masses are centered on the nuclei, and more importantly,
charges are centered as well. In the CHARMM force field used here, charges are calculated based on
molecular orbitals - Mulliken population analysis is used for fitting initial summaric partial charge
on each atom®. Thus, although the model uses significant simplifications in the representation of
atoms, the effective mechanics of the molecular system strongly relies on quantum mechanical anal-

yses.
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HOMO LUMO
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Figure 2.1: The structures of glycine, alanine and leucine, represented as balls-and-springs and
showing the highest occupied molecular orbitals (HOMO) and lowest unoccupied molecular orbitals

(LUMO). Figure is from the work of N. Eddy et al.>.
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Molecular Dynamics Simulations

By simulating the movement of biological macromolecules over time, it is possible to get a close-up
view of the life of a molecule under selected conditions and surroundings. In full-atom simulations,
the motion of each atom is calculated in successive time steps based on the energy landscape of its
surroundings, thus depending on the spatial distribution and properties of the atoms in the molecular

system.

Dynamics of molecular systems can be described as spatial coordinates and velocities of each
atom changing over time - such set of data will be later called a trajectory. Molecular dynamics
simulations compute this trajectory using equations of motion, together with empirical equations for
the potential energy of each atom. The relation between the motion and force on example particle A

is given by Newton’s equation of motion:

d?r
dt?

Fa=myay =my

(2.5)

where F'4 is a force on particle A, whose mass is m 4 and position vector is 4. This equation is a

second order differential equation, that can be written as:

- dv )

Fi = ma=
L in (2.6)
AT

where 14 is the particle’a position and v4 is its velocity. In NAMD software, used in this work to
run MD simulations, those equations are integrated using a velocity Verlet algorithm?’; for x, y and

z directions it takes a form:

Tt + At) = 7(t) + v(t) At + %J(t)At 2
3t + At = 5(t) + A 52“ A A =0
It is implemented in three steps:
3t + %At) — 5t + %J(t)At
Pt + At) = 7(t) + U(t + %At))At (2.8)
U(t+ At) =0(t + =At) + %a(t + At)At

where @(t + 3At) is derived from force calculated for 7(¢ + At). Initial conditions for the algorithm
are supplied as starting coordinates, e. g., experimentally resolved protein structure, and starting

velocities are drawn from the Maxwell-Boltzmann distribution in a given temperature.

The force on particle A (F:;) can be found by differentiating the equation for the potential energy,
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with respect to its coordinates:
Fy = —gradUy (2.9)

In molecular mechanics the potential energy of the molecular system is described by a force field - an
equation describing the energy of each atom, as a function of current coordinates and parameters of
other atoms present in the system. In this work, the CHARMM force field is used, with the potential

energy function in the following form:

Urorar = Z Ky(b— by)? + Z Ko(0 — 00)*+

bonds angles
Z K (14 cos(ng —9)) + Z Ky(¢ — ¢0)*+
dihedrals improper

7 (2.10)
> Kunlra=rso’+
Urey—Bradley

qiq; Rm?’n.i" Rmin.i"
S o e |() ()]

- T
nonbonded g Y Y

In this formula, components marked in colour are the parameters specific to particular atom types
- not just elements but elements that occur in different contexts; the carbon in a peptide bond will
be assigned a different type than the carbon in the alanine side chain. Those atom types and their
respective parameters are also an essential component of the force field, in CHARMM determined
experimentally, with a large contribution from quantum mechanical methods®®. The underlined
components are variables calculated from the current position of the atoms present in the system.
In the energy function calculated for each atom, first five terms account for energies resulting from
intra-molecular dynamics, such as for example bond stretching described in the first term. In this
term, energies from stretching all bonds, in which the particular atom part-takes are summed up,
with energies calculated as harmonic potential with a force constant of /A, specific for this bond,
and b — by being the distance from equilibrium length b, that the atom has moved to. The last
term of the energy function, on the other hand, sums up interactions that do not result from bonded
connections within a molecule, but from the van Der Waals (VDW) and electrostatic energies of
interactions with surrounding atoms. Individual terms of the equation are further discussed in the
following section.

Performing a molecular dynamics simulation consists of a production step preceded by system
equilibration, and requires obtaining an energetically balanced molecular system. Equilibration is

carried out in several key steps:

e Minimization, which corresponds to simulation at OK, and serves to obtain the optimal con-
formation of the studied molecules. In this work, the standard minimisation of the NAMD
program was used, i.e. according to the conjugate gradient and line search algorithm. In the
consecutive (out of about 2000) steps of this stage, the algorithm analyses the energy landscape
of the system and finds such a direction of changes in the positions of atoms that would reduce

the energy of the system as much as possible. In this way the most energetically favourable
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starting structure of the system is obtained.

e Thermalization, which corresponds to gradually raising the temperature and slowly setting the
atoms in motion. Here, the division of this stage into several steps has been used - starting
with the gradual heating of the solute with restriction of the solute movement, then gradually

reducing the restriction and setting the solute in motion as well.

e Introducing pressure control in the system, i.e. changing the thermodynamic system from

NVT to NPT, in which constant temperature and pressure are maintained in the system.

A further simulation called a production simulation is run at constant pressure and temperature,
usually for a time on the order of nanoseconds or microseconds. Simulations are usually run with
periodic boundary conditions, which means that although the simulation box has given dimensions,
when an atom encounters a box wall it passes through it to appear on the opposite side of the box. In
this way the simulation box mimics the continuity of the simulated solution, as the system behaves
as if the box units could be infinitely tiled in all directions. In the simulations described in this work,
the simulation box is filled with water in the TIP3P model® - this is an explicit solvent model in
which every water molecule is present in the full-atom model. However, by applying the SHAKE
algorithm™, the hydrogen-oxygen distances are constrained to the nominal length and angle, making
the water molecules completely rigid.

In the simulation energies of the atoms, and thus the directions of movements and velocities
are calculated based on a given force field, with nonbonded interactions calculated up to a certain
cutoff distance. However for greater accuracy calculation of the electrostatic energy of a system is
enhanced by adding the component describing long-range interactions. In NAMD software, this is
achieved by introducing multiple time step, and dividing the total force acting on each atom into
the fast varying local component, including all the terms defined in the force field, and a slower
varying long term component, approximating the long range electrostatic interactions according to
the Particle mesh Ewald (PME) method®. These interactions are not varying as fast as local ones,

and so they are not evaluated every timestep.

2.1.1 The CHARMM Force Field

The motion of individual atoms in the MD simulation is dictated by their potential energy, calculated
from the position of other atoms in its surroundings. Potential energy of the atoms is described by a
force field, which consists of a detailed potential energy equation and a set of parameters describing
the properties of individual atom types and molecular geometry.

The equation for the energy of an atom in the CHARMM force field used in this work is the sum
of the energies resulting from interactions with neighbouring atoms bound within the same molecule
and from electrostatic and Van der Waals interactions (see eq. 2.10). Bonded terms in the force field
equation (Eg 2.11) describe fluctuations of bond lengths and angles as well as rotations around bonds

within the molecule:
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Ubonded = Z Ky(b— bo)* + Z Ko(0 — 00)* + Z K, (14 cos(nyp —0))+

bonds angles dihedrals
) ) , S, @I
Z Ko(@ — d0)” + Z Kup(ris —r130)
improper Urey—Bradley

Those include the most basic terms: bonds and angles modelled by harmonic potential, with
force constants (K}, Ky) and equilibrium values (b, #y) determined for each atom combination
occurring in molecules covered by the force field; dihedral angles defined for each group of four
atoms bound to each other, describing torsional rotation of atoms about a central bond, modelled
as a cosine function taking positive values, with force constant K, n factor multiplying the cosine
function by a natural number from 1 to 4 and  being a phase constant, typically equal to 0 or 180
(Figure 2.2).

Improper and Urey-Bradley terms don’t have to be defined for every group of atoms. Both terms
take a form of harmonic potential, with force constants K4 and Ky g and equilibrium values ¢, and
71,3:0. Improper term describes out of plane deflection, enforcing planar conformations of selected
atom groups, and UB term refers to harmonic potential between atoms located two bonds away -

these are additional constraints imposed on certain angles between atoms.
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Figure 2.2: Example graphs illustrating the force field terms corresponding to bending of angles and

dihedral angles. Labels correspond to CHARMM36m entries, based on which the graphs have been
generated.

Nonbonded terms (Eq 2.12) describe interactions between each pair of atoms - both belonging to

the same molecule as well as to different ones - these terms would describe the interactions between
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the proteins and water molecules, as well as interactions between for example the side chains of
neighbouring amino acids. These terms are calculated for each pair of atoms within cutoff distance,

except for excluded pairs, which are pairs of very closely spaced atoms bonded together.

idj Rmin,i" Rm’in.i”
Unonbonded = Z 4;{% + Z €ij [( — )12 - 2(—J)6:| (212)

FElectrostatic g Lenard—Jones Y Y

The first term, in the form of Coulomb equation, describes electrostatic interactions between
pairs of atoms. Interacting charges, ¢; and g;, except in the special case of ions and ionized particles,
are not integers. They are partial charges determined with quantum mechanical methods, resulting
from asymmetric distribution of electron cloud along chemical bonds present within a molecule. Due
to the potential values, electrostatic interactions are critical for the attractive or repulsive interactions
between molecules - the distribution of charges around a given atom will largely determine the

direction of changes in its position (Figure 2.3).
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Figure 2.3: Potential energy of interaction between two pairs of nonbonded backbone atoms: oxygen
and hydrogen, with partial charges of -0.51e and 0.31e (top), and two hydrogens with partial charges
of 0.31e (bottom).

The second term describes Van der Waals interactions modelled with Lennard-Jones potential;
it says that a pair of atoms 7, j would repel each other at very close distances and when the dis-
tance is larger than a certain value they would attract each other. At large distances the LJ potential
approaches zero - this is why on the upper graph at Figure 2.3 the total energy line is almost in-
distinguishable from the one representing electrostatic potential. In the equation for LJ potential,
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Rpinj 1s the distance between two atoms, at which their potential energy equals to zero - this dis-
tance is smaller than the one at which energy reaches the minimum value of —¢;;. Thus while ¢;;
characterizes the maximum strength of attraction between the atoms, R,,;,; value does not try to
approximate the atomic radii, but rather describe the shape of the LJ function. Both ¢;; and R, 5
are pair specific - they are calculated based on parameters specified for two interacting atoms.

In the simulations described here, scaled 1-4 exclusion was used. This means, that interactions
between 1-3 atoms (atoms located up to two bonds away) are excluded from nonbonded interaction
calculations, and for atoms separated by three bonds the LJ potential is scaled by a factor given in a

parameter file, while electrostatic interactions are counted with a scaling factor of 1.

2.1.2 Theory of trajectory analysis

The trajectories obtained from MD simulations are large data sets that often require more than a
visual inspection to analyse, especially for complex molecular systems. In order to quantitatively
assess the dynamics of the studied molecules, parameters characterising this dynamics are calculated
on the basis of the spatial coordinates of molecules in consecutive frames of obtained trajectories.

The most basic and commonly used parameters quantifying trajectory observations include:

e root-mean-square deviation (RMSD) of atomic positions characterising the extent to which
conformations of the same molecule differ from one another, or in other words, how much a
given structure differs from the reference structure. This measure is calculated based on the

coordinates of two structurally aligned conformations as:

(2.13)

where ¢; is the distance between atom ¢ in two aligned structures and NV is the number of

compared atoms.

In this work RMSD calculations are used to select representative conformations of a peptide
by grouping conformations obtained from MD trajectories by structural similarity. In the first
step of this procedure, an N;x Ny RMSD matrix is generated, where N is the number of con-
formations in the trajectory, containing the RMSD values for comparing each conformation
with each other. The resulting matrix is then subjected to hierarchical clustering, i.e. clus-
tering of conformations into groups of similar ones. Within this step, an algorithm starts by
classifying each conformation as distinct cluster, and then iteratively identify the two clusters
that are closest to each other, and merges the two most similar clusters until desired number

of clusters is reached.

e Root Mean Square Fluctuation (RMSF) of a molecular structure is calculated as a time aver-

aged RMSD, in which the reference structure is the average conformation of the simulation.

34



CHAPTER 2. METHODS

RMSF is calculated for individual atoms, typically the C'av atoms of each protein residue as:

RMSF; = \/{(7i(t) — (r1))?) (2.14)

where 7; are the spatial coordinates of atom ¢ and (7;) are the ensemble average coordinates
of this atom. While RMSD quantifies how much a structure of a molecule diverges from the
reference or starting structure, RMSF characterises the mobility of consecutive amino acids
- thus helping to determine which parts of the molecule are stable and which are prone to

structural fluctuation.

e Radius of Gyration (Rg) is an example of a measure used to describe the spatial dimensions

of a studied molecule, defined as:
Ry = /{(ri = (r1))?) (2.15)

where 7; is a position of i’th atom of the molecule and (r}) is the mean position of atoms,
calculated as an average over coordinates of all atoms of the molecule. This measure is used
to describe compactness of a molecule at a given time. Radius of gyration is a very rough
estimate of the dimensions of the molecule, but is a measure suitable for analysing changes in

these dimensions over time.

This work uses these measures and a range of other analyses to transform trajectory data into
easily comparable and interpretable values. In each case, the trajectory analysis scripts take as input
data on the position of atoms in successive frames of the trajectory, and from this they calculate
parameters characterising processes such as diffusion or conformational changes occurring within
molecules. As custom analysis scripts and methods were used in several cases, more detailed infor-

mation is provided in the following subchapter (Simulation Methods: Trajectory Analysis).

2.2 Simulation Methods

This section describes the technical aspects of preparing the NS3/4A protease model and assem-
bling systems for the simulations. It also provides a detailed description of the conditions of the

simulations performed and the methods used to analyse the resulting trajectories.

2.2.1 Building the NS3/4A model

The NS3/4A protease is a complex of a 182 amino acid NS3 protease and 54 aa NS4A protein
cofactor. Structures available in the Protein Data Bank (PDB) all comprise of the protease complexed
with the central part of NS4A - the part that is one of the building blocks of a 3-barrel located in a
core of NS3 (Figure 2.4). Unstructured tails on the C- and N-termini of NS4A therefore had to be

built based on the amino acid sequence of the protein.
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As a model of NS3 protease, the 4JMY model®! from PDB has been chosen. This is a crystal-
lographic structure obtained with good resolution (1.95 A). In selecting the structure, the decisive
factor was the presence of the Zn*" ion, which is essential for the stability of the NS3 protease **.

To match the amino acid sequence of the HCV 1b genotype® used in the experimental studies,
a series of point mutations has been carried out. Mutations involving D30E, L36V, G66A, A87K,
MO4L, S147F, V150A, 1170V, A181S, and S182P were introduced using the Chimera software®,
and mutated amino acid side chains were modelled automatically using Dunbrack rotamer library ®.

In the structure obtained from PDB, only residues 21-32 of NS4A were included®'. The N- and
C-terminal tails, amino acids 1-20 and 33-54 were added in a way that did not affect the structure of
experimentally resolved central part. Template free modelling function included in MODELLER ©,
ver. 9.19, was used to generate five models of full NS4A, including unmodified central part and
added tails. Dope algorithm® was used to score the obtained models and select the best one to be

used in the NS3/4A simulations.

MODELLER

Figure 2.4: Left: NS3/4A structure as deposited in the Protein Data Bank, ID:4JMY. Right: Molec-
ular model of full NS3/4A protease, which was used as the starting structure in all MD simulations.
All-atom model was built, however for clarity only simplified backbone structure was shown.

The obtained model of the complete NS3/4 A protease was used as a starting structure (Figure 2.4)
in the simulations of this protein complex in water (Figure 2.5) and in various types of crowded

environments, as well as in the simulation including substrate molecules.

2.2.2 Building the peptide models

Biological function of the NS3 protease is cutting junctions in HCV polyprotein - it means that the
protease is able to cleave proteins or peptides in specific positions, recognising their amino acid
patterns. Thus a perfect candidate for experimental studies investigating the effects of crowding on
enzymatic activity of NS3, would be a short peptide containing one of those specific sequences.
For this particular study, a peptide of a sequence Ac — DEDEFEAASK — N H, was chosen. A

peptide of analogical sequence has been used in activity assay, experimentally measuring enzymatic
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activity of the NS3/4A protease (See Experimental Methods: Activity Assay). For the purposes of
the experiment, FRET tags were added to to the terminal residues of the peptide, and one of the
peptide bonds was replaced with an ester bond - however, these modifications were not included
in the model used for MD simulations. Model of the peptide substrate of NS3 protease was built
using Chimera®, along with optimization with Dunbrack Rotamer Library®. Conformation used
as a starting structure for the NS3/4A - PEG - substrates systems has been obtained based on 20
copies of molecular dynamics simulation, each containing a peptide surrounded with explicit water
and ions. Substrate simulations generated 20 production trajectories of 200 ns each, preceded with
minimization and equilibration of the systems.

Trajectories were merged and clustered, to obtain structures representing most frequently oc-
curing conformations, later used as starting conformations in the simulations including the NS3/4A
protease and its substrates. In the first step, RMSD matrix was generated with ProDy®’, by com-
paring all-vs-all RMSD measurements. This matrix was used as an input to scipy.cluster.hierarchy
module from SciPy, which allows performing hierarchical clustering beased on distance matrices.
Within scipy, complete clustering algorithm was used to divide all substrate conformation into five
groups, each representing a distinct type of conformation adopted by the substrate. From those
groups, five representative conformations were randomly selected for futher study.

Another short protein used in this work was a peptide representing the N-terminal tail of NS4A,
of a sequence Ny, — STWV ILVGGV LAALAAYCLTTGS — C}.,. This peptide has been mod-
elled in two different conformations: helical and extended. It was used for additional simulations
aiming to confirm the results of the full protein simulations - longer, 1000 ns trajectories were gener-
ated for four systems: extended peptide in water and in water with the coarse-grained crowders, and
helical peptide in water and in water with the coarse-grained crowders. A fragment of the full NS4A
model was adapted as the extended conformation of the N-terminal tail, whereas the helical con-
formation was obtained with template-free modelling using Chimera®, this time enforcing helical

conformation along the entire length of the peptide.

2.2.3 Preparation of the simulation systems

All simulated systems contained an all-atom model of a protein or peptide located in the center of
a simulation box. Another property linking all simulations was the presence of water modelled as
explicit solvent, in the full-atom TIP3P model, as well as Na™ and C'~ ions, included to neutralise
the system and create an ionic strength of around 20 mM. Neutralisation was needed in case of the
systems containing full NS3/4A protease, bound to a Zn** ion and the systems containing peptide
substrates, whose total charge, due to the presence of negatively charged residues equals -4e per
substrate.

In case of crowded systems (Figure 2.6), the first step of assembly process was choosing the
points around the protein, in which the centers of crowder molecules would be located. Locations

were chosen randomly, taking into account the crowder radius and desired simulation box size. For
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Figure 2.5: Control system containing the NS3/4A protease, water and ions. NS3 protease is shown
in green, the NS4A cofactor in violet and ions in yellow and cyan. Explicit water molecules are
shown in simplified representation.
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each full-protease system, 130 crowder locations were obtained. Then, using VMD®® and a tcl script,
a chosen crowder molecule has been added in each point location. In case of PEG crowders, before

adding each crowder to the system, one of five available conformations was randomly selected.

Figure 2.6: Simulated systems containing the NS3/4A protease surrounded by three types of crow-
ders - from the left: polysucrose, PEG and the coarse-grained crowders. The NS3 protease is shown
in red, the NS4A cofactor in orange and ions in green. Water molecules are not shown, but they were
present in all presented systems.

Building the systems containing peptide substrates (Figure 2.7) comprised of one additional step
of adding 10 substrate molecules per system. The substrates were added using VMD, by manually
moving the substrates to free spaces between the crowder and protein molecules. Conformations of
inserted peptides were chosen based on initial simulations of the peptide in water; the number of
peptides of a given conformation was chosen in proportion to the frequency of its occurrence in the
initial simulations.

Each crowded system has been checked for clashes - the spots where atoms overlap or bonds
cross with each other. The presence of such clashes would result in simulation errors, that is why the
systems were carefully checked using VMD® scripts and visually. In case of polysucrose crowders,
the clashes were fixed manually by moving individual atoms, while the systems containing PEGs
were subjected to 2000 steps of steepest-descent energy minimization in vacuum, before adding
water molecules.

Prepared systems were solvated with the MMTSB software®, up to a cut-off distance of 9 A
for the uncrowded NS3/4A system and 3 A for the systems with all-atom crowders. Due to the
diverse and not necessarily spherical structures of the crowders, a large cutoff reduction was needed
to prevent systems with large margins of water at the edges. MMTSB was also used to add desired

amount of Na™ and CI~ ions, by replacing randomly chosen water molecules.

Each simulation was run in three copies. A summary of all simulated systems, along with the
number of atoms and the number of copies ran can be found in Table 2.1. For each type of the
systems with crowders, three copies were generated, differing by the starting locations of crowder
molecules. For the systems without crowders, copies of the simulation were differing by the random

seed, based on which the starting velocities were generated.
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Figure 2.7: NS3/4A protease surrounded with PEG crowders and peptide substrates in starting con-
formations. The protease is shown in green, PEG crowders in grey and peptide substrates in magenta.
Two PEG crowders are shown in sage green, to illustrate various PEG conformations included in this
system. For clarity, water molecules and ions are not included in the figure.

System Mean number of Number of

atoms generated

trajectories
Control systems - protease in water 128 726 5
Protease with PEG crowders 250 840 5
Protease with polysucrose crowders 148 154 3
Protease with coarse-grained crowders 120 658 5
N-terminal tail of NS4A in water 20 827 6
N-terminal tail of NS4A with CG crowders 25045 6
Protease and substrates 119 825 3
Protease with PEG crowders and substrates 241 211 3

Table 2.1: Numbers of atoms in all simulated systems, and number of trajectories generated for each
one. There were slight differences in the number of atoms between the copies of the simulations, due
to the fact that in each copy of a given system I used different crowder positions, while maintaining
their number. Therefore, when solvating systems, there were differences in the amount of water
molecules. In the table, for the sake of simplicity, I have given the average numbers of atoms.
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2.2.4 Parameterisation

All simulated systems were parameterised using CHARMM force field”°. For protein and peptide
substrate residues, standard protonation at pH 7 were assumed. Histidine residues were represented
as neutral 7 tautomers, with the hydrogen bond acceptor located at their Ne position. A modified
patch was used for deprotonated cysteine residues (Cys97, Cys99 and Cys145) coordinating the
zinc ion**. The N- and C-terminal parts of NS4A, together making almost 40 amino acids, form
highly mobile tails that remain unstructured in water. These fragments are a key component of
the simulated systems - their correct parameterisation can affect the results of the study. For this
reason, the choice was made for a force field specifically adapted to the simulation of IDP and
IDPr”'. While simulating unstructured proteins and peptides, standard force fields have been found
to generate increased content of left-handed a-helices relative to experimental measurements’>. To
improve accuracy in modeling IDP conformational ensembles, CHARMM?36 force field has been
refined and tested against wide range of available experimental data. The resulting CHARMM 36m
force field”! is suitable for both folded and disordered protein chains, therefore it has been used to
parameterise both NS3 and NS4A proteins.

For parameterising all-atom PEG and Ficoll molecules used as crowders in presented simula-
tions, elements of CHARMM36 force field for carbohydrates were used’>’#, with torsion angles
modifications optimised for PEG polymers’>. Details on design, assembly and parameterisation of
all three types of crowders are presented in the next section.

Structural files needed for conducting MD simulation in NAMD, containing information on
atomic coordinates and partial charges, bonds and angles in the simulated molecules (pdb and psf

files) were generated using the MMTSB toolset®.

2.2.5 Water optimization

A problem with many of the available force fields is the overestimation of hydrophobicity of molecules,
including the protein chains. This problem does not interfere with simulations of single globular
proteins, but when simulating several proteins it leads to excessive association and aggregation of
molecules. In the case of unstructured fragments, excessive hydrophobicity leads to promotion of
compact structures and can also increase the content of helical fragments. The first work that raised
the question of whether modern force fields are suitable for simulating multiple proteins was a 2014
publication by D. Petrow et al.”®: its authors noted, that while there are examples of simulations of
several proteins in explicit solvent, from which conclusions are drawn on their aggregation and in-
teractions, there is no negative control, i.e. simulation of non-aggregating peptides. They performed
such simulation, using a protein called villin, and its carbonylated counterpart, that forms aggregates
in vitro. Non-carbonated villin is an example of a small (36 aa) protein that doesn’t aggregate even
at very high concentrations - that’s why it later became a model system for studying aggregation in
MD simulations. The first simulation of villin ensemble, conducted in the GROMOS force field,

showed that the non-aggregating villins under natural conditions aggregate as much or even more
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than their modified counterpart. All villins present in the system formed a single aggregate in 22/26
simulations in GROMOS, and 65% of the proteins did not dissociate from the aggregate at all. The
simulation was repeated for Amber, CHARMM?22 and OPLSA force fields, all with exactly the same
results. In each case, formation of the aggregate proceeded with a decrease in potential energy of the
system. Another study published in the same year highlights a slightly different aspect of inaccu-
racies in the force fields - observations showing that proteins in simulations are too poorly solvated
relative to experimental data’’. A factor that can affect both protein association and solvation energy
is the hydrophobic effect, and the authors concluded this might be where the problem lies. The only
place where we can attempt to model hydrophobic effect in traditional force fields is in the parame-
ters of interactions with water molecules, specifically the epsilon parameter for water atoms, which
is an input to calculating the ’strength’ of LJ potential of interactions between the water and solute
atoms. Upscaling this parameter resulted in agreement of the simulation result with experimental
data on hydrodynamic radius of the protein, solvation energy and protein complex formation. In
the simulations presented here the VAW interactions between solute and water molecules were up-
scaled by the factor of 1.09, based on optimisation conducted for the CHARMM force field'. In
the optimization process, such a scaling factor allowed the elimination of excessive aggregation of
the test peptides, and was low enough not to destabilize their native structure. Technically, the LJ
epsilon parameter of the water oxygen atom was increased from -0.1521 to -0.1807 and the epsilon
parameter of water hydrogen atoms from -0.046 to -0.05466. This way the calculated water-solute
LJ potential is upscaled by the factor of 1.09. Epsilon values for water atoms were calculated taking

into account the equation for epsilon parameter for a pair interaction:
€i.j = /65 (216)

where ¢; and ¢; are values specific for a pair of interacting atoms. The parameters were upscaled
for the interactions with all atom types present in the system, then for the water-water interactions it
was reduced back to the original values using NBFIX entries, that allow modifyng the nonbonded LJ
parameters of selected atom pairs. Such small modification allowed to restore realistic diffusion of
all-atom crowders, observed to aggregate when simulated in standard TIP3P water model. The crow-
der aggregation process itself and the effects of modifying water parameters on the conformational

dynamics of the NS3/4A protease are described in the following chapter.

2.2.6 Simulation conditions

One uniform system preparation and simulation protocol has been used in all simulations described
in this thesis. The software used to conduct most of MD simulations was NAMD 2.117%,  Six
copies of the simulations with full NS3/4A protease in water and in the presence of PEG and CG
crowders were run with OpenMM 7.47° In the first step, the systems were minimized for 3000
steps with the steepest descent method. Then, in the thermalization step, the system was simulated

in gradually increasing temperature, with harmonic constraints on protein with the zinc ion and
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the temperature rising by 10 K per round, from 10 to 310 K. In the next step, the force constant k was

kcal
mol A2?

and equilibration (force constant reduction) were carried out with an integration time step of 1 fs

crowder molecules, with force constant k= 10

Each thermalization round lasted 25 ps, with

gradually decreased, with k values of 10, 5, 2, 1 and 0.1 25 ps per round. Both thermalization
and in NVT ensemble. In an additional equilibration step, the time step was increased to 2 fs,
and the ensemble switched to NPT, where the pressure of 1 atm was maintained with a Langevin
piston®’. Production simulations were also conducted in NPT, with temperature of 310 K controlled
with a Langevin thermostat. In all of the simulations, nonbonded interactions were calculated up
to a cut-off distance of 12 A. For the systems containing coarse-grained crowders, a ’pairlistdist’
parameter was increased from 14 to 17 A. This parameter specifies the distance, up to which the
program writes up atom pairs, for which nonbonded interactions will be considered. Increasing it
prevented overlapping between neighboring CG crowders. Electrostatic interactions were calculated
using particle mesh Ewald summation®. To allow for a 2 fs time step, SHAKE algorithm®® was

used constraining all bonds with hydrogen atoms.

2.2.7 Trajectory analysis

Most trajectory analysis calculations were carried out for truncated 500 ns trajectories in which
frames were saved every 0.5 ns. Mdconv and catdcd were used to assemble full trajectories from
partial dcd files and to generate trajectory dcd files for analysis by cutting selected frames or tra-
jectories of selected atoms. For some analyses trajectories were modified by centering them on
the NS3 protease or unwrapping the trajectories by removing periodic boundary conditions - those
procedures were conducted using mdconv software.

Basic calculations were performed using built-in VMD functionalities:

RMSD (Root Mean Square Deviation of atomic positions) measuring the average distance be-
tween atoms in two superimposed conformations of a given molecule, was calculated using RMSD
Trajectory Tool. RMSD was calculated for backbone atoms of the NS3 protease, and together with
other measures, it was used to assess stability of the protein. In this work, RMSD is given as an
average over values comparing conformations from subsequent simulation frames with the starting
conformation.

RMSF (Root Mean Square Fluctuation) values, describing the mobility of individual protein
residues throughout the simulation, were calculated for the Co atoms using measure’ command
from the VMD Tcl console. RMSF was measured for both NS3 and NS4A proteins, and visualised
as plots and protein structures colored according to RMSF values. The structures were generated
using a custom python script, that takes a structural pdb file and a RMSF data file as input, and
substitutes the values in a pdb’s beta column with RMSF values calculated for a given amino acid.
The structures obtained in this way were later coloured in VMD according to the values in the beta
column.

Radius of gyration (Rg) was calculated using the 'measure’ command from the VMD Tcl con-
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sole. Rg of the NS3 protein was used to assess the stability of the protease; it is given as an average
Rg values calculated for subsequent trajectory frames. Rg of the NS4A cofactor is used to describe
conformational changes of this partially unstructured protein. It is visualised as histograms, showing
the fraction of conformations occurring in the trajectory that are characterized by a given Rg value.

Secondary Structure Plots were generated using VMD Timeline extension, that assigns sec-
ondary structure based on STRIDE®! algorithm. STRIDE recognizes secondary structure elements
in proteins, like a-helices and (-strands based on comparing hydrogen bond energy and mainchain
dihedral angles of a given structure with the database-derived and knowledge based recognition
patterns. Secondary structure plots generated using VMD were used to visualise conformational
changes occurring in the NS4A protein over the course of the simulation. They were also used to
calculate helicity parameters, used to compare simulations performed in different environments with
respect to the time of stable helix occurrence. The parameter was determined as the fraction of total
number of trajectory frames in which the N-terminal tail of NS4A formed either an a-helix of a 3-10
helix. The fraction of trajectory frames was calculated for three copies of each simulation summed
up together, considering only the second half of each trajectory, a time between 250 and 500 ns.

To describe the conformation of the C- and N-terminal tails of the NS4A protease a custom
measure was introduced. The measure was called the wrapping coefficient, as it allows you to
determine the extent to which the tail is wrapped around the protease. The measure assigns each
conformation a number from zero to one, where one is a conformation that is maximally extended
and zero is the conformation in which the tail maximally adheres to the NS3 surface. The wrapping
coefficient IV is defined as:

N
Zi:l Ti ) — Smin

Smaz — Smin

Whait = (2.17)

where z; is the distance between the Ca atom of the i’" residue of a given NS4A tail and a fixed
point close to the center of mass of the NS3 protease (here the Ca atom of GLY141), s,,4, and
Smin are the minimal and maximal values of the distance sums that were found for the tail in all
production simulations. The wrapping coefficient is visualised as plots of W versus simulation
time and histograms showing the fractions of conformations with a given W value found in a given
trajectory.

RMSD based conformation clustering was used to classify and group NS3/4A conformations
and to select peptide substrate conformation to be used as starting structure in MD simulations.
All-against-all conformation similarity was assessed with ProDy®’, by generating a RMSD ma-
trix in which each pair of conformations from the trajectory was assigned an rmsd value. The
scipy.cluster.hierarchy module from Python Scipy library was used to cluster conformations based
on the RMSD matrix. Complete clustering algorithm was chosen as most appropriate for molecular
trajectory analysis®2.

Translational diffusion coefficients were calculated for the NS3/4A protease, the substrates and
all types of crowder molecules, based on the Mean Square Displacement (MSD) of their center of

masses. In case of dimeric NS3/4A, to eliminate the effects of high NS4A flexibility, locations of

44



CHAPTER 2. METHODS

the centre of mass of the stable globular NS3 were collected. Centers of mass were collected in vind

using the measure center function. MSD was calculated using a custom script as:

MSD(7) = <(F(t +7) — F(t)2> (2.18)

where 7 is the location of the molecule in time ¢ and 7 are the lag times between the positions.
Diffusion coefficients D, were calculated based on the slopes of a linear fit to M .SD(7), according

to the Einstein relation:
_ MSD(7)

67

D, was corrected to eliminate the periodic boundary condition artefacts®® by implementing the

Dy (2.19)

D, ppc correction:

Tkg ArR?
= - 2.20
YPBC T 6L ( 3L? ) (2.20)
N =nw(l+ 2.5¢) 2.21)

where ( = 2.837, k; is the Boltzmann constant, 7" is the temperature, here equal to 310 K, L is the
length of the periodic box, 7 is the shear viscosity of the solvent. R}, is the hydrodynamic radius of
a molecule calculated with HYDROPRO®*, with Ry g3 /a4 =29 A and the average radius of a PEG
crowder Rppq equal to 7.7 A. Shear viscosity of the solvent in crowded systems was calculated
based on the volume fraction of PEG crowders, ¢ and the value of pure water viscosity, 7. To
account for the effect of crowding on the viscosity of solvent, the diffusion coefficients were further
scaled with the factor of 3.08/8.9. In this scaling term, 3.08 corresponds to the shear viscosity of
the TIP3P water model, which is altered relative to the experimental value of 8.9, calculated for bulk

water. Final corrected diffusion coefficients are calculated as:

3.08

Dcorrected = (DO + DPBC) : @ (222)

> was used to calculate rotational diffusion

A method based on rotational correlation functions®
coefficients D, and rotational correlation times 7, of the NS3/4A protease. Again, to eliminate the
impact of NS4A mobility, NS3 rotations were considered as an approximated diffusion of the protein
dimer. The chosen method requires first to generate a trajectory with random vectors, and merge it
with the trajectory of a centered protease. The vectors are then rotated along with the rotations of
NS3, obtained by fitting the protease to its starting conformation. The rotational correlation times
are calculated from the average correlation function generated for the random vectors, fitted to the

exponential function:
—x

f =exp(—) (2.23)

T

t69

Correlation functions were generated using MMTSB Toolset™, and the fitting procedure was carried
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out with Gnuplot. Calculated correlation times are related to the rotational diffusion coefficient by

1 3.08
D, = Mt (2.24)
67, 8.9
where % is a scaling term included to account for altered viscosity of the TIP3P water model. The

PBC correction was not applied in this case, as its effect has been found negligible for rotational
diffusion®®. Rotational diffusion analysis carried out for NS3 was used to assess the extent to which
crowder molecules interact with the protease. However, it was not possible to use this measure to
describe the behavior of the crowders themselves. The high conformational variability of the PEG
and polysucrose molecules did not allow it - a problematic part of the procedure in this case would
be fitting the polymer conformations onto the starting structure. Artefacts generated this way would
make the calculated value not correspond to the actual diffusion of the crowder molecules.
Obtained translational diffusion coefficients and rotational correlation times were compared with
theoretical values calculated for the hard sphere model (HS)?®, to asses coupling and decoupling of
those measures. By analysing whether the effect of crowders of a given type on diffusion param-
eters matches the theoretical effect of non-interacting HS crowders, it is possible to assess to what
extent the molecules forming the crowded environment interact with the protein under study®’. For
example, a crowder that affects the rotational and translational diffusion of a protein in a way that
corresponds to how HS would affect it would be considered a molecule that does not interact with the
protein. In contrast, when rotational diffusion is restricted to a greater extent than would be restricted
by the presence of HS, it may mean that the protein’s rotation is blocked by crowders interacting with
its surface. Comparison of the crowders with the HS model is done by counting the proportionality
factor k for both types of diffusion - these tell us how much the effect of the crowders on a given
type of diffusion matches the theoretical effect of the HS. By comparing the obtained coefficients,
we can assess whether a given crowder affects translational and rotational diffusion to a comparable
or different extent - this is the so-called coupling or decoupling of the calculated diffusion values.
Theoretical diffusion parameters in the HS model were calculated based on effective hard sphere

volume fractions ¢ g defined as
bns = ko (2.25)

where £ is the scaling factor and ¢ is the volume fraction of crowders obtained based on the tra-

jectory. The translational diffusion coefficient and rotational correlation time in the HS model are

described with following equations 3%%°:
D" (éus) ., (1 — dms)®
D" 1+ (3/2)¢nus + 20ms” + 3¢us’ (2.26)
Tr(¢HS) o [

1 — 0.631¢ps — 0.762p 152~

Tr,0

where D" and 70 are the diffusion parameters calculated from the trajectories of the protein in

water, DL (¢ ) and 7,.(¢p ) are diffusion parameters in crowded environment, derived theoreti-
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cally or calculated from MD, dependent on the effective HS volume fraction ¢5s. The equations
have been used in two ways: (a) substituting Dy*, 7,0, D*(¢s) and 7,(¢rs) with the values of the
diffusion parameters for proteins in water and in the crowded environment obtained from the trajec-
tories allows us to calculate the k-factors for a given type of crowder; (b) substituting Do and Tr.0
with the values of the diffusion parameters for the protein in water and assuming scaling parameter
k=1 allows to calculate the diffusion parameters for crowders in the HS model.

Protease-crowder contacts and interactions were characterized based on how the presence of
crowders affected diffusion of the protein, but also on detailed analysis of the distribution of crowder
molecules around it. One of key methods used for this purpose was determining the Radial Distri-
bution Function (RDF), which describes the density of molecules of a given type as a function of
distance from the protein surface. For example, a visible layer of crowder molecules formed around
the protein surface would indicate the presence of protein-crowder interactions, while a roughly uni-
form distribution would suggest their absence. In this work, RDF was calculated using a custom
program written by prof. Michael Feig. The program counts the number of specific crowder atoms
found within a given distance from the closest heavy atom of the protease. Given that the purpose
of the calculations was to compare the distributions of three different crowders that differ signif-
icantly in the number of atoms, the distributions were calculated only for atoms chosen in such a
way that their numbers were comparable. For the CG crowders, RDF was calculated for 42 surface
pseudo atoms, and for PEG and polysucrose molecules only the oxygen atoms or the atoms having
1 in their name were taken into account (30 and 31 atoms respectively). The RDF values were also
normalized with respect to the number of atoms, so that their plots could be easily compared. In ad-
dition to analysing protein-crowder interactions, RDFs were used to monitor aggregation of crowder
molecules.

To visualize the distribution of crowders in the vicinity of each element of the protease structure,
data were collected on the number of crowder atoms at a fixed distance from each amino acid of
the protein. VMD ’atomselect’ and 'num’ commands were used to calculate the number of PEG
and polysucrose atoms found within 5 A from a given residue, averaged over trajectory frames. To
visualise the data, pdb files were generated with calculated number of crowder atoms written in the
beta column. Obtained structures were then colored by the beta column value, to show around which
residues crowders are most often found.

Based on correlation analysis, protein-crowder encounters were examined in terms of the average
time scale of contact occurrence. The contact function was used to describe, whether a contact that

is present at time t is still present at to + At:

N—-k Np

1 1
P(A) = 5 DO Gt + At (2.27)
p . .

J=1 =1
where N is the total number of trajectory frames, At is the k-th time interval and N, is the
number of molecule pairs. The summation includes j trajectory frames and ¢ pairs of molecules.

The function ¢;(t) takes the value of 1 when the i-th pair of molecules is in contact at time ¢, and the
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value of 0 when the molecules are not in contact, that is when the distance between them is larger
than the cutoff value of 5 A. To obtain correlation times of contacts, the contact function is fitted to

a double exponential function:

_At) +(1-85) -exp(_Alt) (2.28)

TS Te

f(At) = Sc-exp(

where 7. and 7,/ are the estimated contact times on shorter and longer time scales and S, is the
weight corresponding to the shorter contact time. For additional analysis of crowder distributions,
average minimal distances between the protein surface and crowder atoms were calculated. Minimal
distances were identified using the processDCD.pl program from the MMTSB Toolset®.

Formation of hydrogen bonds between protein and crowders was analysed using VMD Hydro-
gen Bond extension, allowing to generate a list of hydrogen bonds between two groups of atoms,
based on given distance and angle criteria. The maximum donor-acceptor distance was set to 3.5 A
and the donor-hydrogen-acceptor angle criteria were set to no less than 120 degrees, which extends
the default VMD angle criteria by 20 degrees.

All errors calculated for presented results and included in the graphs are the standard errors of
the mean (SEM). The p-values used to compare the mean helicity of the N-terminal tail of NS4A
between the simulations conducted in water and crowded environment were calculated using a two-
sample t-test.

Figures presenting molecular structures and simulated systems were prepared using VMD%; the

graphs presenting computational results were generated using Python with the PyPlot library.

2.3 Experimental methods

2.3.1 Materials

The NS3/4A protease from HCV genome 1b was purchased from Sigma Aldrich, ID: HCV-NS4A/NS3-
1b. Though the protease was only bound to a fragment of NS4A, which allowed it to properly fold
its N-terminal part and retain full enzymatic activity.

The peptide substrate used in the activity assays was synthesized in our laboratory, and the pep-
tide substrate of analogical sequence was used in MD simulations. The peptides used in these two
experiments had minor differences due to the specificity of each experiment. For the activity assay,
EDANS and Dabcyl fluorescent groups were added. To maximize proteolytic cleavage efficacy, the
peptide bond at the cleavage site was exchanged for an ester bond and a non-standard aminobu-
tyric acid (Abu) residue was used”’. Substrate modifications enhancing NS3/4A activity enabled
detection of activity with smaller enzyme concentrations. For the purpose of molecular dynam-
ics simulations studying substrate diffusivity in various environments, the Asp-Glu-Asp-Glu-Glu-
Ala-Ala-Ser-Lys peptide was used to simplify the system build-up and eliminate potential artefacts

arising from the presence of large fluorescent groups.
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CD experiments focus on the structural characteristics of the peptide resembling the N-terminal
part of the NS4A protein cofactor. For this purpose, the HPLC-grade peptide was purchased from
Lipopharm.pl (Gdansk, Poland). 22-amino acid chain of the sequence identical to this used in MD
was additionally flanked by KKGG solubility tags, which were not used in the simulations.

PEG crowders, including PEG 600, 1200 and 6000 were purchased from Alfa Aesar (USA) and
Ficoll 400 from Sigma-Aldrich (USA).

For substrate synthesis, analytical grade residues were used, including Fmoc-Asp(EDANS)-OH
and Fmoc-Lys(Dabcyl)-OH purchased from Nova-biochem, Merck.

5-((2-Aminoethyl)amino)naphthalene- 1-sulfonic acid (EDANS) purchased from AnaSpec Inc.
and also BSA and Tenta Gel S RAM resin obtained from Sigma Aldrich.

2.3.2 Peptide substrate synthesis

Substrate synthesis has been performed by Natalia Ostrowska, with the methodological help from dr
Monika Wojciechowska and dr Ksenia Maximova®'.

The NS3/4A protease substrate used in the FRET activity assay was synthesized by the solid-
phase peptide synthesis (SPPS) method®>. The first step of the SPPS method is immobilizing the
C-terminal residue on the solid state resin - here the Tenta Gel S RAM resin (loading 0.24 mmol/g)
was used. The first residue, as well as other amino acids used to synthesise the peptide are N-
protected with 9-fluorenylmethyloxycarbonyl group (Fmoc). The reactive groups of amino acid side
chains are also protected with groups such as tert-butyl (tBu) or tert-butoxy (OtBu). Consecutive
steps of the synthesis process include the Fmoc deprotection and coupling step where carbonyl
group of the next N-protected amino acid reacts with the last amino acid in the existing chain. After
coupling, the excess of the amino acid is rinsed off with DMF and DCM, and the reaction progress

of each coupling step is confirmed by the Kaiser test”?

, which helps to make sure that the coupling
step was completed. In this test, free amine groups of the un-protected N-terminus of peptide-resin
are detected by color-changing reaction with potassium cyanide, phenol and ninhydrin - this way
uncompleted coupling step can be identified.

Protected amino acids used in the synthesis described here were Fmoc-Lys(Dabcyl)-OH, Fmoc-
Ser(tBu)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Asp(EDANS)-OH and Fmoc-Asp(OtBu)-OH). For the
purpose of the FRET based assay, two of the amino acids were connected with donor and quencher
fluorescent tags - EDANS and Dabcyl.

The synthesis procedure, as well as the substrate sequence was designed based on the protocol
described for the NS3/4A protease by Taliani et al.”’. The synthesis steps are described below.

Deprotection of the Fmoc group was done with 20% piperidine in dimethylformamide (DMF),
for 2 cycles (5 and 15 minutes).

Coupling of amino acids bound with protective groups was carried out by dissolving Fmoc-AA-
COOH in DMF/ N-Methyl-2-pyrrolidone (NMP) (1:1) solution for 1.5 h with a mixture consisting

of exess of coupled residue and peptide coupling reagents:
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- 2.5 eq. of Fmoc-AA-COOH,

- 2.5 eq. of PyBOP (benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate),

- 2.5 eq. of HOAt (1-Hydroxy-7-azabenzotriazole), and

- 5 eq. of DIPEA (N,N-diisopropylethylamine).

Esterification of Fmoc-Abu-OH to the free hydroxyl group of lactic acid was done by using
12 eq. of Fmoc-Abu-OH, 6 eq. of N, N'-Diisopropylcarbodiimide (DIC) and catalytic amount of
DMAP (4-dimethylaminopyridine) - the reaction mixture was stirred for 1 h.. Coupling of L-lactic
acid was carried out using a different mixture:

- 5 eq. of L-lactic acid,

-5 eq. of DIC and

- 5 eq. of HOAt.

In case of each residue, the reaction mixture was stirred for 1.5 h.

The steps performed after the desired sequence of amino acids was obtained included:

- acetylation of the N-terminus of the obtained peptide with 10 eq. of Ac;O and 10 eq. of
DIPEA, stirred for 2 hours,

- deprotection of the tBu and OtBu protecting groups and cleavage of the peptide from resin
with a mixture of trifluoroacetic acid (TFA), water and triisopropylsilane (92.5, 2.5, 2.5) for 2 h at
room temperature,

- lyophilization of the crude peptide

- purification done by Reversed Phase High-Performance Liquid Chromatography (RP-HPLC).
It is a method used to separate the components of a mixture on the basis of their hydrophilicity: the
analysed mixture is injected into the column containing stationary phase such as silica beads, and
then washed with liquid phase of gradually changing polarity. Analytical and semi-preparative RP-
HPLC of the peptide was performed with the SYKAM system, using Knauer C18 columns (4.6 250
mm, 5 mm particle size 250 mm, 5 mm particle size). The analysis was conducted with the mobile
phase gradient from 30% MeCN/H,0 + 0.1% TFA to 50% MeCN/H50 + 0.1% TFA in 30 min

- Confirmation of the presence of desired peptide with mass spectrometry (MS) (Figure 2.8).
This kind of analysis allows to separate the components of a studied solution based on their mass
and charge - the results of MS are displayed as each component abundance as a function of mass-to-
charge ratio. It is achieved by first ionizing the sample with an electron beam, and then accelerating
and deflecting obtained ions in an electric and magnetic fields**.

- purified peptide was dissolved in TFA, that has been exchanged to HCl by dissolving the peptide
in 100 mM HCI. The solution was then freezed and liophylised to obtain solid product.

2.3.3 Activity assay

The enzymatic activity assay was performed by Monika Wojciechowska and Agnieszka Popielec®!
Detecting the NS3/4A activity was based on Forster resonance energy transfer (FRET) between

two fluorophores (light sensitive molecules) attached to the peptide substrate. In this method, light-
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Figure 2.8: Mass spectrum of the NS3/4A substrate tagged with FRET donor and acceptor, with a
sequence of Ny, — Ac — Asp — Glu — Asp(EDANS) — Glu — Glu — Abu — Y[COO] — Ala —
Ser — Lys(Dabcyl) — N Hy — Cie,.. Calculated mass of the substrate equals 1548.58 and the MS
determined m/z value was 1549.05 - this result consists of the mass of peptide and the H* ion.
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waves are used to induce electronic excited state in one of the fluorophores (a FRET donor). The
excitation energy can be emitted as fluorescence, or it can be transferred to another chromophore (the
FRET acceptor) through nonradiative dipole-dipole coupling. This type of energy transfer decays
with the donor-acceptor distance - this way FRET can be used to detect changes in this distance, by

measuring changing fluorescence of the donor®>.

1
=13 (RLO)G (2.29)
where F is the FRET efficacy, that is the probability of FRET energy transfer per single donor
excitation, 7 is the distance between donor and acceptor and R is the donor-acceptor distance, on
which FE equals 50%, also called the Forster distance, that can be calculated for each donor-acceptor

pair as:

¢ 9000in(10) k*Qp 5
~ 12875N,4  nd

The Forster distance depends on (), the quantum yield of the donor when the acceptor is absent,

Ry (2.30)

n, the refractive index of the medium, 2, being the orientation factor of the emission and absorption
dipole moments of donor and acceptor molecules and .J, the integral describing the overlap between
the donor emission spectrum and the acceptor absorption spectrum®.

In the substrate used here, EDANS absorbs light of a given wavelength, adopts its electronic
excited state and then transfers the energy either to Dabcyl, through FRET, when EDANS and Dabcyl
are located close to each other, or it emits energy mostly as fluorescence, when the fluorophores are
far enough apart. This way, with FRET donor and acceptor located on two sides of enzymatic
cleavage site, FRET can be used to detect cleavage events, as with cutting each substrate its EDANS
tag fluorescence is increased .

To prepare the experiment, preliminary tests were performed, such as EDANS calibration and
determination of the EDANS inner filter effect in the presence of the FRET substrate. The cali-
bration procedure was aimed to check the linearity of EDANS fluorescence growth with increasing
EDANS concentration, in conditions used in the protease activity assay. EDANS fluorescence was
measured for its concentrations of 1,000, 500, 250, 125, 62.5, 31.25 and 15.63 nM and in the pres-
ence of crowders - PEG 600, 6000 and Ficoll 400. Neither high concentration nor the presence of
crowders has been found to disturb linear growth of EDANS fluorescence. Another problem that can
affect the spectral measurements in concentrated solutions is the inner filter effect - it happens when
the excitation beam is mostly absorbed by the surface part of the sample, and not the centre of the
cuvette, or when the light emitted in the central part is then absorbed by the chromophores closer to
the cuvette walls. Both effects may result in artefacts in the experimental results. To ensure that the
inner filter effect does not occur for EDANS in high FRET substrate concentrations, its fluorescence
was measured for EDANS and in different concentrations of the substrate. Then EDANS fluores-
cence was compared with the difference between the fluorescence of EDANS and substrate+EDANS

solutions. Statistical significance of the observed differences was calculated with GraphPad Prism,
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using ANOVA test. Tested concentration of EDANS was 0.5 mM and the concentrations of substrate
were 2.5, 5, 10, 20 and 40 mM. The experiment did not detect any significant effect of increasing
substrate concentration on EDANS fluorescence.

As mentioned before, the activity of the NS3/4A protease was detected based on the fluorescence
of EDANS-tagged peptide substrate, whose fluorescence increased upon enzymatic cleavage. The
enzyme concentration was 2 nM, the concentrations used for the peptide substrate were 40, 20, 10,
5, and 2.5 mM and the concentrations of crowder molecules (PEG 600, 6000 and Ficoll 400) were
either zero or 50, 100 or 200 g/L. The buffer used to make enzyme-substrate solutions containing 50
mM HEPES (pH 7.8), 100 mM NaCl, 20% glycerol, 5 mM ditiotreitol.

The EDANS fluorescence was recorded every 50 s for 2 h, and the measurements were carried out
using a microplate reader from BioTek (Winooski, United States) with Corning Thermowell PCR 96
well plates. The excitation wavelength was 340 nm, and the recorded EDANS emission wavelength
was 490 nm. The experiments were carried out in 37°C. Each measurement was performed with
three repetitions, and the results were reported as average values with errors calculated as standard
deviation.

EDANS fluorescence was recorded every 50 seconds for 2 hours. The results were used to cal-
culate kinetic parameters of the NS3/4A catalysed hydrolysis. Initial values of V;,,,, were obtained
based on initial phase the of reaction, and expressed as fluorescence units per second. Final values of
Vinaz and K, were calculated by fitting the experimental results to the Michaelis-Menten equation:

d[P] [5]
V== VmaxKM——i—[S} (2.31)

In this wide-used model, V., represents the maximum catalysis rate achieved by an enzyme,
and the Michaelis constant K, equals the concentration of the enzyme’s substrate, at which the

enzymatic reaction achieves 50 % of V... Experimental data was fitted using GraphPad Prism.

2.3.4 CD - measuring peptide helicity

Circular dichroism spectroscopy (CD) was used to experimentally determine secondary structure of
the N-terminal tail of NS4A protein. The structure of this fragment was one of the main objects of
interest during the analysis of molecular dynamics simulations of the NS3/4A protease. Results of
those simulations pointed at increased helical content in the N-terminal tail of NS4A in the presence
of all analyzed crowders - the CD experiments were conducted by Natalia Ostrowska to confirm
those findings.

Circular Dichroism is the difference between the extent to which the left-handed and right-
handed polarized light is absorbed by a chiral molecule. In studying protein structure, CD spec-
troscopy relies on characteristic absorption spectra exhibited by a-helices and -strands (Figure 2.9)
- structural elements in which residues adopt repeating pattern. In such structures, characteristic
configuration of peptide bonds affects the far-UV spectra such a way, that allows to use them to

determine the content of particular structure types in the studied sample*®?’.
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Figure 2.9: CD spectra for predominantly a-helical structure in red, for 3-strand in green and for
random coil in blue. Figure copied from Rogers et al.®’

As the N-terminal tail of NS4 A contains a significant amount of hydrophobic residues, it is not
well soluble in water. To increase its solubility, amino acids with polar properties were added at each
end, resulting in a final sequence of K KGG — STWV LVGGV LAALAAYCLTTGS — GGKK.

The CD spectra were recorded for the peptide in water, in a phosphate buffer (pH 7.0) and in
different types of crowded environment - in the presence of PEG 600, 2000 and Ficoll 400. For
the peptide, a concentration of 50 uM was used. The concentration of PEG crowders of both sizes
was 50 mg/ml, however due to problems with dissolving the peptide in Ficoll solution, a Ficoll
concentration of 25 mg/ml was used. To record the CD spectra, the Biokine MOS-450/AF-CD
spectrometer with a Xe lamp was used. Measurements were conducted in 0.1 cm cell and for the
far-UV wavelength range (190-260 nm), with a resolution of 1 nm, and acquisition time of 2 s. The
high tension (HT) values were monitored during measurement, and voltage values did not exceed
600 V.

CD spectra presented in this work are the averages over two measurements, with three scans
performed during each measurement. To smooth the presented graphs, the Savitzky-Golay method*®

was used.
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Crowders

3.1 Three models of crowder molecules

In this thesis, three types of crowders are described and used: all-atom PEG and polysucrose
molecules, and the coarse-grained crowders, intended to represent the size and hydrophilic proper-
ties of 28-mer PEG molecules, but minimise the interactions with the NS3/4A protease (Figure 3.1).
All crowders have a similar volume, so that the space they exclude is comparable, but the main
difference between them is the degree of interaction with the protein. Thus, the observation of the
protease surrounded by three types of crowders serves to disentangle the effects of volume exclusion
and those resulting from protein-crowder interactions. In the current chapter, the crowders will be
described in the order in which they were created during my doctoral studies. As all three models

were built from scratch, I consider them as part of the obtained results.

Polyethylene glycol (PEG) Coarse-grained (CG) crowders Polysucrose

Figure 3.1: Three models of crowders used in the simulations of the NS3/4A protease in crowded
environment: Polyethylene glycol (PEG) and Ficoll molecules in all-atom representation and the
coarse-grained crowder built with 42 carbon-sized pseudo-atoms distributed evenly on the surface
of the sphere, and an additional large pseudo-atom in the center.

The model of PEG crowders was used in an interdisciplinary study of the effect of crowding
on the activity of the NS3/4A protease, which was published in Biochimie in 2020. Both PEG
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and coarse-grained crowders were used in simulations aiming to understand the effects of different
aspects of crowding on the dynamic properties of the protease. This study was published in Bio-
physical Journal in 2021, however the properties of CG model were reported only briefly. Here I
describe the properties of both PEG and CG crowders in detail, I also include a description of the
process of the CG model design that finally led to the choice of the bead-shell model instead of
simple one-bead spheres.

The model of polysucrose and part of the results obtained with this model were the subject of
an undergraduate thesis written by Anna Skrzyszowska, for whom I was co-supervisor, together
with prof. Joanna Trylska. The thesis has been successfully defended at the Faculty of Physics, in
September 2021, however the results have not been included in any journal publication yet. In the
current and the following chapters I present the properties of Ficoll and a thorough comparison of

its interactions with interactions displayed by PEG and CG crowders.

3.2 All-atom PEG crowders

Motivation for incorporating PEG in a molecular dynamics simulation is to view a single crowding
experiment in two different scales - this is achieved by transferring the activity assay conditions
to the MD simulation. In the laboratory assay, the outcome of collective action of many NS3/4A
proteases is observed, whereas in the molecular dynamics simulation only one enzyme is viewed,
but with atomistic detail. This zoom-in allows observation of changes in the diffusion rate and in the
conformational dynamics of the enzyme, which is not possible during the activity assay.
Poly(ethylene glycol) (PEG) polymers of various sizes are among the most commonly used crow-
der molecules*®. Their advantage is that they are well soluble even at high concentrations®”. PEG
interactions with the proteins are limited, although not reduced to zero - experimental data show, that
it can not be considered an inert crowder. Protein-PEG interactions have been confirmed by isother-

mal titration calorimetry (ITC)!% 101,102 103

, NMR spectroscopy and X-ray crystallography ', showing
that PEG preferentially binds to hydrophobic residues'%2. Polar interactions between bovine serum
albumin and PEG, including formation of hydrogen bonds, were observed both in experimental
studies and in molecular docking experiments ',

The belief that PEG does not interact with proteins comes largely from the fact that it shows
anti-fouling properties - a layer of PEG covering a surface would act as repellent of proteins and
micro-organisms '%°, which is useful both for biomedical materials like implants and biosensors, and
for example in protecting ship hulls from marine biofouling.

A very unusual and useful property of PEG polymers is that they are considered amphiphilic
molecules - they can dissolve in both organic and aqueous solutions, even in solutes such as toluene,
ethanol and acetone'®. PEG molecules are composed of a number of interior -C'Hy — O — C'H»-
groups and two -C' Hy — O H end groups that possess a hydrogen bond donor in their hydroxyl group.
The interior groups, on the other hand, show much more favourable group interaction potential

with aliphatic C!7, contributing to hydrophobic character of the molecule. The ratio of end to
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interior groups is connected with hydrophilic properties of smaller PEG molecules and hydrophobic
properties of larger ones. PEGs with low molar weight of up to 8000 MW are mainly hydrophilic,
whereas long PEGs, with the mass over 20 000 MW show prevalently hydrophobic interactions with

the proteins '+108,

3.2.1 Molecular models of PEG - topology and parameterisation

In the simulations presented in this work, 28-mer of PEG was used - it contains 26 interior -C' Hy —
O — CH,- groups and a -CHy; — O — CHy; — C'Hy — OH group at each end, giving a total of 28
-C'Hy — O — C' H,- groups, hence the *28-mer’ term. The mass of such molecule equals 1295.5 Da,
which places it between the PEG molecules used in laboratory experiments - PEG 600 and 6000 in
the activity assay and PEG 600 and 1200 in CD experiments. The main motivation for choosing
precisely this polymer length was due to the fact that for 28-mer the hydrodynamic radius of the
molecule is known - this radius has been used to design spherical coarse-grained crowders of a size
corresponding to all-atom PEG polymer.

For model building and parameterisation of PEG molecules, I collaborated with a research group
from Bethesda (USA), lead by prof. Richard Pastor. The group conducted all-atom molecular dy-
namics simulations of a single 28-mer of PEG in water”®, from which they determined, among other
parameters, the mean hydrodynamic radius of the polymer. Conformations sampled from those tra-
jectories, as well as optimised charges and force field parameters were used to prepare models of
PEG crowders included in my simulations. Five conformations used as starting structures in the

simulations of the NS3/4 A protease surrounded with PEG crowders are shown in Figure 3.2.
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Figure 3.2: Conformations of the 28-mer of PEG sampled from a molecular dynamics simulation
conducted by H. Lee et al.”>. The conformation set comprises of both extended and folded poly-
mer chains - in the process of surrounding the protease with multiple PEG crowders, one of those
conformations has been chosen randomly upon placing each crowder around the NS3/4A protease.
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Topology and force field parameters of PEG polymers were constructed based on CHARMM36
force field, with optimised partial charges and torsion angles. Specifically, the PEGM residue from
the top,ll36.genf f.rt f topology file was used for interior C Hy, — O —C' H groups, and the topology
for OH — CHy — C'Hy — O — C'H, terminal groups was written from scratch. Partial charges on the
atoms were modified to match the charges used in the single PEG simulations”. To parameterise the
model, standard CHARMM36 force field parameters were used, with modifications of the torsion
angles based on the work of A. Leonard et al.!”. Finally, the topology in the following form was

used:

RESI PEGX 0.0000
! RESI PEGX is the topology of a single internal monomer of PEG

GROUP
ATOM C1 CG321 0.40
ATOM H1B HGA2 -0.0575! HI11 H21

ATOM H1A HGA2 -0.0575! I I
ATOM O1 OG301 -0.57 !(-C2)-Cl1-01-C2-
ATOM C2 CG321 040 ! I I
ATOM H2A HGA2 -0.0575! H12 H22
ATOM H2B HGA2 -0.0575

BOND C1 HIA C1 HIB C1 Ol
BOND O1C2 C2H2A C2H2B CI-C2

PATCHING FIRST PEG1 LAST PEG2

PRES PEG1 -0.00

! PEGI and PEG2 are patches for the terminal groups of PEG. Patches comprise of entries for the atoms,
whose type or charge changes in the terminal group, relative to interior groups, as well as entries for new
atoms, that do not occur in the interior group. Total charge of the terminal OH — CHy — CHy; — O — CH;

parts equals zero after considering all atoms present in those groups.

ATOM CO0 CG321 0.40
ATOM HOA HGA?2 -0.01
ATOM HOB HGA2 -0.01
ATOM OGO OG311 -0.65
ATOM HGO HGP1 0.08
ATOM H1B HGA2 -0.0100
ATOM H1A HGA2 -0.0100
ATOM H2A HGA2 -0.0100
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ATOM H2B HGAZ2 -0.0100
BOND COC1 COHOA COHOB OGOCO OGOHGO

PRES PEG2 -0.00

ATOM C3 CG321 0.40

ATOM H3A HGA2 -0.01

ATOM H3B HGA2 -0.01

ATOM OG3 0OG311 -0.65

ATOM HG3 HGP1 0.08

ATOM H1B HGA2 -0.0100

ATOM H1A HGA2 -0.0100

ATOM H2A HGA2 -0.0100

ATOM H2B HGAZ2 -0.0100

BOND C3C2 C3H3A C3H3B OG3C3 OG3HG3

!' IC entries were present in the topology file, although the values were set to 0.

3.2.2 Aggregation of PEG molecules

In the first set of simulations of the NS3/4A protease in the presence of PEG molecules, I encountered
a very significant issue. After only about 50 ns, the PEG molecules started to form large but not
dense clusters, to aggregate completely between 100 and 200 nanoseconds (Figure 3.3); clusters of
crowders formed in all three copies of the simulation, at a similar location near the surface of the
NS3 protease and the N-terminal tail of NS4A.

t=0ns t=50 ns t=200 ns

Figure 3.3: Sample screenshots from one of the trajectories of the NS3/4A protease surrounded by
PEG molecules, in which standard parameters were used in the TIP3P water model. The protease
and ions are shown in beige and the PEG crowders in red.
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The first obvious explanation for such a problem could be an error in the parameterisation of the
PEG molecules, but exactly the same parameters were already used in molecular dynamics simula-
tions by the group of prof. Richard Pastor. However, these were simulations in which the system
consisted of only one PEG polymer surrounded by water molecules”.

The literature research established that aggregation in MD simulations of multiple molecules is
a known issue, caused not by the parameterisation of aggregating molecules, but by sub-optimal
definition of the interactions between the water and other molecules. It turns out that in many force
fields the strength of interaction of water with other molecules is underestimated - in other words,
the hydrophobicity of molecules is overestimated. This problem does not interfere with simulations
of a single globular protein, but when simulating several molecules, it leads to excessive association,

as well as altered conformational dynamics, especially in case of the unstructured fragments.

3.2.3 Modification of force field parameters of water restores realistic diffu-

sion of PEG crowders

The first work that raised the question of whether modern force fields are suitable for simulating
multiple proteins was a 2014 publication by D. Petrow et al.”®; its authors noted that while there are
examples of simulations of several proteins in explicit solvent, from which conclusions are drawn on
their aggregation and interactions, there is no negative control, i.e., a simulation of non-aggregating
peptides. They performed such simulation, using a protein called villin, and its carbonylated coun-
terpart, that forms aggregates in vitro. Non-carbonated villin is a small protein (36 aa), which is
an example of a protein that does not aggregate even at very high concentrations - that is why it
later became a model system for studying aggregation in MD simulations. The first simulation of
villin ensemble, conducted in the GROMOS force field, showed that the non-aggregating villins un-
der natural conditions aggregate as much or even more than their modified counterpart. All villins
present in the system formed a single aggregate in 22 out of 26 simulations in GROMOS, and 65%
of the proteins did not dissociate from the aggregate until the end of the simulation. The simulation
was repeated for Amber, CHARMM?22 and OPLSA force fields, all with exactly the same results.
In each case, the formation of the aggregate proceeded with a decrease in the potential energy of the
system.

Another study published in the same year highlights a slightly different aspect of inaccuracies in
the force fields - observations showing that proteins in simulations are too poorly solvated relative
to experimental data’’. A factor that can affect both protein association and solvation energy is the
hydrophobic effect, and the authors concluded this might be where the problem lies. The only place
where we can attempt to model hydrophobic effect in traditional force fields is in the parameters of
solute interactions with water molecules, specifically the epsilon parameter for water atoms, which
is an input to calculating the ’strength’ of the Lennard-Jones potential of interactions between the
water and solute atoms. Indeed, upscaling this parameter resulted in agreement of the simulation

results with experimental data on protein size, solvation energy and protein complex formation.
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Figure 3.4: Radial distribution function (RDF) calculated for the distribution of water oxygen atoms
around heavy atoms of the NS3 protease, in the simulations with standard and scaled force field
parameters of water. For the simulation using the standard TIP3P water parameters, the radial dis-
tribution function gradually decreases and drops down to zero, which corresponds to a large cluster
of crowders that forms near the surface of the protein. With scaled parameters, the graph shows an
even distribution of crowders and free diffusion of PEG molecules, consistent with the experimental
data.

In the simulations presented here, the VAW interactions between solute and water molecules
were upscaled by the factor of 1.09, based on optimisation conducted for the CHARMM force
field 3. In the optimization process, such a scaling factor allowed the elimination of excessive ag-
gregation of the test peptides, and was low enough not to destabilize their native structure *.

Technically, the LJ epsilon parameter of the water oxygen atom was increased from -0.1521 to
-0.1807 kcal/mole and the epsilon parameter of water hydrogen atoms from -0.046 to -0.05466.
This way the calculated water-solute LJ potential is upscaled by the factor of 1.09. Epsilon values
for water atoms were calculated taking into account the equation for epsilon parameter for a pair
interaction:

€ij = €i€j (31)

where ¢; and ¢; are values specific for a pair of interacting atoms. The parameters were upscaled for
the interactions with all atom types present in the system, then for the water-water interactions it was
reduced back to the original values using the NBFIX entries that allow modifying the nonbonded
LJ parameters for selected atom pairs. Such small modification allowed to restore realistic diffusion
and distribution of all-atom crowders, observed to aggregate when simulated in the standard TIP3P
water model (Figure 3.4). The comparison between the modified water parameters and original
TIP3P water is shown below:

#*%  Original TIP3P parameters **%*
latom ignored epsilon Rmin/2
! (kcal/mol)  (A)
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HT 00 -0.046 0.2245
or 00 -0.152 1.7682
k% Modified water parameters ***
HT 0.0 -0.05466 0.2245
or 00 -0.1807 1.7682
NBFIX
! Emin Rmin
HT HT  -0.046 0.449
HT OT  -0.0836 1.993
oT OT -0.1521 3.5364

3.3 The coarse-grained Crowders

The purpose of introducing the coarse-grained model was to identify which elements of the effects
of the presence of PEG result from volume exclusion, and which from the interactions between the
protease and PEG.

Hence the CG crowders aim to represent folded 28-mers of PEG in every aspect but the charge-
charge protein-PEG interactions: they retain the radius of folded polymer and its hydrophilicity, as
well as minimal interactions with the protein in the form of LLJ parameters consistent with the PEG
carbons parameters. The pseudo-atoms making up the crowders lack any partial charges, therefore
their interactions with the protease are much weaker. Thus, in the assumptions of the model, the
influence of CG crowders on the protease dynamics is in the vast majority due to reduction of the
volume available for the protein.

It is worth noting that in the case of simulations described in this thesis, the reduced CG crowder
model is used in an otherwise full-atomic systems, that also include explicit solvent. It is quite an un-
usual multi-scale solution, used to maintain the effects of solvent dynamics and protein interactions
with individual water molecules. Some technical aspects of the model finally used result directly
from the necessity to adapt it for use in full atomistic simulation.

This chapter details the process of designing coarse crowders, with consecutive stages of design

shown in Figure 3.5. It also describes the encountered issues and strategies for addressing them.

Figure 3.5: CG crowder models at subsequent stages of design.
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3.3.1 Single sphere crowders

The basic, simplest model of a coarse-grained crowder is a single sphere that represents the entire

molecule that makes up a crowded environment. Such model has been previously used in many

simulations, studying for example the effects of crowding on protein stability %!

23,110

, protein complex
formation and inter-domain mobility?’.

To implement this model in the simulations of the NS3/4A protease, I used spheres of a radius
corresponding to a folded 28-mer of PEG (see Figure 3.6) which, according to a single PEG simu-
lations, equals 7.7 A75. Each crowder was modelled with a single enlarged pseudo-atom of type PE

developed specifically for the needs of the simulations carried out as part of the doctoral project.

Figure 3.6: A. The all-atom model of NS3/4A surrounded with 130 single-particle crowders; B. a
test system on which the parameters of the model were optimised, containing 27 crowders in water.

Since the pseudo-atoms have no partial charges, their interactions with other molecules are re-

duced to the Lennard-Jones potential Uy, ; pg, in the form:

(Rmin,PE,- ) 12 2 (Rmin,PE,- )6
T'PE; T'PE;
2
€PE, = VEPE * € (3-2)
Rmin + Rmin
2 PE 2

ULj.pE;, = €PE;

Rmin,PEi -

where ¢ p; and % p are the parameters of the pseudo-atom PE, included in the NONBONDED
section of the CHARMM parameter file read by the NAMD simulation engine. In NAMD it is pos-
sible to define different parameters for interactions with different molecules, for example, a separate
set of € and % for the crowder-protein interaction and a separate set for the crowder-crowder in-
teraction. However, this does not change the fact that for a reduced crowder, the entire mechanics of

an interaction has to be described with a very limited set of numbers.
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The function of the epp, parameter is quite simple - in practice it describes the strength of the
interaction between the crowder and other atoms. The function of R, pg, s slightly more compli-

cated (Figure 3.7) - it is not the distance between the crowder and other atoms, at which their mutual

attraction peaks. HT P is the contribution to R, pg,, and R, pg, is the distance from the cen-
tre of the pseudo-atom PE at which the (Upg,) potential crosses the X axis. In practice, R”T b
describes the "softness" of the Uy ; pg, potential - the shape of the LJ potential function.
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Figure 3.7: Examples of the LJ potential for the crowder pseudo-atoms of the radius of 7.7 A, illus-
trating how the changes to ¢ and RT »p; parameters affect its shape. As for the initial parameters
the R,,;, for the crowder-crowder interaction would be calculated as 8.47+8.47, the LJ potential for
this interaction would resemble the violet graph. A comparison between the green and violet graphs
- graphs with identical € parameters - shows very clearly, that the e parameter does not only define
the strength of interaction, but also steepness of the graph - a low € would result in ’softer’ potential,
allowing the centers of interacting atoms to locate closer than the sum of their radii.

As spherical crowders ought to only exert an excluded volume effect on the protein, initially
the ¢ parameter of the PE pseudo-atoms was set to a relatively small value of 0.01, minimizing
the attraction to other molecules. RT pp Was set to 8.47, which is 110% of the radius of 28-mer
of PEG. However, with these parameters, already at the stage of system equilibration single sphere
crowders were observed to aggregate and overlap with each other.

To solve the aggregation problem, I built a test system containing 27 crowder particles in water.
In order to facilitate the debugging process, in the parameter file I separated the crowder interactions
into interactions with the protein (main parameters in the Nonbonded section), interactions with wa-
ter and crowder-crowder interactions, described both with NBFIXes - parameter file entries defining
modified LJ parameters only for specific pairs of atoms. Using such a test system (Figure 3.6), a

series of modifications were tested, including:

e Increasing the cutoff for calculating nonbonded interactions from 12 to 19 A (Figure 3.8).
Due to the large size of the crowders, the distance between their centres (>15.4 A) was greater
than the cutoff distance of 12 A. For this reason, crowder A only "noticed" crowder B when
the crowders overlapped. The cutoff has been set to 19 A, which is larger than the sum of
the crowder radii plus additional 2-3 A distance between them. Following this change, the
pairlistdist parameter in NAMD configuration file was increased from 14 to 21 A.
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Figure 3.8: An illustration of the cutoff problem; with the standard LJ cutoff of 12 A two spherical
crowders with the radius of 7.7 A start to "feel" the VAW repulsion between each other when they
already overlap (A). With the cutoff increased to, say, 19 A (B) crowders see each other and ’feel’ the
VdW interactions before they start to overlap, and even before the LJ potential starts to be repulsive.
Another way of solving the cutoff problem is to reduce the radius of interacting pseudo-atoms - this
method was used in the later stages of crowder design, by placing a set of smaller pseudo-atoms on
the surface of the sphere.

e Optimization of the crowder-crowder NBFIX parameters by testing various combinations
of R, and € values. Following the hypothesis that soft LJ potential might allow overlap
of the PE pseudo-atoms, I also tested a substantially increasing e value, making the potential
steeper and the crowder particles "harder’, as well as increasing R,,;, to values larger than the

sum of PE radii, to enforce distancing between interacting crowders,

e Replacing the Lennard-Jones potential for the PE - PE interaction for only the repulsive

part of the U} ;, introduced using the NB-Table functionality,
¢ Exchanging the water model from TIP3P to TIP4P!!!,

e Modifying the crowder-water interactions to decrease hydrophobicity of uncharged PE
pseudo-atoms.

Increasing hydrophilicity combined with enforcing larger distance between crowders proved suc-
cessful in avoiding aggregation of single-sphere crowders; however, forcing physical distancing
posed a risk of disrupting crowder diffusion. Another significant problem of this crowder model
are large distances between the centres of individual crowders. To ensure that the crowders "feel"
each other before they overlap, the nonbonded cutoff has been increased to 19 A and the pairlistdist
to 21 A (Figure 3.8) - this parameter sets the distance up to which the interacting atom-pairs are
listed. Nonbonded interactions involve interactions of atom ¢ with every other atom present within
a cutoff radius. As in the all-atom system, the 12 A sphere around a given atom contains roughly
700 atoms, and the 19 A sphere contains about 3000 atoms, with increasing the cutoff the number
of interacting atom-pairs would quadruple. Therefore increasing the cutoff would dramatically in-
crease the number of calculations performed in each simulation step, significantly slowing down the

simulation.
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3.3.2 12+1 crowder model

A way to avoid increasing the cutoff distance for calculating nonbonded interactions is to reduce the
radius of interacting pseudo-atoms, so that the sum of their radii is less than the standard cutoff value,
for example, by replacing a single large sphere representing a crowder with a set of smaller spheres.
As a preliminary test I built a model combined of twelve pseudo-atoms surrounding a central atom,
all with a radius of 3.5 A. In this model, each pair of atoms was connected via bond, with the length
of about 8 A. The initial version of this model was tested on a system containing two crowders

surrounded with water, as in Figure 3.9.

Figure 3.9: A test model of a crowder consisting of twelve pseudo-atoms evenly distributed around
the central atom. In this model, all pseudo-atoms had a radius of 3.5 A and were connected via
standard harmonic bonds.

Unfortunately, the simulation with this particular model turned out impossible to be carried out
successfully - all the test simulations ended with "Bad global exclusion count" errors at random
times. As NAMD troubleshooting!'?> documentation explains, such errors can be caused by ei-
ther instability of the starting system, or the presence of excluded atoms, that are located on non-
neighboring patches. Excluded atoms are atoms distanced by up to 4 bonds, for which nonbonded
interactions are not calculated. In the 12+1 crowders, pairs of excluded atoms are separated by a
maximum of the crowder’s diameter, so it is possible that they will be localised in non-neighboring
patches - in such case the simulation would terminate every time this happens. The solution could
be to switch off the atom exclusion, also for the protein, or decrease the distance between atoms
on the surface of the crowder. The other solution, which was not taken into consideration, could
be running the simulation on a single processor, so the system would not have to be divided into

patches.

3.3.3 42+1 bead-shell crowders

To decrease the distances between pseudo-atoms on the surface of the crowder, the sphere built
with 12 atoms was replaced with 42 atoms distributed on the surface of the sphere (Figure 3.10
A), with the radius of the sphere set to 6 A. New atoms were significantly smaller, with the VAW

radius similar to carbon atoms (2.01 10\), making the overall radius of the crowder similar to the first
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single-sphere model. In this way, the sizes of the pseudo-atoms and the distances between them have

become comparable to those found in other molecules such as proteins.

Figure 3.10: Conformations of the crowders built with 42 carbon-sized pseudo-atoms distributed on
the surface of the sphere; A. the starting structure, B. the conformation adopted after minimization
and C. structure collapsed inwards during the thermalization process.

The first version of the 42 beads crowder that was tested, was a shell built with carbon-sized
atoms (of the artificial type BS) with a void inside (Figure 3.10 A). The atoms were connected with
neighbors via "covalent" bonds. However, during the minimization procedure, the crowders adopted
an icosahedral shape (Figure 3.10 B). This structural change was unexpected, but proved to be easily
explainable from a mathematical point of view. Twelve is the maximum number of points that can
be placed evenly on a sphere, so the distances between 42 pseudo-atoms of the crowder could not be
exactly equal. The crowder had to adopt the conformation that would be energetically optimal, and
the resulting structure appeared to be similar to naturally occurring structures such as, for example,
viral capsids.

During solvent thermalization, the crowders that were empty inside collapsed inwards (Figure
3.10 C), likely due to water pressure and/or the VAW interactions between atoms distanced by more
than 4 bonds. Therefore, to prevent the structure from collapsing, an additional atom was placed in
the center of a crowder. The central atom’s radius has been set to 6 A - this way it would ensure the
spherical structure of the crowder (Figure 3.11).

The additional atom stabilized the structure, but the problem that occurred with 12+1 crowders
has not been eliminated - the bonds between the atoms with R,,,;,, of 2.01 A (carbon-sized) turned
out to be still too long. As I did not want to further reduce the radius of the pseudo-atoms, I decided
to remove the bonds from the model, therefore completely eliminating the risk of “exclusion count’

error. For this purpose, I tested three strategies:

e Extra bonds are an additional harmonic potential that one can introduce between two atoms
to, for example, make the protein conformation more stable. In my model I replaced all bonds
with extra bonds. However, at the beginning of thermalization global bond count error has
been reported by NAMD, which according to NAMD documentation indicates, that the extra

bonds were too long.
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Figure 3.11: Additional large pseudo-atom in the center of the crowder ensures stability of the
spherical structure of the model. During the simulation in explicit water the 42+1 model adopts the
shape of an icosachedron, similar to the shape of the previous version adopted during thermalisation
process.

e NB-Table, with the Van der Waals interactions between surface atoms replaced with tabulated

harmonic potential in the form:

VBS—BS<T) = k(’/‘ — Tref)2 (33)

NAMD NB-Tables functionality requires providing an energy file, with a table consisting of
entries with the values of potential and force to be applied at specific distance from each atom.
Energy was calculated using the formula for Vzs_pg harmonic potential, with the harmonic
constant & set to 100 and the minimum distance 7. to 3.7 A - an average distance between
the surface atoms. The force was calculated as a derivative of the V35 g potential. Harmonic
potential should work as a pseudo-bond, preventing the surface atoms from moving away from
their neighbors. Although this solution seems simple, during simulations using pseudo-bonds
of this type, changes in the behaviour of water around the crowder were noticed - a vacuum
layer was formed near the surface of the crowder and the water pressure in the remaining

regions increased. Unfortunately, it was not explained what caused such effects.

e NBFIXes as pseudo bonds. The third and most successful approach was using NBFIX entries
instead of bonds. Strong VAW type interactions appear to be enough to keep the crowder’s
structure intact. Furthermore, the length of such pseudo-bonds is limited only by the cutoff

value.

During the simulations of crowders with pseudo-bonds I noticed that when all crowder atoms are
described with a single atom type (BS), crowder A atoms can "form a pseudo-bond" with crowder
B atoms. In other words, upon contact between crowders A and B, the atoms of crowder A "feel"
the LJ potential representing the pseudo-bond in crowder B and an attraction between the atoms of
both crowders occurs. This can result in unwanted clustering of crowder molecules. To address this

issue, I decided to separate the atom types in the crowders and assign crowder 1 a BS1 type for all
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its surface atoms and a PE1 type for its central atom. In this way, crowder N will have surface atoms
of type BSN and a central atom of type PEN.

This solution complicates the process of creating a parameter file for a system containing coarse-
grained crowders because separate atom types are required for each crowder particle and the structure
of such a file depends on the number of crowders in the simulated system. The solution I used was
to write a program that generates a parameter file for a given number of crowder molecules. This
program, par_generator.py, is attached in APPENDIX. A structure of the parameter file for the
system containing N bead-shell crowders is presented and described in detail in the Final model of

the CG crowders’ section.

3.3.4 Artificial hydrophilicity of the CG crowders

An important element in preventing the aggregation of single-sphere crowders, identified during test
simulations, was modification of crowder interactions with water molecules. It turned out that to a
large extent it is the hydrophobicity of the crowders that is responsible for their aggregation, while
hydrophobicity is a direct result of the lack of charges or partial charges on the crowder pseudo-
atoms. The most fundamental property of water molecules is their polar nature, resulting from a shift
in electron density from the two hydrogen atoms to the electronegative oxygen atom. The resulting
dipoles allow for the very characteristic structure of water, in which molecules form a series of
hydrogen bonds with each other. The OH dipoles also define the way of interactions between water
and other molecules - through charge-charge interactions, polar groups and molecules enter into a
"net of interactions" formed by water molecules, while the non-polar molecules are repelled, leading
to their clustering.

In order to obtain crowders that do not aggregate and retain realistic diffusivity, it was necessary
to understand a little more deeply what hydrophobicity and hydrophilicity are - so that it could be
encoded in the very limited number of parameters that the NAMD program takes as an input.

The first task was to find a way to compare the hydrophilicity of two molecules - in this case PEG
and the CG crowder that represents them. For this purpose, it is required to find a measure which
describes hydrophilicity and which can be determined from a fragment of the molecular dynamics
trajectory. Such a measure may be the distribution of water molecules around the molecule under
study, described by the Radial Distribution Function (RDF). It describes the density / number of
water molecules as a function of the distance from the molecule. At the surface of a hydrophilic
molecule, such as PEG, a layer of water molecules directly interacting with it will form a peak on
the RDF graph (the first hydration layer), then the density of water molecules will decrease and
increase at the level of the next layer, and further on at a larger distance from the molecule the RDF
will level off around a certain constant value.

To quantify the level of interaction of the PEG molecule with water, I decided to determine the
average height of the first peak of the RDF function from the trajectory, and then to choose the LJ
parameters for the crowder atoms in such a way that in the test simulation the height of the first peak
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Atom selection € RDF peak
PEG
type C1 0.7
type C2 0.65
Crowders
0.1521 0.55
0.2 0.65
resname BSP 0.3 0.675
0.6 0.95
1.2 1.25
0.1521 0.55
0.2 0.65
resname BSP and not type PE 0.3 0.675
0.6 0.975
1.2 1.3

Table 3.1: The height of the first RDF peak for the PEG carbons and for the crowders with different
values of the e[kcal /mole] parameter. Atom selection is the VMD selection for which the water’s
oxygen RDF was calculated, i. e., the distribution of water oxygen atoms around carbon atoms of
PEG and around the BS surface atoms of the coarse-grained crowders (the crowder residue is called
BSP and PE is the large central atom of the crowder.

was as close as possible to the value for PEG. I also took into account the comparison of the shape

of the function for both molecules.

The RDF for the distribution of water around the crowder molecules was calculated for short
simulations of two separated crowders in water with a set of different ¢ values. The RDF peak
height values for the PEG and test simulations of the CG crowders with different e values for the
crowder-water interactions are presented in Table 3.1. RDF was calculated using VMD Radial Pair
Distribution Function extension. To obtain comparable functions, RDF was calculated for the carbon
atoms of the inner monomers of PEG (type C1 and C2) and the surface pseudo-atoms of the coarse-

grained crowders.

Based on this procedure I decided to set the € value for the water-crowder interaction to 0.3. Thus,
in summary, the artificial hydrophilicity of coarse-grained crowders was implemented by assigning a
separate NBFIX entry in the CHARMM parameter file to the crowder-water interaction, modifying
the interaction between the atoms on the crowder surface (type B.S;) with the oxygen atoms of the
water molecules (type OT). As the € parameter indirectly describes the interaction strength of a given
pair of atoms, the modification of this parameter increased the interaction strength of the crowder
with water in such a way that the distribution of water molecules around the crowder was as close as

possible to the distribution of water around the PEG molecule.
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3.3.5 Final model of the CG crowder

The model finally used for simulations of the NS3/4A protease in crowded environment was based
on the 42+1 model - a model in which 42 carbon-sized atoms are distributed on the surface of a
sphere, with an additional large atom in the centre of the crowder, however parameterisation of this
model benefits from observations and optimisations obtained at all stages of the CG model design.
In order to refer to the practical implementation of the model, the properties of the final version are
included as comments in the individual sections of the template CHARMM parameter file for such

a crowder.

A spherical crowder represents
single folded 28-mer of PEG

42 pseudo atoms on the surface
of the sphere, with the LJ
parameters of a PEG carbon

Large pseudo atom in the
center of the sphere stabilizes
spherical structure

A single parameter describing water- There are no bonds in the model

crowder interactions determines

hydrophobiicty of the crowders Pseudo bonds are modelled

with strong Lennard Jones potential

Crowder-crowder interactions
reduced to repulsion

* CG crowder parameters *

ATOMS

* Mass of a crowder equals 246+42%25 [Da], which corresponds to the mass of a 28-mer of PEG (1295.5
Da). The mass of the central atom is larger to slow down its movements and keep the crowder molecule as
stable as possible.

MASS -1 PE1 246.000

MASS -1 PE2 246.000

MASS -1 PEN 246.000
MASS -1 BS1 25.0000
MASS -1 BS2 25.0000

MASS -1 BSN 25.0000
ANGLES
* The model has no bonds, so it also has no angles between bonds. However, for technical reasons, angles

set to zero are included in the parameter file as they have to be included in the psf file

71



CHAPTER 3. CROWDERS

BS1BS1BS10.00.0
BS2 BS2 BS2 0.0 0.0

BSN BSN BSN 0.0 0.0

NONBONDED

* The standard parameters in the NONBONDED section apply only to interactions with protein atoms -
for the other interactions separate parameters have been set in the NBFIX sections. The surface pseudo-atoms
BS1, BS2... BSN are parameterised as PEG carbons. The same parameters are set for the PE1, PE2... PEN
atoms, however, due to the large distances between the central atom and the closest atoms of the protein, they
do not affect the crowder protein interactions.

PE1 0.000000 -0.0500 2.0100

PE2 0.000000 -0.0500 2.0100

PEN 0.000000 -0.0500 2.0100
BS1 0.000000 -0.0560 2.0100
BS2 0.000000 -0.0560 2.0100

BSN 0.000000 -0.0560 2.0100

NBFIX

* in the NBFIX entries, the fourth column defines the equilibrium distance between the specified pair
of atoms, and the third column defines the e value for their interaction - unlike the previous section, the LJ
parameters are not calculated here based on values for two individual atoms.

* the NBFIX entries for the central and surface atoms and for the pairs of surface atoms replace bonds
between pseudo-atoms. A LJ potential much stronger than that between the pairs of atoms in real molecules
holds the crowder parts in the desired configuration. Pseudo-bonds between the surface pseudo-atoms and
central pseudo-atom of each crowder maintain nearly-spherical shape of the crowders and ensure their stabil-
ity.

BS1 PE1 -100.00000 6.000

BS2 PE2 -100.00000 6.000

BSN PEN -100.00000 6.000

* pseudo-bonds between the pseudo-atoms on the surface of the crowder
BS1 BS1 -25.0000 3.700

BS2 BS2 -25.0000 3.700

BSN BSN -25.0000 3.700

* artificial hydrophilicity - water-crowder interactions are modified in such a way as to obtain a water
distribution around the crowder similar to that of the PEG molecules. This procedure prevents aggregation
and ensures realistic diffusion of the crowders.

BS1 OT -0.300 3.570

BS2 OT -0.300 3.570
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BSN OT -0.300 3.570

* soft LJ potential for crowder-crowder interactions, with parameters optimised to eliminate crowder-
crowder attraction. As each crowder has its own type of surface atoms, it is necessary to include all possible
pairs of crowders in this section.

BS1 BS2 -0.00001 12.00

BS1 BS3 -0.00001 12.00

BS1 BS4 -0.00001 12.00

BS(N-1) BSN -0.00001 12.00

3.3.6 Adding crowders can actually speed up MD simulation

The natural environment in which proteins function is highly crowded - about 30% of the space in
the cytoplasm is occupied by macromolecules such as proteins, lipids and RNA. Thus, simulating the
dynamics of a protein in a crowded environment can add a lot of realism to the resulting trajectories,
especially due to the fact that crowding influences both conformational dynamics and activity of
certain proteins.

It is widely believed that simulating macromolecules in a crowded environment is very time
consuming and computationally intensive. However, this may not always be true; while adding
full-atom crowders to the simulation actually increases the simulation time, adding coarse-grained
crowders may have the opposite effect.

For example, a spherical crowder, even in the 42 + 1 representation, contains less atoms that
the same volume filled with explicit water molecules. For this reason, a simulation of the protein
surrounded with CG crowders and explicit solvent can be faster than a simulation without crowders.
According to my benchmark simulations, adding 424-1 bead shell crowders in a volume fraction ¢ =
0.18, speeds up the simulation by 20%, compared to the simulation of the same protein surrounded

only with explicit water.

3.4 Ficoll crowders

Simulations of the NS3/4A protease in the crowded environment modelled with Ficoll molecules
represented with polysucrose were performed to explain the experimental results obtained in the
activity assay, in which the activity of the protease was measured in water and in the presence of
PEG and Ficoll®!. This experiment showed that while PEG as expected decreases protein activity,
the presence of Ficoll can increase it. This result was unexpected and not obvious to explain that
we took the decision to run MD simulations to study the effect of Ficoll on the protein at the single
molecule scale.

Ficoll is a polysacharide consisting of polymerised sucrose molecules, formed by the reaction of

sucrose with epichlorchydrin. The structure of resulting molecules is very diverse, with long, highly
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branched chains classified by weight - hence terms such as Ficoll 400. The molecules are neutral,
and due to the presence of many hydroxyl groups highly hydrophilic and well soluble in water.
Ficoll is typically described as inert molecule, which means it does not interact with proteins and
in a crowded solution acts as a good approximation of a hard sphere. However in the publications
describing experiments with Ficoll crowders, the statement about Ficoll’s inertia usually appears as
a dogma, that does not require citation of the supporting work.

For the reason of the alleged inertia, Ficoll molecules have been widely used as crowders, which
influence the protein only through volume exclusion. Although this is one of the most popular

113,6

models in experimental studies’'>°, so far it has not been applied in molecular dynamics simulations.

3.4.1 Parameters of the model

The model of polysucrose molecule created for the purpose of the NS3/4A simulations was designed
to match the volume of other crowders used in this study. A polymer consisting of three sucrose
molecules turned out to be the closest to the size of a sphere of a radius of 7.7 A. To obtain the
initial version of the model, the sucrose molecules were aligned using Chimera, so that the points to
be bonded were as close together as possible; for this purpose, a structure deposited in the PubChem
database was used, with an ID of 5988.

The topology and parameter files for this structure were written based on CHARMM force field
for carbohydrates, which includes parameters for building blocks of sucrose, glucose and fruc-

14115 “and the linkers for building polysaccharide molecules’. In the Ficoll molecules used

tose
as crowders in laboratory experiments, the sucrose monomers are connected with glycerol linkers,
which form during the reaction of sucrose with epichlorohydrin''®. Since the sucrose-glycerol link-
ages are not parameterised in the CHARMM force field, I decided to use a simplified model in which
sucrose molecules are connected with glycosidic bond (Figure 3.12). For a further justification of
this choice, and plans for future improvements of the model, see section 3.8 in the discussion after
this chapter.

The polysucrose model was built by breaking down the sucrose structure into glucose and fruc-
tose components, and then combining the three glucose and three fructose molecules with available
forcefield patches. While connecting two glucose or fructose residues, a -OH group of one monomer
and the -H of the hydroxyl group of the other monomer had to be removed, in order to create a pair
of monomers linked with the ester bond. So in each contact place, 2 hydrogen atoms and 1 oxygen
atom were removed, i.e. the water molecules produced during the formation of glycosidic bonds.

Since the chosen polymer is short, its topology was described within a single RESIDUE. Parts
of the topology file were prepared by Anna Skrzyszowska (under my supervision) during the under-
graduate student practices. Topology fragments corresponding to glucose (ID:AGLC) and fructose
(ID:BFRU) were arranged successively, according to their order in the initial model. The linkers be-
tween the fragments were added based on patches for building polysaccharide molecules (ID:SUCR
and IMAL for the linkers inside sucrose molecules; ID: MELZ, 6KES for the linkers connecting
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Figure 3.12: The structures of polysucrose (used as a representation of Ficoll) crowder, illustrating
the order of glucose and fructose monomers (A and B), and the optimised conformation selected
based on the MD simulation of a single polymer molecule in water (C and D).

neighbouring sucrose molecules). Partial charges and atom types, and thus also the force field pa-
rameters, were assigned entirely based on the fragments described in the CHARMM36 force field,
i. e., no parameter modifications were made. The only interference in the parameterization of the
molecule was the addition of three missing dihedral angles, with the parameters assigned by analogy
to existing ones.

The last step in building the model was energy minimization and a test simulation of a single
polysucrose molecule in the environment of explicit water with ions. Obtained trajectory was used
to select an energetically optimal polysucrose conformation, which was used as a starting structure
in the simulations of NS3/4A in a crowded environment. This method is similar to the way in
which the starting conformations of PEG were obtained; however, due to the much lower mobility

of polysucrose (Figure 3.13), only one conformation was used.

3.4.2 The concentration problem

Considering crowded molecular systems, two ways of understanding the crowder concentration can
be distinguished: the traditional mass per volume or ’volume per volume’ concentration, i.e. the
volume of the crowder in relation to the total volume of the system or the volume of solvent. The
latter is actually more intuitive in the case of such systems, as much of the impact of crowding is
due to the excluded volume effect. For this reason, when constructing systems containing protein
surrounded by crowders, I took into account the concentration as a measure of the volume by which

the crowders limit the space available to the protease.
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The size of the polysucrose molecules was chosen to correspond to the volume occupied by a
single molecule of PEG in the semi-globular conformation. However, this resulted in a ’mass per vol-
ume’ concentration mismatch between the systems crowded with PEG and polysucrose molecules.
PEG molecule, with 206 atoms and a mass of 1295.5 Da is heavier than polysucrose with 129 atoms
and a mass of 990.84 Da - similar volume at different masses is due to the difference in the structure
of the two molecules - while PEG is a chain built with —C'Hy — C'Hy — O— monomers, polysucrose
contains six aromatic rings, significantly adding to its volume.

In the continuation of the project, new model of polysucrose was designed, with the mass cor-
responding to the mass of 28-mer of PEG, however this part was not included in the thesis as the

research and model design are ongoing.

3.5 Dynamic properties of the crowders

A first insight into the behaviour of crowder molecules was obtained by observing their internal
dynamics and mobility. While coarse-grained crowders maintain their semi-icosahedral shape with
the RMSF of 0.1 A, all-atom crowders show much higher internal flexibility (Figure 3.13, Table 3.2).
The greatest conformational variability is exhibited by PEGs, which are able to dynamically fold and
unfold, adopting a wide range of conformations from fully stretched strands to compact globular
structures. PEG conformations shift rapidly, with the transition from unfolded to globular states on
the order of a few nanoseconds. Polysaccharide crowders on the other hand are less mobile, with an
RMSF of 2.1 A - this can be partially explained by their structure rich in aromatic rings, which is

not as flexible as the much simpler linear PEG chain.
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Figure 3.13: Internal dynamics of the crowders visualised as changes in the radius of gyration of
sample PEG and polysucrose molecules.
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Environment CG crowders Polysucrose PEG
RMSD [A] 0.42 + 0.01 3.25 + 0.82 9.30 + 1.57
RMSF [A] 0.09 + 0.01 2.12 +0.86 7.08 + 1.36

Table 3.2: RMSD (eq. 2.13) and RMSF (eq. 2.14) calculated for heavy atoms of sample crowder
molecules of each type. RMSD and RMSF values are averaged over three trajectories of the NS3/4A

protease surrounded with given crowders, and presented with SEM and SD errors respectively.

One can notice a discrepancy between the actual radius of gyration measured based on trajecto-
ries of PEG molecules (in Figure 3.13) and the average hydrodynamic radius calculated by H. Lee
etal.” (7.7 A). However, when the values of the radius of gyration are considered, both results are
in agreement; mean value of the radius of gyration of individual PEG crowder calculated from my
trajectories equals 12 + 0.2 A, while the Rg value calculated for the same PEG molecule simulated
by H. Lee et al. equals 11.8 + 0.2 A.

Another observed aspect of crowder dynamics was their translational diffusion, which was mea-
sured based on MSD values (eq. 2.18), taking into account the size of the simulation box and the
effect of crowded environment on solvent viscosity (see Simulation Methods: Trajectory Analysis).
Since conformational variability makes it impossible to accurately calculate rotational diffusion, this
property of the crowders was not included. Below is a summary of both corrected translational
diffusion coefficients (Dcorrecteds €q- 2.22) and raw values (Dy, eq. 2.19) as calculated from the
trajectories (Table 3.3).

Environment Raw diffusion from Corrected
MD (A%/ns) diffusion
coefficient (A2/ns)
PEG standard FF 3.89 £0.03 5.55 £0.01
PEG scaled FF 13.09 £ 0.19 8.74 £ 0.06
CG crowders 19.43 +0.44 11.17 £ 0.15
Polysucrose 25.41 £ 0.39 13.49 £ 0.13

Table 3.3: Translational diffusion coefficients of the crowder molecules of different types. The table
contains both raw values of diffusion coefficients calculated from the MD trajectories (D, eq. 2.19),
and the coefficients corrected for PBC and TIP3P viscosity artifacts (D.orrected> €q- 2.22).
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The D, analysis offers a numerical proof that upscaling water-crowder interactions prevents ag-
gregation of PEG and restores their realistic diffusion. An interesting feature of the corrections can
be seen - in most cases they decrease the value of the coefficient, except for the case where crow-
der aggregation occurred, i.e., for the PEG crowders simulated with standard force field parameters
(Table 3.3).

As for the corrected values themselves, it can be seen that PEGs diffuse the slowest of all crow-
ders. This is certainly influenced by their conformational variability, and the resulting ability to
restrict the movement of crowders; however, it may also be indicative of interactions with both
other crowders and the protease. Coarse-grained crowders diffuse faster than PEG simply because
their interaction is reduced to repulsion and their spherical shape makes it easier for them to bypass
each other. Both of these results are in line with what would be expected. In contrast, a some-
what surprising result is the diffusion coefficient of polysucrose, which moves even faster than the
non-interacting CG particles.

Many studies suggest that polysucrose molecules are highly hydrophilic, so that they form a

strong hydration layer around them'!”

, preferentially binding with water rather than with any other
partner. This property might serve as good explanation for the fast diffusion of polysucrose, since
a layer of water around each crowder should facilitate diffusion. And indeed, analysis of the radial
distribution function confirms increased density of water molecules directly around polysucrose,

compared to the water surrounding PEG (Figure 3.14).
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Figure 3.14: Distribution of water oxygen atoms around PEG and polysucrose molecules, calculated
for water molecules surrounding all crowder atoms, including the hydrogens.

Typically, the RDF peak representing the first hydration shell - i.e. the water molecules directly
interacting with the solute — appears at ~2-3 A. The RDF graph presented here shows distances

between atoms of the crowders and the oxygen atoms of water molecules. For this reason, we see
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the peak representing the first hydration shell divided into two distinct peaks at 2 A and ~2.8 A. The
"subpeaks’ represent two positions of water molecules — positioned with oxygen towards the crowder
(first, lower peak) and positioned with hydrogen closer to the crowder surface (second, higher peak).

Numerous hydroxyl groups of polysucrose are excellent donors of hydrogen bonds, and so it
is understandable that its interactions with water molecules are particularly strong. However, even
theoretically, it is hard to imagine that a molecule with such polar properties does not interact with
proteins at all and acts as a completely inert crowder, as is commonly believed.

To find out if and how the polysucrose molecules interact with the protease and with each other, I
calculated a set of radial distribution functions describing surroundings of the protein and crowders,
measured the contact times between the molecules and performed the analysis of hydrogen bonds
forming in the trajectories. The results were compared with the interactions of PEG molecules and

those of the coarse-grained crowders.

Crowder-crowder contacts

Crowder 7.5[ns] 7 [ns] S,
PEG 0.45 £0.01 10.99 + 0.46 0.74
CG 0.03 £ 0.01 3.88 £0.04 0.99
Polysucrose 0.36 = 0.04 340 £ 0.51 0.71

Crowder-protein contacts

Crowder 7.5[ns] 7t [ns] S,
PEG 1.20 £ 0.26 29.78 + 7.64 0.79
CG 0.43 £0.02 21.40 + 0.41 0.93
Polysucrose 2.16 £0.10 41.13 £4.04 0.85

Table 3.4: Estimated times of crowder-crowder and protein-crowder contacts, measured on shorter

and longer time scales, along with the weight associated with the shorter contact time (S..).

Estimated contact times were calculated for both crowder-crowder and crowder-protein contacts,
and averaged over three trajectories of each type of crowded systems containing the NS3/4A protease
surrounded by 130 copies of crowder particles (Table 3.4). Contacts were calculated for two time
scales, shorter and longer, by fitting correlation functions to a double exponential function (eq. 2.28),
obtaining two contact times and the weights associated to the shorter contacts (see Chapter 2, section
2.2.7, equations 2.27 and 2.28).
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As for the crowder-crowder contacts, a first observation is that the time of contact between pairs
of mostly repulsive CG crowders goes to zero, with a weight of 0.99. Their longer contact, although
having a weight of 0.01, is of similar length to the longer scale contact time (7.!) of the polysucrose
molecules. On this basis it can be assumed that a time on the longer scale of the order of 3-4 ns can
be called a minimum contact time. At the other end of the scale are the PEG molecules, whose longer
contacts reach lengths of more than 10 ns; thus PEG-PEG interactions are much more stable than
polysucrose-polysucrose. The estimated contact times on the shorter scale (7.°) are of a similar order
for both all-atom crowders, although, as with longer scale contacts, they indicate greater stability in
the contacts between the PEGs.

Environment Simulation | Hydrogen bonds Mean value
copy per frame
sysl 3.46
PEG sys2 2.76 435+ 1.75
sys3 6.76
sysl 10.56
Polysucrose sys2 8.30 10.67 £ 1.98
sys3 13.14

Table 3.5: Number of hydrogen bonds in each copy of the simulations of NS3/4A protease sur-
rounded with PEG and polysucrose crowders. Mean numbers of bonds per simulation frame are

given with SEM errors.

Analysis of the protein-crowder contacts suggest that PEGs and polysucroses interact with the
protein surface to a comparable extent, and even with an indication of longer, more stable contacts
with polysucrose molecules. This result is not consistent with the common knowledge on Ficoll,
according to which the polysaccharide displays only minimal interactions with the proteins, whereas
it is the PEG that is considered to be more interacting *°.

Because of this inconsistency, I looked carefully at the parameters of the polysucrose molecules,
thinking that it might be due to an error made during the parameterisation process. However, there
is no indication that such an error could have occurred - all the LJ parameters and partial charge
values were taken from a standard well-tested force field. The only place where new elements
were introduced were the parameters of the three missing torsion angles, which were also copied
from analogous linkers between saccharides from the CHARMM force field - so even if they were
introduced incorrectly, they would only affect the geometry of the particles, not the mode or strength

of interactions.
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Residue Hbonds fraction [% of Contact fraction [% of
all hydrogen bonds] the simulation time]
PEG Polysu- PEG Polysu-
crose crose
ARG 14.9 12.7 96 92
LYS 4.0 4.7 59 74
ASN 0.9 1.8 22 50
GLN 54 6.5 61 75
CYS 2.8 3.5 61 63
SER 8.1 6.5 90 83
THR 94 9.2 88 92
TYR 9.3 6.8 84 85
TRP 2.7 1.5 51 28
HIS 0.0 0.0 5 0
GLY 6.1 4.8 79 88
ALA 8.2 4.8 78 81
VAL 4.9 33 83 80
ILE 2.8 1.9 78 67
LEU 12.0 7.7 96 90
MET 1.2 1.8 47 71
PHE 1.5 1.9 57 52
ASP
GLU
PRO

Table 3.6: Hydrogen bonds and contacts between the NS3/4A amino acids and crowder molecules,
calculated for single 500 ns trajectories of the systems containing the NS3/4A protease surrounded
with PEG and polysucrose crowders. Residue types are ordered by their number of hydrogen bond
donors. The Hbonds fraction columns show the fraction of unique hydrogen bonds between a given
type of amino acid and PEG or polysucrose crowders, as a percent of all hydrogen bonds formed
between NS3/4A and crowders. The maximum donor-acceptor distance was set to 3.5 A and the
donor-hydrogen-acceptor angle criteria were extended to no less than 120 degrees. The Contact
fraction columns show the fraction of the simulation time when any crowder atom was present

within 3.5 A from the atoms of the amino acids of a given type.
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The next step in the attempt to understand the obtained results was to search for hydrogen bonds
between PEG or polysucrose molecules and amino acids on the protein surface (Table 3.6). The
analysis confirmed the presence of such hydrogen bonds in the case of both crowders; moreover,
there are significantly more bonds with polysucrose molecules than with PEGs. Considering the
maximal distance of 3.5 A and maximal angle of 140 deg, there are over four protein-crowder hy-
drogen bonds per frame in the trajectories with PEGs, and about eleven with polysucrose crowders
(Table 3.5).

PEG and polysucrose are characterised by different hydrogen bond forming capacities. While
PEG has a large number of acceptors and only two donors at each end, polysucrose has significantly
more hydrogen bond donors (Figure 3.15). From this may come the main difference in what type of
residues they interact with most frequently; it appears that polysucrose forms hydrogen bonds with
acidic amino acids, namely ASP and GLU, far more frequently. The implications of this difference

will be discussed further in the following chapter.

polysucrose
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Figure 3.15: The structures of PEG and polysucrose crowders with hydrogen bond donors marked
in red and acceptors in green.

Other than that, it is hard to see other significant differences in the amino acid type preferred
by PEG and polysucrose. However, looking from a different perspective makes it possible to no-
tice the difference in their interactions elsewhere. Protein-crowder contacts mapped to the protein
surface show that while PEG molecules accumulate around certain preferred regions of the protein,
polysucrose distributes more evenly across the protein surface (Figure 3.16).

Differences in the distribution of crowders on the surface of the protein may have downstream
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Figure 3.16: Distribution of PEG and polysucrose crowders around the NS3 protein, visualised as
the ribbon model structures colored by the average number of crowder atoms around each amino
acid per trajectory frame. Two pairs of structures, A-B and C-D, compare the distributions in a
slightly different way: at the top, the structures are colored according to the same scale, to compare
the amount of crowder atoms around the amino acids of each structure, while at the bottom, each
structure is colored according to its own scale, to show different nature of the two distributions -
PEGs gathered at specific regions of the protein and polysucrose molecules evenly distributed over
the entire surface of the protease.
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consequences for the rotational diffusion of the protease (see next chapter for exact diffusion anal-
ysis) - a transient cluster of protein and evenly distributed polysucrose molecules will have a more
globular shape than a protein with PEGs accumulated at several locations, and thus in an environ-
ment crowded with polysucrose, rotational diffusion of the protein will be easier.

A final and concluding analysis of crowder interactions is the observation of the distribution of
crowder atoms as a function of distance from the protein surface (Figure 3.17). It is easy to notice a
clear peak in the graph for the PEG oxygen distribution, indicating the presence of a layer of crowder
atoms directly at the protein surface. The irregular shape of the peak most probably corresponds to

a wide range of conformations of PEG molecules directly contacting the protease.
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Figure 3.17: Distribution of PEG, CG and polysucrose crowders around heavy atoms of the NS3
protease. The radial distribution functions have been normalised with respect to the number of
atoms in distinct types of crowders and to their volume fraction. On the graph, two lines are shown
to characterise polysucrose crowders distibution, to highlight the difference between distribution of
all crowder atoms, and the distribuion of hydroxyl groups interacting with the protein. In case of
PEG crowders, oxygen atoms for which the RDF was calculated are distributed evenly along the
polymer chain, therefore only one line is shown, as oxygen locations are a good approximation of
PEG shape.

Another observation that fits with previous results is the shape of the graph for the distribution
of coarse-grained crowders - these crowders distribute around the protein in a random manner and
do not form a layer of molecules interacting with its surface. This result is a clear confirmation that
the CG crowders do not interact with the protein, and they behave exactly as designed.

Once again, trajectories with polysucrose proved to be the most complicated to analyse. Cal-
culating the RDF for the distribution of all polysucrose atoms around the protein yields a plot that
is a textbook example of a graph for non-interacting molecules - the number of polysucrose atoms
increases continuously, and no defined layer of polysucrose atoms is visible. Such a result would,

of course, be inconsistent with previous analyses that indicate multiple interactions with protein
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residues. It is due to the specific structure of the polysaccharide; each semi-globular molecule has
twenty-five hydroxyl groups evenly distributed on its surface. Measurement of the RDF for the dis-
tribution of oxygen atoms of these groups clearly indicates that they form layers around the protein
surface, partially resulting from the presence of numerous hydrogen bonds with the protease residues
(Figure 3.17).

The peaks observed for PEG and polysucrose crowders both refer to the distribution of oxygen
atoms, but the location of these atoms in the molecules is different, hence the difference in peak
location. The oxygens of PEG molecules are composed into linear polymer chain, and located
directly at the surface of the protein, acting as hydrogen bond acceptor; whereas analysed oxygens
of polysucrose are components of the hydroxyl groups being hydrogen bond donors, and therefore

they are separated from the protein surface by a bond and a hydrogen atom.

3.6 Discussion

3.6.1 Non-standard crowder choice

In the laboratory experiments investigating crowding, technical aspects make non-protein polymers,
such as PEG, Ficoll or dextran the most common choice of crowded environment representation 46,6
At the same time, in the simulations studying proteins in crowded environment, there are two main
directions for choosing the crowders. The first one is using reduced models, providing only the
volume exclusion. The second one is deciding on crowders representing molecules actually present

118, This is understandable,

in living cells, providing interactions with the studied protein as wel
as if like in the case of molecular modelling and simulations, the choice of crowders is virtually
unlimited, the most desired form of crowded environment model would be a realistic depiction of
a fragment of cytoplasm. In this way, a kind of division is created, into ’laboratory crowders’ and
’simulation crowders’. The results obtained in my simulations suggest, that there might be a gap
in understanding of how exactly ’laboratory crowders’ affect the proteins, which is partly related to
said division. A clear example of this gap is the case of polysucrose that represent Ficoll molecules.

113,6

Ficoll is generally considered to be inert and not interacting crowder ' '~°, while in the simulations

it forms more contacts and hydrogen bonds with the protease surface than PEG, which is known to
form such interactions %0~ 104,

The idea of introducing ’laboratory crowders’ into molecular dynamics simulations is very un-
common. There are only a few very recent computational studies employing PEG as crowder

molecules - simulations of Lysozyme surrounded with all-atom PEG polymers %20

, and a study
on intrinsically disordered proteins surrounded with PEG crowders in a coarse-grained representa-
tion'?!. With Ficoll and polysucrose crowders the case is simpler - to my knowledge there are no
molecular dynamics simulations published to date, that would study the impact of polysucrose crow-
ders on a protein. There is one publication that describes a MD simulation system containing both

multiple molecules of PEG and polysucrose - a study on the effects of crowding on the hydrogen
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bond network of water!??, however no details are given on the design of the models themselves.

In my work, PEG and polysucrose were chosen as crowders to replicate as closely as possi-
ble the system used in laboratory experiment investigating the effect of crowding on the activity of
NS3/4A°!. The assumption at the beginning of the project was that being able to look at the same so-
lution from two perspectives was likely to create new possibilities for interpreting the results - hence
the simulations with PEG polymers. Later, non-obvious experimental results confirmed that this
was the right direction, and further simulations were carried out with another ’laboratory crowder’
(polysucrose), this time specifically to explain the obtained results.

The choice of non-standard crowders, however, had its consequences in that there was no oppor-
tunity to pick up solutions to technical problems in the literature - at the time the simulation systems
were developed, no publications described such crowders, only the polymers in other settings.

There are many simulations of PEG in the context of PEGylation, i.e. attaching PEG chains
to proteins, for example in order to facilitate transport of drug molecules into the target cells. An
extensive review on computational studies of PEGylation was published by S. Sousa et al.'?*. The
work covers simulation studying properties of single PEG molecules, including the work I used
while designing and generating my simulation systems, followed with many simulations of PEG
conjugates with small molecules, peptides and nanocarriers like micelles and carbon nanotubes.

Ficoll on the other hand was simulated by Y. Mao et al.!**

in a work studying the use of Ficoll as
cryoprotective agent - a single polysucrose molecule representing Ficoll 70 was modelled as linear

polymer of sucrose molecules.

3.6.2 Ficoll or polysucrose?

In the assay performed to compare activity of the NS3/4A protease in water and in crowded envi-
ronment, three types of crowder molecules were used: PEG 600, PEG 6000 and Ficoll 400. The
numbers in product names indicate the mean molecular mass of each crowder - 600, 6000 and 400
Da. However, the masses of crowders used in the molecular dynamics simulations were different -
I used PEG and polysucrose of the mass of 1295.5 Da and 990.84 Da respectively. The choice of
the PEG molecule was motivated by the availability of hydrodynamic radius data for the specific
polymer, while the polysucrose was created to match the volume of the coiled PEG molecule and
the CG crowder.

However, mass is not the only element that differs between the polysucrose used in the simu-
lations and Ficoll. Under the name Ficoll, which is a commercial product protected by trademark,
hides a polymer formed by the reaction of sucrose with epichlorchydrin; this produces polymers of
various masses and compositions, which are known to be highly branched (Figure 3.18) and form

nearly spherical structures in water !2>:126.116

. In such polymers, sucrose molecules are connected
by glycerol linkers (Figure 3.18), however there is no available data on the probability of attaching
glycerol to given sucrose carbons, or on the degree of branching, that is on the average number of

glycerol linkers per sucrose monomer.
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Ficoll-like polysucrose

Sucrose Glycerol

Figure 3.18: A model of Ficoll polymer composed of four sucrose molecules with three glycerol
linkers. It is worth noting, that cutting off any sucrose molecule (and thus reducing the molecule
to a trimer) would make the polumer linear. Figures prepared using structures from the PubChem
database '?’ (sucrose ID:5988, glycerol ID:753).
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In my simulations, the priority was to capture how the presence of Ficoll affects the dynamics of
the NS3/4A protease. Thus, the most critical element in designing crowders representing Ficoll was
to reproduce how polysucrose molecules interact with the protein surface, and to achieve a similar
volume fraction as in the other simulations, with which the results were compared.

Given the availability of molecules and linkers already parameterised in the CHARMM force
field!'*7374 T decided that it would be sufficient to choose a linear polymer consisting of three
sucrose molecules to represent protein-crowder interactions. It is worth noting, that the glycerol
linkers are built with very similar groups to those found in sucrose, i.e. carbons with hydroxyl
groups. Therefore, there is no reason to suppose that their presence would bring new types of
interactions with protein residues. Due to the fact that the polymer used has only three monomers, it
is also difficult to introduce any degree of branching. As my crowders are much shorter than Ficoll
70 or 400, they are unbranched and lack glycerol, I resigned from referring to them as Ficoll, and
used the name polysucrose instead.

The model used in the thesis is not a final attempt to investigate the mechanism of Ficoll’s effect
on NS3/4A protease dynamics. In a new project on which work is currently underway, the model
of this crowder is being improved in several ways, to more acutely analyse the dynamics of Ficoll

molecules and their effects on the protein.

3.6.3 The coarse-grained crowders

The main motivation for choosing the bead-shell crowder model was the desire to represent both
protein and water with atomistic detail. All stages of the model design were driven by technical
considerations and the need to adapt the model elements for an otherwise all-atom simulation in
NAMD:

e [ resigned from the most commonly used representation, i.e. a single pseudo-atom, because it
would require increasing the cutoff for nonbonded interactions from the standard 12 to 19 A or
more (at a cutoff of 12 A, crowders with a radius of about 8 A would start overlapping before

they felt any interaction from a neighbouring crowder),

e [ have chosen the radius of the pseudo atoms corresponding to the radius of the carbon atom,
in order to keep a ’realistic’ shape of the LJ potential for interactions with water and protein,

corresponding to the potential of other atoms in the simulation,

e [ have replaced bonds between crowder atoms with a strong interaction described by LIJ po-
tential, because in the case of a model with bonds NAMD returned errors suggesting that
pairs of atoms within bond exclusion list (separated with less than four bonds) located in non
neighbouring patches. Patches in NAMD are groups of atoms for which the interactions are
calculated on a given processor, and the construction of program code requires atom within
bond exclusion to be located within neighbouring patches. This suggests that I could have
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continued using the model with bonds in two cases: either in a simulation performed on a sin-
gle processor, or with the bond exclusion disabled and thus nonbonded interactions calculated
for every pair of atoms within the cutoff, including the pairs directly connected with bonds.
In such case, bond exclusion would be disabled also within the protein and water molecules,
substantially increasing the simulation time. In this sense, resignation from using bonds is a

simulation performance optimization.

Resulting crowder model is perfectly fitted to be included in all-atom systems, and I consider
this its biggest advantage. Using this model in the simulation allows to retain the dynamics and in-
teractions with individual water molecules, and their potential influence on studied macromolecule.
At the same time, it reduces the simulation time compared to a simulation with all-atom crowders,
and even compared to the system containing only the protein in explicit water. Since the bead-shell
crowder contains less atoms than the same volume of explicit water, a simulation with them is less
computationally expensive and according to this benchmark allows a 20% reduction in simulation

time compared to a simulation without crowders (Figure 3.19).
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Figure 3.19: Benchmark times for 10 000 steps of molecular dynamics simulation of the NS3/4A
protease in explicit water with ions (left) and in explicit water with ions and 130 copies of the bead-
shell crowders. Test simulations were performed for the system with exactly the same volume of the
simulation box.

Of course, such crowders can only be used for simulations in which only volume exclusion
is needed. There are many examples of simulations where researchers restrict any interaction of
crowders with the protein, even excluding the attraction part of the Lennard Jones potential?’?2,
Spherical crowders themselves, in the most often used form of single spheres representing whole

crowder molecules, which interact only via LJ potential, have been used in simulations studying the
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effect of crowding on aspects of protein dynamics such as diffusion, domain mobility, stability of
proteins and the formation of protein complexes?’-19-21:128.22.129.110.130

Simulations with reduced crowders typically also use some level of coarse-graining in represent-
ing the protein of interest, which leads to the loss of some information about the internal dynamics
of the protein and its interaction with binding partners. This is where the bead-shell model described
in this work can apply; by allowing multi-scale simulations, with an all-atom representation of the
system and a reduced crowder representation, it allows for the acquisition of full information about
the dynamics of the protein under study.

Possible modification of the model include changing the size of the pseudo-molecule, the strength
of LJ potential of interactions with the protein, water or other crowder molecules and adding par-
tial charges on the pseudo-atoms of the crowder. By adding charges, the way the crowders inter-
act with other molecules can be altered further, introducing more complex effects on the protein.
Charges can either be added directly on the surface pdeudo-atoms, or on the central pseudo-atom(s).
The central atom can be for example replaced with four smaller pseudo-atoms, with two of them
charged positively and two negatively. This operation would create patches of low-magnitude posi-
tive and negative charges on the surface of the crowder, making the crowder more similar to realistic

molecules.

3.6.4 Comparison of dynamic properties of the crowders

The effect of a crowded environment on protein activity and dynamics is the result of two main phe-
nomena: nonspecific interactions of crowder molecules with protein residues and volume exclusion,
i.e. the limitation of the space available to the protein. In the simulations described in this thesis, the
crowder models used to investigate the effect of crowding on NS4A protease dynamics were selected
to disentangle the outcomes of these two effects. Thus, the assumption was that the CG crowders
would only provide excluded volume effect, and the all-atom PEG molecules would represent the
crowders interacting with the protein. Since, according to the available literature, Ficoll is an inert,
non-interacting crowder 31132133134 "the polysucrose molecules representing Ficoll were initially as-
sumed to have intermediate properties - be an all-atomic crowder, but showing minimal interactions
with protease.

The first notable observation from the simulations of NS3/4A protease in the crowder surround-
ings was that the results obtained from the trajectory analysis were consistent with most, but not all

of the assumptions:

e PEG crowders were found to form numerous contacts with both hydrophobic and polar residues
of the NS3/4A protease, and with some of the contacts resulting in hydrogen bond formation
(see Tables 3.6 and 3.5)

e As intended, the coarse-grained crowders did not interact with the surface of the protease.

This was confirmed by analysis of the crowder distribution as a function of distance from the
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protease (RDF), according to which the CG crowders did not form layers around the protein
(see Figure 3.17). Additional confirmation is the lack of observed long-scale contacts with the
NS3/4A residues (Table 3.4)

e Polysucrose molecules, contrary to literature data, evidently showed interactions with the pro-
tease. They engage in many short- and long-scale contacts with the protease surface, with
average contact times in both cases longer than for the protein-PEG contacts. They also form
much more hydrogen bonds with NS3/4A amino acids - on average 11 hydrogen bonds per
simulation frame, compared with 4 bonds formed with the PEG crowders. (see Tables 3.4, 3.6
and 3.5)

Trajectory analyses confirmed that although different than expected, there is nevertheless a fun-
damental distinction between crowders interacting and not interacting with the protein, with both
all-atom crowders in the first group (Figure 3.20). The assumed separation of the observed effects
on protease dynamics into those due to volume exclusion and protein-crowder interactions should

therefore still be feasible.

Crowder SV’E\N

o d

Yol N

Protein - crowder A
interactions m
Crowder - crowder
contacts (long scale) m m
Corrected diffusion 8.74 11.17 13.49
coefficient [A%/ns]
RMSF [A] 7.08 0.09 2.12

Figure 3.20: A summary of dynamic properties of crowders - all-atom PEG (left), polysucrose (right)
and the coarse-grained crowders (center).

In addition to the degree of interaction with the protease, two major differences were observed
between the crowder models: the level of flexibility and differences in diffusion rates (Figure 3.20).

As expected, the structure of the CG crowders remained almost rigid, while PEG, a polymer
with a chain structure (—C'Hy — C'H, — O—) showed very high mobility. PEG crowders adopted a
wide range of conformations, from fully extended, to compact, folded structures. In terms of internal
dynamics, the polysucrose molecules were closer to CG crowders than to PEGs; with an RMSF of
about 2 A, it adopted a constant small range of conformations, with the hydrocarbon rings arranged
in a streamlined shape (see Table 3.2 and Figure 3.13).
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For the translational diffusion of the crowders, some of the most unexpected results were ob-
tained - it turned out that polysucrose crowders are characterised by very fast diffusion, with a trans-
lational diffusion coefficient of about 13.5 A2 /ns. This value is higher not only than the diffusion
coefficient of PEG polymers, but also that of spherical bead-shell crowders (Table 3.3). While PEG
crowders are slowed down by interactions with proteins and the formation of transient clusters be-
tween each other, as well as by the formation of networks of variously arranged chains, saccharide
molecules and CG crowders have a semi-globular shape and lack long crowder-crowder contacts
(Table 3.4).

The question of why then polysucrose diffuses at a higher rate than CG crowders is not trivial
to answer. With the data collected so far, I can only suppose, that the reason for this phenomenon
might be related to repulsive charge-charge interactions occuring upon crowder-crowder collisions.
The surface of polysucrose, as well as ’real-life’ Ficoll molecules is dotted with polarized hydroxyl
groups (Figure 3.15), forming charge-charge interactions with water molecules. As a result, poly-
sucrose crowders that are not in contact with the surface of NS3/4A, diffuse as spherical complexes
of a sacharide and its hydration shell. Depending on the orientation of the water molecules and
their mobility, there might be for example charge patches transiently forming on the surface of such
crowder-water complexes. The properties such as distribution, orientation and mobility of molecules
in the hydrodynamic layer of polysucrose can be measured, and it will be analysed in the trajectories

obtained with the improved model of polysucrose crowders, better reflecting the properties of Ficoll.
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Effects of crowders on the NS3/4A protease

4.1 Impact of crowding on the activity of the NS3/4A protease

Central to the entire project, including the selection of the crowder model, was the idea of trans-
ferring experimental conditions to molecular dynamics simulations so as to combine observations
of the system at two scales - the activity of multiple enzymes in a test tube and the dynamics of a
single protein molecule. This approach is likely to allow a deeper understanding of the mechanism
of enzymatic activity of the protease under study and how it is affected by the crowded environment.

In both laboratory experiments and simulations, the NS3/4A protease was immersed in water,
and surrounded by the non-protein polymers (PEG and polysucrose), whose main task is to limit
the space available to the protein, while minimising protein-crowder interactions. The activity assay
measured the effect of crowding on the rate of the enzymatic reaction catalysed by the protease,
while simulations allowed observation of the processes that directly determine protein activity - its

internal dynamics, and the diffusion of both the enzyme and its substrates.

4.1.1 Experimental measurement of NS3/4A protease activity - the general
idea

Determining the activity of a protein requires measuring how fast the enzymatic reaction catalysed by
it progresses. This can be achieved by directly or indirectly measuring the decreasing concentration
of substrates or increasing concentration of products of the reaction. Doing so we measure the
reaction rate - by definition, it is defined as the rate of product formation: v = %, where [P] is the
concentration of the reaction product.

In the NS3/4A activity assay, this concentration was measured indirectly by measuring the fluo-
rescence intensity of the product (Figure 4.1). The peptide used as a substrate in the assay has two
fluorescent tags - EDANS and DABCYL on either side of the cleavage site. When the uncleaved
peptide absorbs light, the excitation energy of EDANS, instead of being emitted, is transferred via
FRET to a second tag that acts as a quencher. This mode of energy transfer is closely related to

the distance between tags - when the peptide is cleaved by the protease, the distance between the
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tags increases, and with it less and less energy is transferred to the quencher and more and more is
emitted as fluorescence. Thus, while measuring changes in EDANS fluorescence, the progress of

the enzymatic reaction is also quantified.
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Figure 4.1: The schematic illustration of the assay used to measure the activity of the NS3/4A
protease. Residues of the substrate are represented as spheres located at the C,, atom positions,
the FRET donor and quencher are represented with starburst callouts. After enzymatic cleavage
performed by NS3/4A (1.), the intensity of EDANS fluorescence increases with the distance between
EDANS and DABCYL tags (2. —4.).

To quantitatively compare the activity of the enzyme in different environments, initial reaction
velocities (in relative fluorescence units per second) versus substrate concentrations were fitted to
Michaelis-Menten model, in which the progress of the reaction is described in terms of the kinetic
constants:

d[P]

_ _ 5]

5]
Ky + [9]

where [S] is the concentration of the substrate, V,,,,, 1s the maximum rate achieved by the reac-

— kot Elo 4.1)

tion, i), is the Michaelis constant, which equals to the substrate concentration in which the reaction
rate is equal to 0.5V}, and k., is the catalytic rate constant and [F], is the initial concentration of

the enzyme.
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4.1.2 Activity assay results

The experimental assay was performed by Monika Wojciechowska and Agnieszka Popielec. I helped
with the synthesis of the peptide substrate. The results are briefly presented here because of their

key importance for the interpretation of other results presented in the thesis.

The activity of NS3/4A was measured in the presence of three crowders - PEG 600, PEG 6000
and Ficoll 400. Three concentrations of each type of crowder molecules were considered: 50, 100
and 200 g/l. For each group of experiments, control measurements were performed in buffer with-
out the crowders. Obtained results are presented as raw graphs of initial reaction velocities versus

substrate concetration (Figure 4.2), and as calculated kinetic parameters (Table 4.1).
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Figure 4.2: Michaelis-Menten graphs illustrating the effects of crowding on the activity of the
NS3/4A protease. Initial velocities of the reaction in each crowder concentration are averaged over
three measurements with standard deviations (SD) errors. Vj parameters of the peptide substrate
cleavage were measured in the buffer and in solutions crowded with PEG 600, PEG 6000 and Ficoll
400. Figure from a published work®!.
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media concentration K £SD VinazESD Eear [s71]
[e/1] [uM] [WMIs]
Buffer 0 6.7+ 0.4 344+ 0.1 1700
PEG 600 50 3.7+0.2 25+0.1 1250
100 23+0.2 2.1+0.1 1050
200 824+04 24+0.1 1200
PEG 6000 50 40+0.3 25+0.1 1250
100 3.6 +0.9 20+0.1 1000
200 3.1£1.6 0.9 £0.1 450
Ficoll 400 50 23+04 89+0.8 4450
100 74+£10 | 224+£09 11200
200 84+10 | 269+1.1 13450

Table 4.1: Kinetic parameters for the hydrolysis reaction catalysed by HCV NS3/4A protease.
K, Vinaz and k., parameters of peptide substrate cleavage were measured in the buffer and in
solutions crowded with PEG 600, PEG 6000 and Ficoll 400. Table based on the published work®!.

Since in a highly crowded environment the diffusion of molecules is impeded by steric effects
and crowder interactions, the rate of enzymatic reactions can be expected to be lower with the higher
the concentration of crowders. Meanwhile, although the dependence of the reaction rate on crowder
concentration was demonstrated for all crowders, the direction of these dependencies was quite the

opposite.

Both PEG 600 and 6000, for which previous studies have shown some degree of interaction with
proteins, indeed slowed the reaction in proportion to the concentration of crowders. However, the
presence of Ficoll, which is widely regarded as the ’ideal’ inert crowder, resulted in increased rate
of enzymatic reaction catalysed by NS3/4A. Moreover, with increasing concentrations of Ficoll, the

rate increased even more (Table 4.1).

The observed effect is definitely unexpected, and also non-trivial to understand. There are two
main directions to searching for possible explanations: the first one is a possibility that the enzyme
conformation changes upon crowding, in a way that would improve or impair protease-peptide bind-
ing or the cleavage reaction; the second one is quite possibly altered diffusion of the enzyme or
substrates - this includes translational movements, rotations, formation of transient clusters or ag-
gregates. Most of the resulting questions can be answered far more easily by running and analysing

molecular dynamics simulations than based on laboratory experiments.
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4.1.3 Molecular dynamics simulations of the NS3/4A protease in water and

in crowded environment

To study the effects of crowding on the dynamics of NS3/4A protease, two main groups of molecular

dynamics simulations were conducted:

e the first group studied the NS3/4A protease complex in four different surroundings: con-
trol simulations in explicit water with ions, and explicit water with three types of crowders:
all-atom PEG molecules, all-atom polysucrose molecules representing Ficoll, and the coarse-
grained crowders. These simulations aimed to determine how the crowded environment af-
fects internal dynamics of components of the NS3/4A protein and its diffusion. Using differ-
ent types of crowders allowed to disentangle the effects of volume exclusion and nonspecific

protein-crowders interactions,

e the second group contained systems including peptide substrates, of the sequence repre-
senting the substrate used in the activity assay. The aim of this group of simulations was to
investigate the mechanism of crowding effects on enzyme activity, by taking a closer look at
the distribution of crowder molecules around the enzyme’s active site, as well as the diffusion

of peptide substrates and the protease.

First of all, to dispel any concerns about the impact of PEG and polysucrose on the active site of
the protease, obtained trajectories did not show significant effects of crowders on either the confor-
mation of this region or its flexibility. The active site is one of the most stable regions of the NS3
protease, with the RMSF of heavy atoms within 5 A from the catalytic triad (His57, Asp81, Ser139)
of 0.9 A, both in water and in the presence of polysucrose and PEG. The only flexible part of this
region is His57, which often flips out of the ’active’ conformation, orienting towards the solvent.
The conformation which I called active is the one in which the distance between all three catalytic
amino acids is minimised, and the one that have been captured in the crystallographic structure. The
frequency of "His flipping’ is increased in crowding (61% of the observed 500 ns in water and over
70 % in the presence of all-atom crowders). It is not clear whether the flipping has a significant effect
on the substrate binding process, or does the NS3’s amino acids align correctly with the substrate
upon binding regardless of their initial conformation; however in my thesis I have not studied the
process of substrate accommodation in the active site.

The differences between the distribution of PEG and polysucrose around the protein surface have
been described in the previous chapter, with a much more even distribution of saccharide molecules.
However, in the vicinity of the active site in both cases the distribution has a similar, very interesting
property: both PEG and polysucrose leave a crowder-free zone around the catalytic triad, with the
radius of over 7 A in case of PEG, and over 6 A in case of polysucrose.

Given these observations, it can be said with a high degree of confidence that the crowders do
not interfere with the peptide bond cleavage reaction itself - they do not interact with the catalytic

amino acids and do not block substrate access directly at the active site of the protease.

97



CHAPTER 4. EFFECTS OF CROWDERS ON THE NS3/4A PROTEASE

4.1.4 Crowding affects rotations and translational diffusion of the protease

Crowders do not block the active site of the protease itself, but have the potential to significantly

alter the diffusion of both the protease and its substrates:

e By occupying a significant amount of space around the protease, they reduce the range of
possible translational movements - this effect has the potential to considerably reduce the

frequency of contacts of the protease with its substrates

e Interactions with crowder molecules and formation of transient protein-crowder clusters can

disrupt the rotational diffusion of the protein

e Diffusion of the crowders themselves affects the movement of water around the protein, indi-
rectly affecting also the diffusion of other molecules, in particular smaller, such as the peptide

substrates

To begin with, I present the results regarding the translational diffusion of the protein in water and
in different types of crowded environment. As the diffusion has been calculated from trajectories
obtained from simulations in a relatively small box with periodic boundary conditions, the obtained
values have been corrected for PBC effects. Additionally, the water viscosity in the TIP3P model,
differing from the experimentally measured water viscosity has also been taken into account (see

Methods, equations 2.20 and 2.21). The raw and corrected values are shown in Table 4.2.

Environment Raw diffusion Corrected
coefficient from diffusion

MD, D, [A?/ns] coefficient,

Deorrected [A%/nis]

Water 3.14 £ 0.04 6.98 £ 0.04

PEG scaled 1.98 £+ 0.03 4.66 + 0.01

Polysucrose 2.55+0.16 5.18 £ 0.05

CG crowders 247 £0.20 4.85 £ 0.05

Table 4.2: Translational diffusion coefficients of the NS3/4A calculated from MSD of the centre of
mass of the NS3 protease in water and in crowded environment. Table compares both raw values

calculated from the MD trajectories and values corrected for PBC and viscosity artifacts.

For translational diffusion of proteins, the more diverse and complex shape of PEG molecules
may be relevant. They have a simpler and more flexible structure than polysucrose, with the ability
to rapidly fold into compact globular structures and unfold to completely stretched conformations.
Such properties form this type of crowder into a network that makes it very difficult for the protein

to traverse - hence the lowest translational diffusion coefficient.
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Polysucrose crowders are characterised with denser hydration shell around them (Figure 3.14),
they also almost lack long time crowder-crowder contacts (Table 3.4), as their predicted long scale
contact time is comparable to this of the CG particles, whose interaction with each other is limited
to repulsion. Thus, the faster diffusion of proteins around these crowders is fully justified. By far
the highest value of the diffusion coefficient in the surroundings of polysucrose (higher than for the
CG model) can be related to the very fast diffusion of the crowders themselves (Table 3.3), and the
resulting dynamics of the water molecules.

The shape of both NS4A and crowder proteins may also be relevant to the effect of the crowded
environment on the rotational diffusion of the protein, but here far more importance is attributed
to the interactions of the rotating molecule. In this sense, rotational diffusion is a more complex
process - it will be limited both by steric effects and by the formation of smaller or larger complexes
with other molecules.

In this work, rotations of the protein have been determined by calculating rotational correlation
times, obtained by comparing the trajectory with a set of vectors pointing random directions. The

results of this analysis are presented in Table 4.3.

Environment Rotational Rotational
correlation time diffusion

7, [ns] coefficient

D, [ns™1]

Water 45.1 £25 75+04
PEG 76.7 £7.5 128 £ 1.3
Polysucrose 61.3+22 102+ 04
CG crowders 63.8 £2.3 10.6 £ 0.4

Table 4.3: Rotational correlation times 7, and rotational diffusion coefficients D, calculated for
the NS3 protease in water and in crowded environment, with SEM errors. Both sets of values are

corrected for the altered viscosity of TIP3P water.

In the presence of PEGs, the protein rotates as a complex of NS3, unstructured NS4A and ir-
regularly distributed polymer chains in various shapes that additionally interact with other crow-
ders, forming a multi-layered structure whose shape is very far from globular. In contrast, the pro-
tein surrounded with polysucrose rotates as a complex of NS3/4A clustered with evenly distributed
compact-shaped polymers that do not form stable contacts with other polysucrose molecules - those
crowders remain layered with water preventing the formation of stable crowder-crowder interactions
(see Chapter 3, Figure 3.14, 3.16 and Table 3.4).

Given the different interaction networks in each environment, we are looking at rotating multi-
component complexes of significantly different structures - from highly irregular in the case of a
protein-PEG complex to almost globular in the case of a protein-polysaccharide complex. Looking

at rotational diffusion from this perspective, the different results for these two environments are
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easily understood.

What is somewhat less straightforward, the rotational diffusion of CG crowders is also slowed
down relative to the theoretical value for proteins in the vicinity of hard spheres, as if significant
protein-crowder interactions were taking place. Taking into account the lack of protein-crowder
contacts, and the RDF strongly indicating the absence of interactions (Table 3.4, Figure 3.17) - the
results can be only explained by non-globular shape of the protease itself.

In such case, the difference between rotational diffusion of the supposedly-globular protein sur-
rounded with hard spheres (in the theoretical model) and the diffusion of NS3/4A in the presence
of almost non-interacting spherical particles can be interpreted as the magnitude of rotational slow-
down that is purely shape-induced (as shown in the following section, the shape of the NS3/4A
protease complex is very similar in the presence of CG crowders and polysucroses). Going further,
the smaller reduction in diffusion for proteins in the environment crowded with saccharides may
be related to the fact that polysucrose molecules add globularity to the protein-crowder complex,
thereby facilitating rotational diffusion despite the fact that protein-crowder interactions occur.

A final conclusion that can be drawn from the analysis of the diffusion coefficients obtained
from the trajectories is further information on protein-crowder interactions. Since the formation of
complexes with crowders affects the rotation of the protein to a much greater extent than translational
movement, analysis of (de)coupling of those two effects may provide quantitative information on the

degree of the interactions of the protein with particular types of crowders.

Environment Translational diffusion Rotational correlation time
coefficient [A2 /ns] [ns]
Water 6.98 + 0.04 45.1 £ 2.5
PEG scaled 4.66 £+ 0.01, (-33 %) 76.7 + 7.5, (+70 %)
Polysucrose 5.18 + 0.05, (-26 %) 61.3 £ 2.2, (+36 %)
CG crowders 4.85 + 0.05, (-30 %) 63.8 2.3, (+41 %)
HS model 4.61 523

Table 4.4: Translational diffusion coefficients D, and rotational correlation times 7, calculated for the
NS3 protease in water and in crowded environment, compiled to show the (de)coupling of rotational
and translational diffusion. In brackets I have put the percentage differences between the D, and 7,

coefficients in the presence of a given type of crowders and the value of the coefficients in water.

For all three types of crowders the retardation of rotational diffusion is increased over the values
predicted for HS model. This effect is caused partly by the non-spherical shape of the protein and
partly by interactions with crowder molecules. In distinguishing between these two effects, it is
helpful to compare how much the values of D, and the rotational correlation times 7, change in
different environments, relative to the diffusive properties in water (Table 4.4). The relations of

changes in translational to rotational diffusion for polysucrose and CG crowders are in fact highly
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comparable, whereas for the protease surrounded with PEG the effect of crowding on both types
of diffusion is considerably more decoupled, with the limitation of protein rotation far greater than
for other crowders indicating the presence of protein-crowders interactions. This picture confirms
the results obtained earlier indicating the presence of protein-PEG interactions, but at the same time
it shows that interactions with polysucrose, although present, do not interfere with the diffusion
properties of the protein. Moreover, in the environment crowded with polysucrose the translational
diffusion of the protein is slowed down less than with other crowders, which may contribute to the

increased activity of NS3 in this environment.

4.1.5 Simulations with the peptide substrates

To measure what effect the presence of a crowded environment might have on NS3/4A protease
substrates, sets of four types of simulations were compared - simulations of the protein in water
and in the presence of PEG were complemented by simulations of the protein with substrates, and
the protein surrounded by PEG crowders and substrates (Figures 4.4, 4.5). The peptide substrate
was chosen to best represent the peptide used in the activity assay, removing elements that were
only useful in the experiment and whose parameterisation was a risky undertaking - the parameters
obtained for the EDANS and DABCYL fluorescent tags using the CgenFF service were found to
have large errors and introducing them into the simulation would risk producing inaccurate results.
Therefore, I decided to simplify the structure (Figure 4.3), using a peptide of a sequence Ac —
DEDEFEAASK — N H,, reducing the elements which are important to the laboratory assay, but

not necessarily needed in the simulation.

ASP ASP ASP

GLU | 6L ys

@

SER

ALA
ALA

Figure 4.3: Peptide substrate of the NS3/4A protease in schematic representation, colored by amino
acid type, with acidic, negatively charged residues in brown and positively charged residue in pink.

Both fluorescent tags have been removed, along with a minor modification to one of the alanine
residues and the ester bond at the cleavage site. Introducing the ester bond enhances effectiveness of
the enzymatic reaction®, but is not expected to affect diffusion of the substrate. During the simula-
tion time I was not expecting any protein-peptide contacts or reaction events, for this purpose entirely
different simulation profile would be needed, with significantly increased time scale and probably
different representation of the macromolecules, and perhaps with some level of coarse-graining in-
cluded. For the purpose of observing changes in diffusive properties, all-atom representation and
explicit solvent appeared most suitable.
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Figure 4.4: Four types of systems used for all-atom MD simulations of the NS3/4A protease in
different surrounding. All simulations contained water molecules in an explicit solvent model, of
which only the oxygen atoms are shown in a dot representation. A. The control simulation of the
protease in water, B. the protease surrounded by PEG crowders in 130 copies, C. the protease with
10 copies of peptide substrates, and D. the protease surrounded by crowders and substrates. The NS3
protease is shown in green, the NS4A in violet, the peptide substrate in magenta and the crowders
in grey. Two example conformations of PEG molecules are highlighted in brown. Figure from a
published work®!.
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Molecule Decrease in diffusion coefficient upon adding
substrates
NS3/4A protease in water from 6.89 to 6.82 [Az /ns], (-1 %)
NS3/4A protease with from 4.73 to 4.65 [A2 /nsl, (-1.7 %)
PEG
Diffusion coefficient of the substrate D, [AQ /ns]
In water In water with PEG
crowders
Peptide substrate 13.61 £ 0.07 8.85 £ 0.32

Table 4.5: Translational diffusion coefficients of the peptide substrates in water and in the presence

of PEG crowders, and the effect of adding peptide substrates on the diffusion of the NS3 protease.

Addition of peptide substrates to the system has a negligible effect on the diffusion of NS3/4A
protease, both in water and in the presence of crowders. Substrates were added in low concentrations,
not adding much to the restriction of the space available for the protein (Figure 4.5).

In contrast, in the presence of crowders, translational diffusion of the substrate molecules them-
selves was reduced by 35 % compared to their diffusion in water (Table 4.5). This difference is even
higher than the effect of crowding on the translational diffusion of NS3/4A, shown earlier in Table
4.2.

Restriction of both protease and substrate diffusion provides an explanation for the significant
decrease in protein activity in the PEG environment - slowed movement means also a reduced fre-
quency of protein-substrate contacts leading to catalytic events. Another factor might be a significant
slow-down of protein rotations in the presence of PEG, which can also negatively affect the proba-
bility of these contacts.

A more interesting question is how the diffusion of the protein and substrate is affected by the
presence of polysaccharides. Although simulations with the protein, Ficoll-like crowd and sub-
strates have not been carried out yet, a few things can be said about this topic based on the data
already collected. It is known from laboratory experiments that the presence of Ficoll, in contrast
to the presence of PEG crowders, increases the efficiency of NS3/4A catalysed peptide cleavage®'.
However, simulations of the protease in the setting of polysucrose molecules suggest that it is highly
unlikely that the increase in activity is related to conformational changes within the protein or to
crowder interactions with the active site of the enzyme. Therefore, it remains to look for the reasons
for this effect in changes in the diffusion of macromolecules and substrates.

Indeed, one unexpected effect on diffusion has already been observed in this system - relative
to other crowders, polysucrose is by far the least restrictive of the translational diffusion of the pro-

tein. The decrease in the diffusion rate is even smaller than for the non-interacting coarse-grained
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Figure 4.5: A simulation system with the NS3/4A protease surrounded with PEG and the peptide
substrates, seen from another perspective. The protease is shown in green, the substrates in magenta.
The PEG crowders are shown in all-atom representation, with two crowder molecules coloured in

sage-green, to highlight the variety of conformations of these polymers. Figure from a published
work”!.
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crowders. Polysucrose molecules themselves also move unexpectedly fast. It is possible that the ac-
celerated diffusion of crowders also entails increased diffusion of peptide substrates. In the absence
of trajectories, what can be done is to re-analyse the amino acid sequence of the substrates and, by
comparing it to data on the interaction of polysucrose crowders with the protein surface, estimate

the substrate-crowders interactions.

The peptide substrate used in the activity assay has a high acidic residue content, and the result-
ing charge of -4 e (Figure 4.3). Interestingly, for the interactions with acidic amino acids, I observed
a difference in the number of contacts and hydrogen bonds formed with PEG and polysucrose crow-
ders (Table 4.6).

Residue Hbonds fraction [% of all hy- Contact fraction [% of the
drogen bonds] simulation time]
PEG Polysucrose PEG Polysucrose
LYS 4.0 4.7 59 74
SER 8.1 6.5 90 83
ALA 8.2 4.8 78 81
ASP
GLU

Table 4.6: Hydrogen bonds and contacts between the NS3/4A amino acids and crowder molecules,
calculated for single 500 ns trajectories of the systems containing the NS3/4A protease surrounded
with either PEG or polysucrose crowders. Residue types are ordered by their number of hydrogen
bond donors. The Hbonds fraction columns show the fraction of unique hydrogen bonds between
a given type of amino acid and PEG or polysucrose crowders, as a percent of all hydrogen bonds
formed between NS3/4A and crowders. The maximum donor-acceptor distance was set to 3.5A and
the donor-hydrogen-acceptor angle criteria were extended to no less than 120 degrees. The Contact
fraction columns show the fraction of the simulation time when any crowder atom was present within

3.5 A from the atoms of the amino acids of a given type.

Table 4.6 shows that, contrary to PEGs, polysucrose molecules prefer to hydrogen bond with
ASP and GLU which constitute more than half of the substrate sequence. Given that the amino acids
in the substrate have a high potential to interact with polysucrose molecules, it is also very likely
that Ficolls will interact more readily and for a longer time with the substrate than PEGs. Adding
to this the increased diffusion rate of polysucrose, one can venture to conclude that the presence of

Ficolls has a high chance of accelerating substrate diffusion.
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4.2 Structural dynamics of the NS3/4A protease in crowded en-

vironment

The NS3/4A protein consists of the NS3 protease domain and the NS4 A cofactor, which remains
largely unstructured in water. As might be expected, it is the unstructured tails (residues 1-22 and 35-
54) that show flexibility and are affected by the changing environment, while the globular protease
remains stable (Figure 4.6). This is also true for the NS4A fragment which forms a number of stable
bonds with NS3, being a part of the NS3 (-barrel. In the trajectories this central part of NS4A

behaves as if it was a part of the globular protease.

0 RMSF [A] 30

Figure 4.6: The structure of NS3/4A complex with the NS3 protease in white and the NS4 A protein
cofactor colored by RMSF values for the C'a atoms, averaged over three copies of the trajectories of
the protease surrounded with PEG crowders. Conformation has been chosen based on the average
structure adopted during a simulation with PEG crowders. Figure from a published work**.

High mobility of the NS4A cofactor, with RMSF reaching 30 A and the variability of the struc-
tural dynamics affected by the crowded environment makes the N- and C-terminal NS4 A the main
object of observation in the obtained trajectories. In contrast, the RMSFs of the NS3 protein and the

central part of NS4A remain below 5 A and maintain stable secondary estructures in all trajectories.

4.2.1 Structural flexibility of the NS3 protease

Although the protease is generally stable, loops as in any protein show increased flexibility and
higher RMSF values (Figure 4.7). This can be seen in the RMSF plot, which shows numerous peaks
corresponding to loop regions. One would expect that the presence of crowders, especially full-atom
crowders that show some interaction with the protein surface would in general increase the mobility
of any loop. However, a closer look at the graphs of RMSF in a crowded environment compared
to RMSF in water shows that there is no simple correlation - the mobility of some of the regions
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increases in a crowded environment, others decrease, with different effects of different crowders
(Figure 4.8).

35} ‘ ‘ 1 35}
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Figure 4.7: RMSF of the NS3 protease and the NS4A protein cofactor in water and in the presence
of three types of crowders. RMSF values were calculated for CA atoms, with the average structure
used as reference positions of the atoms. Errors are calculated as the standard errors of the mean,
based on three copies of each simulation.

Flexibility of certain regions is enhanced by both the presence of PEG and polysucrose - such
elements include amphipathic helix 12-24 and the zinc-binding region. Both regions are critical
for the structure and biological function of the protein (Figure 4.8). Other interesting elements
include Argl61 - an amino acid which is located at the top of one of the 3-sheet turns. It is a large
residue, exposed towards the solvent, which has both one of the highest RMSF values and one of
the highest numbers of contacting crowder atoms (Figure 4.9). However, the flexibility of this turn
is not enhanced by crowding in any trajectory.

We already know, that the vicinity of active site of the protease is less populated with crowder
molecules. To figure out which regions of the protease are most densely surrounded with crowders
I calculated average numbers of crowder atoms within 5 A from each residue. Within the most
populated regions are those most relevant to the protease functionalities - the membrane binding
site and the region that binds a zinc ion - an element which is crucial for the stability of the whole
protease. Additional region, which is closely surrounded by both PEG and polysucrose crowders is
the region around Argl61. It is a large residue sticking out towards the solvent at the tip of a -turn,
corresponding to a large peak on the RMSF plot. However it is not the contact with crowders that
influences its flexibility, but the position in the protein structure - RMSF values for this region are
high also for the simulations in water (Argl61 position shown in Figure 4.8, RMSF peak visible in
Figure 4.7. Fig. 4.8 shows that this residue is actually most flexible in water).

What catches attention are generally larger atom counts for amino acids surrounded by PEGs -
despite lower count of close contacts and hydrogen bonds relative to polysucrose molecules. That
results from far more versatile conformations adopted by PEG - the chains often wrap around the
protease or single amino acids, as in the case of Argl61, increasing the number of crowder atoms in

the immediate vicinity of particular amino acids.
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Figure 4.8: RMSF of the NS3 protease in crowded environment, calculated with respect to the
average structure. RMSF in the presence of crowders is compared with RMSF obtained for the
protease in water, and the differences are shown on the graph below y=0, with the bars in gray for the
residues which were more mobile in water and in colour when the RMSF was larger in the presence
of respectively PEG, polysucrose and the CG crowders. Additional way of presenting the differences
between RMSF in water and in crowded environment is showing the values on NS3 structures.
At the bottom figure, on each structure residues with higher RMSF in crowded environment are
colored in green, orange or magenta for amino acids showing higher mobility with respectively
PEG, polysucrose and CG crowders.
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Figure 4.9: RMSF of the NS3 protease in water and in the presence of polysucrose compared with the
number of crowder atoms within 5 A from a given amino acid of NS3 simulated with polysucrose
and PEG crowders. Comparison of structures coloured according to different properties helps to
assess the extent to which the increased mobility of certain NS3 fragments is related to the number
of crowder molecules in its vicinity. Additionally the structures are compared with the NS3 structure

colored by residue type.
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4.2.2 Mobility of the N- and C-terminal tails of the NS4A protein and their

interactions with the NS3 surface in two water models

The unstructured N- and C-terminal fragments of NS4A move freely in the aqueous environment,
forming transient interactions with the NS3 protease surface. The tails interact with different amino
acids on its surface, with no particular preferred site. How stable these interactions are largely
depends on the hydrophobic properties of the residues, as was observed when performing control
simulations: the protease in water in the standard TIP3P model and the protease with modified water
interactions to prevent aggregation of PEG crowders (see Methods, section 2.2.5). As a result of
the need for this modification, two sets of trajectories were obtained - in the most common water
model and in an improved, more realistic model that does not overestimate the hydrophobicity of
molecules dissolved in water, including protein residues. Although only the second improved set of
trajectories was used for further analysis, the comparison of the sets allows for an useful analysis of

protein behaviour as a function of hydrophobicity.

The essence of the introduced modification of the TIP3P model is that it enhances the interactions
of water molecules with the solute, and thus, it relatively weakens the interactions between amino
acids. Consequently, the unstructured NS4A tails adhere more stably to the NS3 surface. This can
be seen in the radius of gyration plot (Figure 4.10), which shows that in a standard force field for
most of the trajectory the NS4A cofactor adopts a single conformation with a relatively small radius,
whereas with upscaled parameters the radii and hence conformations are remarkably diverse. This
is due to the greatly increased conformational stability in which the N- and C-terminal tails adhere

tightly to the protein surface.

Scaling water parameters also affects another important property of the protein, namely its sec-
ondary structure (Figure 4.11). The increased hydrophobicity of amino acids in a standard TIP3P
water force field results in increased stability of helical structures formed mainly on the N-terminal
fragment of the cofactor. The helical fragments form in both versions of the water model, however,
they undergo rapid unfolding in scaled water. This behaviour of the N-terminal NS4A fragment, in
this case caused by a difference in the degree of protein-water interaction, also appears in further

analyses, where it is caused by factors related to the protease surroundings.

4.2.3 Mobility of the N- and C-terminal tails of the NS4A protein and their

interactions with the NS3 surface in different environments

The easiest way to quickly assess the conformational changes of a partially unstructured protein is
to measure its radius of gyration. This method does not give an accurate characterisation of the
structural dynamics, but it allows a preliminary comparison of these dynamics in several different
environments: in water (with upscaled parameters) and in the crowded environment, with full-atomic

PEG and polysucrose molecules and with the coarse-grained crowders (Figure 4.12).
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Figure 4.10: Radius of gyration of the NS4A protein cofactor measured for the trajectories in stan-
dard TIP3P water and in water model in which water-solute interactions were upscaled by the factor
of 1.09. Radius of gyration is shown as a histogram of conformations with a given Rg, with confor-
mations collected for three 100-frame trajectories of each kind. Figure from published work*.
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Figure 4.11: Secondary structure of the NS4A protein cofactor, observed in the simulations of
NS3/4A in water in standard TIP3P model and with scaled parameters for the protein-water in-
teractions. Figure from published work*.
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Figure 4.12: Radius of gyration of the NS4A protein measured for simulations of the NS3/4A pro-
tease in water and in the presence of crowders (PEG, polysucrose and CG particles). Radius of
gyration is shown as a histogram of conformations with a given Rg, with conformations collected

for three 100-frame trajectories of each type.

Only a rough picture of the NS4A dynamics can be deduced from the Rg analysis. However,
already at this stage one can see a trend that will only become more apparent in further analyses -
non-interacting CG crowders cause a definite shift of the observed conformations towards compact
structures, while full-atom crowders, as well as aqueous environment, allow the cofactor to retain
higher flexibility. In the case of the NS3/4A complex, conformations with low Rg values are those in
which the tails (both or one) adhere tightly to the NS3 surface, whereas those with higher values are
those in which the tails move freely without adhering to the protease. Thus, the presence of crowders
that only provide volume exclusion favours ’sticking’ of the tails to the NS3 surface and more stable
NS3-NS4A interactions.

A wider range of Rg values in almost all systems other than crowded with CG molecules certainly
corresponds to a wider range of adopted conformations, but to say more about them, more case-
specific methods are needed.

To characterise the dynamics of this particular protein it would be more meaningful to obtain
information on the conformation of unstructured tails of NS4A in relation to the NS3 protease, and
clearly identify at which points in the trajectory the tails are moving freely and at which points they
are positioned just off the surface of NS3. Such a measure would have to be calculated taking into

account the distances of individual residues from the protein surface (Figure 4.13). For technical
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reasons, it is much more straightforward to obtain information about the distance of residues from
a certain point - for example, of the centre of the protein; and in the case of a globular protein like

NS3, this value can be used to estimate the distance from its surface.

sum of the distances
between CA of each residue
and a fixed point in the center of NS3

.
<Z§\;1 xi) — Smin

Smax — Smin

Wit =

maximal and minimal
sums of distances for the conformations
encountered in all trajectories

Figure 4.13: A scheme of calculating the wrapping coefficient (W), which helps classify the NS3/4A
protein conformations to determine the extent to which the NS4A tails adhere to the NS3 surface.
The formula for the coefficient is based on calculating the sum of the distances of the individual
residues from a fixed point located at the centre of the NS3 protein (one of the atoms of Glyl41,
marked with sphere in magenta). In the diagram, the C-terminal amino acids of the NS4A tail (33 to
54) are coloured alternately pink and purple, with the lengths included in the W factor as z; values.

With this in mind, I introduced a measure that is based on calculating the sum of the distances
between the C,, atoms of successive amino acids of the C- or N-terminal tails and a specific fixed
point in the centre of the NS3 protein. Comparing the sum calculated for a given conformation with
the maximum and minimum sum for the conformations observed in the trajectory, a number between
0 and 1 is obtained, where O indicates a conformation in which the tail maximally adheres to the NS3
surface, and 1 indicates a conformation with the amino acids of the tail are maximally distant from
the NS3 surface (Figure 4.13).

The W coefficients calculated for the conformations obtained in the NS3/4 A protease simulations
for both cofactor tails were used to prepare two types of analyses; in the first, the coefficients for
each system are shown in the histogram form to represent the contribution of each conformation to
the trajectories obtained; in the second, the coefficients are used to trace the conformational changes
of NS4A over time.
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4.2.4 The C-terminal tail of NS4A

Both C- and N-terminal tails of NS4A remain unstructured in water, but their conformational dynam-
ics observed in the trajectories obtained from the molecular dynamics simulations are significantly
different. The C-terminal tail mainly adopts conformations with the tail adjacent to the protein, de-
scribed with the wrapping coefficients (W) close to zero. W graph shows a peak between W=0.2

and 0.3 and a rapid decrease in the number of conformations above these values (Figure 4.14).
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Figure 4.14: Wrapping coefficients for the C-terminal tail of NS4A (residues 33 to 54) shown as
a histogram with bin size of 0.2. As shown above the histogram, W=0 for the conformations with
minimal sum of distances between C'« atoms of the tail and a fixed point in the center of NS3, and
W=1 for the conformations for which the sum is maximal.

In the PEG surroundings, a slightly higher proportion of extended conformations is observed,
and in the CG crowder setting the peak is sharper and shifted towards lower W - both of these
small differences are in line with observations from the Rg analysis. However, the overall picture of

C-terminal fragment behaviour is consistent - the tail sticks to the NS3 surface and forms a stable
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protein-protein interaction. Visual observations of the trajectories confirm a strong preference for
this fragment to remain in contact with the protease surface.

The sticking of the C-terminal tail of NS4A to the NS3 surface is related to the sequence charac-
teristics of this fragment, namely the high content of acidic residues - as many as 7 out of 22 amino
acids. The presence of these residues is important for the biological function of the C-terminus of
NS4A. Depending on the degree of protonation of the Asp and Glu residues, the structure of this
fragment alters. CD experiments showed that at pH lowered to 3.8, the C-terminal tail partially coils
into an a-helix*.

Theoretically, an analogous structural change is also possible as a result of other changes in the
protein’s environment, for example in the hydrophobic interior of another protein. The NS3 and
NS4A proteins are not the only HCV proteins that enter into protein-protein interactions; on the
contrary, they are part of a large replication complex. An additional consideration is that mutations
within this region result in dysfunction of other HCV proteins - namely, decreased hyperphospho-
rylation of NS5A and disruption of virus assembly and release, processes in which NS3/4A is not
involved. The environment in which the formed viral replication complex functions may also be im-
portant in terms of NS4A structure - HCV replication occurs inside the membranous web, a network
of membrane vesicles formed during viral infection. In addition to the proximity of lipid membranes,
the environment inside the web is not necessarily identical to that in the cytoplasm.

Regarding the interaction of the C-terminal tail of NS4A with the protease surface itself, one
amino acid pair appears to be particularly important. GluS0 and Glu52 of NS4A form salt bridges
with NS3 arginine or lysine residues in most of the obtained trajectories, both in water and in a
crowded environment (Figure 4.15). The bridges with either Glu50 or Glu52 form with a wide range
of amino acids on the surface of NS3, like Arg24, Lys68, Lys165 or Argl61, with some of them
located on the two opposite sides of the protein structure (Figure 4.15). Apart from the salt bridges
with Glu50 and Glu52, many other interactions mainly of electrostatic nature are formed, although
they are highly unspecific - individual interacting pairs rarely reappear in more than one simulation
copy. An important factor for the strength of those interactions in both the abundance of acidic
residues on the C-terminal tail of NS4A and of negatively charged residues on the surface of NS3.

However, unspecific, dipol-dipol interactions and salt bridges appear to be strong enough to
maintain the C-terminal tail at NS3 both in water and in the presence of all tested crowders. For this
reason we do not observe any change in the behaviour of this fragment depending on the environ-

ment.

4.2.5 The N-terminal tail of NS4A

The N-terminal NS4A fragment shows much more conformational ’freedom’ than the C-terminus -
by not having such a high content of acidic residues, it does not form strong charge-charge interac-
tions with the NS3 surface and does not ’stick’ to it permanently. Conformational dynamics of this

fragment is also strongly altered by the presence of crowded environment, and by the properties of
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Figure 4.15: Interactions between the C-terminal tail of NS4A and the surface of the NS3 protease;
A. Example of the conformation adopted by the C-terminal tail in which it partially adheres to the
NS3 surface, with a characteristic pair of interacting residues shown in atomistic representation. The
position of the salt bridge between Glu52 and Lys68 is also marked, together with the length of the
bond. B. Structure of NS3/4A on which several elements characterising NS3 interactions with the C-
terminus of the cofactor are marked, with the structure in the conformation obtained for simulations
of NS3/4A in water. Acidic amino acids were marked on NS4A in magenta, with Glu50 and Glu52
in full-atom representation. Amino acids forming salt bridges with Glu50 or Glu52 in other obtained
trajectories were also marked in this way.
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crowder molecules (Figure 4.16).

In an aqueous environment, the wrapping coefficient for the N-tail conformations takes on a full
range of values, with a distribution close to the normal distribution (Figure 4.16). This means that
the tail moves fully unrestricted, adopting conformations ranging from adherent to the protease to
completely extended, that is with maximum values for the distance of amino acids from the NS3

centre.
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Figure 4.16: Wrapping coefficients for the N-terminal tail of NS4A (residues 1 to 22) shown as a
histogram with bin size of 0.2. As shown above the histogram, W=0 for the the conformations with
the minimal sum of distances between C'« atoms of the tail and a fixed point in the center of NS3,
and W=I1 for the conformations for which the sum is maximal.

In a crowded environment, the W range shifts more or less towards lower values, with by far
the greatest effect in the case of coarse-grained crowders. In these simulations, the contribution of
the extended conformation is minimal, and a sharp peak can be seen for W=0.2. This indicates

that, in the presence of non-interacting crowders, the N-terminal NS4A fragment spent most of the
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simulation time adhered to the protease surface.

Less obvious to interpret are the results obtained for simulations with full-atom crowders. Both
PEG and polysucrose form transient clusters with the protein showing a range of interactions includ-
ing hydrogen bonds, of which there are many more between the protein and polysucrose molecules
(see Chapter 3, section 3.5). One would expect that the results of simulations with these crow-
ders would be equivalent, however while PEGs reduce the share of extended conformations only
marginally, polysucrose limits conformational diversity to a much greater extent.

Investigating the reason for the difference in how the distribution is affected in the presence of
both types of crowders requires further insight. A quantitative measure of what the conformational
distribution of the N-terminal tail looks like was obtained analysing the variability of wrapping

coefficient over time (Figure 4.17).
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Figure 4.17: Wrapping coefficients for the N-terminal tail of NS4A (residues 1 to 22) shown as
a graph of W values over simulation time. An important element of this graph is the presence of
events (or lack of thereof) where the W value increases substantially from a value close to zero -
those indicate situations where the tail completely detached from the surface of NS3. First 100 ns
are not shown as in case of conformational dynamics it was considered the equilibration stage -
during first 100 ns in the simulation with CG crowders W rapidly fell to minimal values.

The basic information that can be drawn from such a representation of wrapping coefficients is

to identify events when the tail attaches to the NS3 surface and when and if it detaches. The tail is
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adhered to the protease surface when W takes on low values, and the moment of detachment occurs
when a significant increase in W is observed after a period of adhesion to the surface.

Regarding the dynamics of conformational changes of the N-terminus of NS4A, a clear division
of trajectories into two groups can be observed. In water and in simulations in a PEG crowder envi-
ronment, ’detachment events’ can be easily distinguished. However, when the protein is surrounded
with coarse-grained crowders or polysucrose molecules, after a single event of contact between
NS4A N-terminus and NS3 the wrapping coefficient remains under 0.5 or lower. This means that
the tail doesn’t fully detach from the protease surface. This situation repeats in all five trajectories
with CG crowders and three trajectories with polysucrose.

If the tail could detach in the presence of PEG and polysucrose, but remained adhered in the
presence of the CG crowders, the mechanism could be explained easily. This would indicate a clear
link between the presence of crowder interactions with the protein and the possibility of detaching
the N-terminus from the NS3 surface.

However, here the situation is different: in the presence of CG crowders the tail does remain
adhered to the surface of the protein, and the same is true for polysucrose. On the other hand, the
tail has the ability to dissociate from NS3 in the presence of PEG crowders, even though PEGs have
far fewer interactions with the NS3 surface than polysucrose - not only are the polysucrose-protein
contacts themselves more numerous, but the resulting charge-charge interactions are also stronger

due to the presence of highly polarised hydroxyl groups.
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Figure 4.18: Comparison of trajectory observations with different types of crowders - PEG, CG
crowders and polysucrose, regarding the relationship of the presence of protein-crowder interactions
and the ability of the N-terminus of NS4A to disconnect from the NS3 surface after adhesion has
occurred.

The crowding effect consists of two somewhat counteracting forces - the excluded volume effect
and non-specific interactions with crowder molecules. The effect caused by CG crowders is a classic
example of volume exclusion effect - the protein adopts a compact conformation and the whole com-
plex is structurally more stable. PEG, on the other hand, induces effects characteristic for interacting
crowders - proteins surrounded by these polymers adopt more diverse conformations, in particular

interactions are strong enough for the N-terminal tail to detach from the NS3 surface (Figures 4.18,
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4.17).
While both forces are present in the case of proteins surrounded by polysucrose molecules, vol-
ume exclusion ultimately wins - the effect of these crowders on the NS3/4A structure observed in

the trajectories is comparable to the effect induced by the presence of non-interacting CG molecules.

Polysucrose crowders
diffusing freely in water,
with their hydration shells
(within 3.5 A)

Polysucrose molecules
engaged in protein-

crowder contacts /\/‘\/\\) NS4A
\ v. /
@

Figure 4.19: Illustration explaining the hypothesis that some polysucrose molecules behave in a
similar way to non-interacting CG crowders, despite the fact that protein-polysucrose interactions
are possible and frequent.

Given the properties of polysucrose molecules, many of them may indeed behave similarly to

CG crowders:

e Polysucrose and CG crowders diffuse much faster than PEG, with even faster diffusion of

polysucrose (Table 3.3)

e Polysucrose molecules don’t form crowder-crowder clusters, they almost lack long scale con-
tacts (Table 3.4)

e Polysucrose crowders are surrounded with *dense’ hydration layer (Figures 3.14, 4.19), which
screens crowder-crowder attraction, and theoretically could screen interactions with the pro-
tein or existing protein-polysucrose complex.

In other words, some fraction of polysucrose crowders could indeed act as inert crowders, as

they are referred to in literature !'36

- by limiting the volume available for the protein but having
their charge-charge interactions screened by hydrodynamic layer.
This could explain the increased contribution of the excluded volume effect in the way polysu-

crose affects NS4A dynamics.
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4.3 Crowding stabilizes a helix formed on the N-terminal tail of
NS4A

The last aspect of conformational dynamics that was analysed in the trajectories obtained for the
protease in water and in a crowded environment is the effect of crowding on the secondary structure
of the protein, especially the NS4A cofactor. Variability in the secondary structure, particularly in the
N-terminal tail of NS4A, plays an important role for the biological functions of the entire NS3/4A
complex. In water this fragment remains unstructured, but upon the contact with host endoplasmic
reticulum (ER) membrane, it is predicted to fold into a long transmembrane helix*’. Together with
the 38-40 loop and the 12-24 helix of NS3 it forms a stable three-point contact interface anchoring
the viral protease to the host ER, helping to establish a replication complex of the hepatitis C virus.
The predicted helix is flanked on each side with typical membrane interface residues interacting with
polar headgroups of the lipid molecules: Thr2 and Trp3 on one side, and Thr19, Thr20 on the other,
with 16 residues interacting with the hydrophobic lipid tails inside the membrane. The presence of
a transmembrane fragment within this region has been confirmed experimentally by addition of a
glycosylation acceptor fragment to the N-terminus of NS4A 4.

In the trajectories obtained for the NS3/4A protease in explicit water, the N-terminal tail of
NS4A remains unstructured, which is in line with the expected structure. Whereas in a crowded
environment, the formation of a helical fragment was observed in one of the simulation copies with
each type of the studied crowders (Figure 4.20). The helical fragment formed within the region
predicted to fold into the transmembrane helix, with a length between 4 and 10 residues; the helix
with by far the greatest length formed in an environment crowded with polysucrose molecules. It is
worth noting that control simulations also show helical structures forming within the N-terminus of
NS4A, but these are significantly less stable and rapidly unfold, whereas in a crowded environment
the helices are much more stable.

Importantly, helix formation was observed in each of the crowded environments tested, both in
the presence of protein-interacting PEG and polysucrose polymers and in the presence of coarse-
grained crowders whose interactions with the protein were reduced to a minimum. This means that
the helix at the N-terminus of NS4A is stabilised irrespective of the extent to which a given crowder
interacts with the protein, and suggests that the main factor stabilising this structure is the limitation
of the space available to the protein, i.e., the excluded volume effect plays a major role.

Simulations of the protease in various environments were performed in a small number of repli-
cates, and only one instance of stable helix formation was obtained in each type of the crowded
environment. It is therefore questionable whether the same results would be obtained with a larger
number of trajectories. Therefore, to ascertain the reliability and statistical significance of the results
obtained, a set of additional simulations were carried out. The peptide of the sequence representing
the N-terminal tail of NS4A (amino acids 1 to 22) was simulated in water and in the presence of
CG crowders, starting from two conformations: entirely helical and extended (Figure 4.21). Based

on statistical analysis, helix formation was found to be more likely in the presence of crowders than
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Figure 4.20: Secondary structure of the NS4 A protein cofactor in water and in crowded environment.
The helical fragments are marked with pink (o« — heliz) or blue (3-10 helix), §-strands in yellow

and turns in green.



CHAPTER 4. EFFECTS OF CROWDERS ON THE NS3/4A PROTEASE

in water, with moderate statistical significance (p=0.2). However, completely in line with expected

results, this simulation experiment showed that

e in water extended peptide does not fold into any stable secondary structure, and helical peptide

unfolds in all simulation copies,

e in the crowded environment the helical peptide retains its structure, and the extended peptide

folds into a helix in two out of three simulation copies.

The final step performed to test whether the crowded environment actually promotes the folding
of the N-terminus of NS4A into a helical structure were experiments based on circular dichroism
(CD). CD spectroscopy allows characterisation of the secondary structure of a protein or peptide by
measuring to what extent each direction of circularly polarised light is absorbed by a sample. As
proteins are chiral molecules, among other things, information about the content of helical structures

can be read from this type of data.

CD experiments were performed on a peptide with a sequence corresponding to only the N-
terminal tail of NS4A (residues 1 to 22), with GGK K solubility tags at each end (see Chapter 2,
section 2.3.4). Spectra of a peptide representing this fragment of NS4A were previously recorded
by Brass et al.*’ - to mimic the environment in the vicinity of ER membranes, they measured CD
in the presence of sodium dodecyl sulfate (SDS) and dodecylphosphocholine (DPC) micelles. Their
experiments showed increased content of helical structures of the peptide, regardless of the charge

of the micelles - both with negatively charged SDS and neutral DPC.

The experiments I performed were carried out in water and in solutions containing crowders cor-
responding to those included in the MD simulations: with Ficoll 400 and with PEG in two different
sizes, including PEG 1200, whose mass is close to that of the PEG model used (Figure 4.22). The
CD spectra confirmed the simulation results. For the peptide in water, a spectrum was obtained sug-
gesting a mixture of different structures or the absence of secondary structure elements. However,
in the presence of both Ficoll and PEG, the spectra contained characteristic minima at 208 and 222
nm, and a maximum around 192 nm. This shape of the spectrum corresponds to a peptide with a

helical structure.

The obtained CD spectra confirm that crowding stabilises the helices formed on the N-terminal
fragment of NS4A. This is the region of the protein that is responsible for anchoring the NS3/4A
complex to the ER membrane through trans-membrane helix formation. Thus, the presence of a
crowded environment may in some way support the function of viral proteins by facilitating trans-
membrane helix (TMH) folding.
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Figure 4.21: Secondary structure of the peptide representing the N-terminal tail of NS4A in various
surroundings. Top: extended starting structures, bottom: helical starting structures. The helical
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Figure 4.22: CD spectra of the N-terminal tail of NS4A obtained for the protein in water and in
crowded environment. Figure from published work**.

4.4 Crowding might contribute to membrane association of the
NS3/4A complex

The helical fragments that folded into NS3/4A trajectories in a crowded environment are all located
within the predicted transmembrane helix that anchors the protease to the ER membrane and is
involved in the formation of the HCV replication complex*’. The observed a-helices contain amino
acids that interact with polar lipid headgroups in the protease-membrane complex and several further
hydrophobic residues. Considering the mechanism of complex formation it is very likely that these
fragments function as precursors of the trans-membrane helix, and form just before insertion of the
helix into the membrane. The hypothesis is supported by the fact that the amino acids comprising the
predicted precursor are among the most conserved residues in the NS4A sequence*’, which suggests
their important role in the functioning of the protein.

According to the work of Brass et al.*’, upon the contact with the ER membrane, the NS4A
transmembrane helix undergoes spontaneous insertion preceded by an insertion of the 12-24 am-
phipathic helix of the NS3 protein. In the obtained trajectories, the helical fragments are located
right next to this helix (Figure 4.23), which may suggest that as a precursor they interact with the
membrane first. Given the sequence of the fragment which in each case is a part of the precursor
- Ala-Leu-Ala-Ala-Tyr - its sequence allows it to coil in such a way that the resulting helix is also
somewhat amphipathic, with the Tyr residue interacting with the polar groups and the hydrophobic
alanines oriented towards the interior of the membrane. Following this mechanism, the rest of a helix
would likely fold spontaneously on the membrane-water interface, as proposed in the study by Ulm-
schneider et al.!3. In their simulation of polyleucine, the peptide rapidly adhered to the membrane
interface, and folded inside the membrane, spontaneously flipping to a conformation perpendicular
to the membrane.

In summary, the proposed mechanism of TM helix insertion would consist of:
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38-40 loop

NS3 protease
— Membrane binding site
— Membrane orientation
— NS4A protein cofactor

12-24 helix

Figure 4.23: Helical structures formed in the trajectories of NS3/4A in the presence of A. PEG,
B. CG crowders and C. polysucrose crowders. In each case the helix folded in the N-terminal tail
of NS4A, in the region supposed to fold into a transmembrane helix upon the contact with the ER
membrane of the host cell. Structures show that all helical fragments formed in a close vicinity of the
NS3 fragments taking part in the membrane binding process: the 12-24 helix and 38-40 loop. Those
fragments, together with the 3-19 TMH of NS4A form a three-point membrane contact interface, to
stably anchor the complex to the membrane.
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Adsorption of the NS3 12-24 helix onto the membrane interface,

Formation of the helix precursor consisting of at least 4 amino acids - NS4A:Alal2 to Tyr16,

Insertion of the precursor following the mechanism similar to the amphipathic helix insertion,

Spontaneous insertion of NS4 A:1-11 residues and transition of the helix to the transmembrane

conformation.

If indeed the presence of a crowded environment induces the formation of the transmembrane
helix precursor, this would imply that crowding plays an important role in the biological function
of NS4A. One of its main functions is to anchor the NS3/4A protease to the membrane of the en-
doplasmic reticulum, and the formation of the precursor could significantly assist in this process.
Moreover, the positioning of the protease with the attached NS3 helicase domain is an essential step
in the construction of the HCV replication complex, in which several proteins bind at the membrane
interface and interact to produce elements of new virions. Taking this into account, it can be said

that the presence of a crowded environment inside the cell may enhance the entire infection process.

4.5 Discussion

4.5.1 Test-tube versus MD, in numbers

The activity assay performed to study the effects of crowding on the reaction rate of NS3/4A pep-
tide cleavage was carried out using Corning® Thermowell PCR 96 well plates, with 200 pl wells,
half-filled. The enzymatic reaction mixtures contained NS3/4A protease in the concentration of
2 nM, and the peptide substrates in the concentrations ranging from 2.5 to 40 M. This means that
when EDANS fluorescence measurements were conducted, each well contained approximately 10*!
protein molecules and 10 to 10 substrates.

Regarding the time-scales of the in vitro and in silico experiments, the activity assay with flu-
orescence measurements conducted every 50 s for two hours recorded data on a 14 billion longer
fragment from the life of NS3/4A proteases than the molecular dynamics simulations, which gener-
ated only 500 nanosecond trajectories.

In the experiment, what we observe as results is the collective action of these hundreds of bil-
lions of proteins, whereas in the simulation we observe the dynamics of a single protein for a brief
moment, but with the precision of single atoms. In the case of protein motions, time-scales of up to
microseconds are sufficient to observe conformational changes, movements of smaller structural el-
ements of the protein and to estimate diffusion rates of proteins and smaller molecules, thus allowing
characterisation of processes that at the scale of molecules are responsible for changes in enzymatic
activity. For example, movements of surface amino acid side chains take place on a scale of tens
of picoseconds, loop movements on a scale of nanoseconds, and formation of secondary structure

elements, like helical fragments, can take a minimum of tens of nanoseconds 136,
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4.5.2 Explaining experimental results through MD simulations

In this thesis, I describe an attempt to represent the same experimental system - a protease in dilute
solution and in a crowded environment - at two scales, in order to be able to look at how crowding
affects both enzymatic cleavage of the peptides it catalyses, and the dynamic processes involving a
single protein molecule. The two aspects are closely connected - changes in enzymatic activity result
directly from alterations in the diffusion of the enzyme itself or its ligands, and from changes within
the protein structure. This is why it is so valuable to be able to look at the experimental setup up
close and analyse the molecule-scale causes of the phenomena observed in laboratory experiments.

A laboratory experiment in which the activity of NS3/4A protease was assessed in dilute buffer
solution and in crowded environment showed that the presence of polysucrose enhances the NS3/4A-
catalysed reaction and PEG slows it down®! (see Figure 4.2 and Table 4.1). As the analysis of the
results of the experiment itself was not sufficient to investigate the reason for such a difference in
crowder impacts, the possibility to zoom in and look at the protein dynamics in the surroundings of
analogous crowders proved to be an invaluable help.

Observations of protein trajectories in different environments enabled a hypothesis to be made

on the mechanism of lowering and increasing cleavage rates according to the following inference:

e The simulations excluded interactions of both PEG and polysucrose polymers with the pro-
tease active site - the crowders did not localize in the substrate binding site or influence its

conformation

e The presence of PEG crowders slows down protease diffusion to a greater extent than the pres-
ence of polysucrose, PEG also significantly limits the diffusion of peptide substrates (Table
4.2 and 4.5)

e Polysucrose crowders have the highest translational diffusion coefficient of all studied crow-

ders, moving faster even than spherical coarse-grained crowders (Table 3.3)

e Polysucrose, compared to PEG, interacts more readily with acidic residues of the protease
(Table 4.6).

Based on these observations, I concluded that the most likely reason for the different effects of
the presence of PEG and polysucrose crowders on protease activity is due to the different effects
on diffusion of both the protein and its substrates. While PEGs significantly limit their diffusion,
Ficolls represented by polysucrose in the simulations diffuse relatively fast, and they could in effect
also increase diffusion rate of the substrates. Due to their high content of acid residues, the peptide
substrates used in the activity assay have the potential to additionally form transient clusters with the
Ficoll crowders.

The reasons for both the restriction of diffusion by PEGs and the likely acceleration of substrate
diffusion by polysucrose are the very different physical properties of the crowders themselves. PEGs

form a kind of network of variously shaped and flexible chains, while polysucrose forms more
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globular structures that do not attract each other as PEGs do (Tables 3.2, 3.4); on the contrary, it
is possible that they exhibit repulsive interactions with the other crowders.

The way to test this hypotheses is to conduct a simulation of a protease surrounded with Ficoll-
like crowders and the peptide substrates - similar to this already performed for PEG crowders. Based
the trajectories of such system, the effect of polysucrose crowders on the diffusion of peptide sub-
strates can be measured by comparing the difusion od substrates in water and in crowded environ-
ment. Theese simulations are planned within the project being a continuation of work described
in this thesis. In addition to the introduction of substrates, the planned simulations will include an
improved Ficoll model, in which sucrose molecules will be linked by glycerol linkers described with

new force field patches.

4.5.3 PEG and Ficoll as crowders, in laboratory experiments and MD

Typically, in laboratory experiments containing a crowded environment, both PEG and Ficoll are
used as crowders showing minimal interactions with the protein, and mainly occupying space around
the protein limiting the room available to it. Ficoll is considered a more inert polymer, which in

1136 For PEG however, some

water forms spherical structures that do not interact with proteins
protein-crowder interactions have been detected; binding to hydrophobic amino acids was detected
with experimental methods '""!%°, In later studies, PEG molecules have been found to show size-
dependent properties: longer PEG chains were shown to form prevalently hydrophobic interactions,
whereas PEG of the mass around 8000 Da and smaller to also show electrostatic interactions and
hydrogen bonds with protein residues %4108,

My simulations of the NS3/4A protease surrounded with polysucrose showed that polysucrose
crowders are able to make contacts and interact with the protein surface (Tables 3.4, 3.5 and 3.6).
Moreover, they form more hydrogen bonds than PEG polymers. Despite the presence of numerous
interactions, analyses of how polysucrose affects the protein dynamics show that the effects exerted
by these crowders are much more similar to those of the non-interacting CG crowders than to those

of interacting PEG molecules:

e Polysucrose restricts the translational diffusion of the protein to a lesser extent than the other
crowders and has the least effect on its rotations. While theoretically interacting crowders
should have a reducing effect on protein rotations - such effect is seen with PEG crowders, but

to much lesser extent with polysucrose (Tables 4.2, 4.3 and 4.4).

e The presence of polysucrose affects the structure of the protease in the same way as the pres-
ence of CG crowders. The unstructured NS4A tails stick to the NS3 surface as in simula-
tions with CG crowders, and the NS3/4A complex adopts the compact, globular conformation
characteristic of proteins surrounded by non-interacting crowders. Polysucrose-protein inter-
actions are insufficient to detach the NS4A tails (Figures 4.16, 4.17).
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PEG, on the other hand, affects the NS3/4A structure similarly to what one would expect from
protein crowders. Their presence makes NS4 A conformations more diverse, and the unstructured N-
terminal tail is able to detach from the NS3 surface after it comes into contact with it. This indicates
that in the case of PEG crowders, the dominant effect is that caused by crowder-protein interactions

- and not, as in the case of polysucrose, the excluded volume effect!*!!,

4.5.4 Stabilisation of the NS4A helix in a crowded environment

One of the most apparent effects of the presence of a crowded environment is the stabilisation of the
helical fragment on the N-terminal tail of NS4A (Figure 4.20, 4.23). This fragment is located within
a part of NS4A that remains unstructured in water, while in contact with the ER membrane it folds
into a trans-membrane helix (TMH), containing the amino acids from Trp3 to Thr194°. The helical
fragment folding in crowded environment consists of at least four NS4A residues - Alal2 to Tyr16,
which in the predicted TMH locates it within the membrane core, interacting with the hydrophobic
lipid tails. The most common length of the observed helical fragment is 5 residues, but during some
parts of the simulation with polysucrose crowders it reaches lengths of up to ten, which is half of the
N-terminal tail of NS4A (Figure 4.20).

In water, brief folding of short helical fragments is also observed, but they are unstable and
quickly unfold. In a crowded environment, however, a definite stabilisation of the helix occurs -
the helical fragments that form in the presence of crowders maintain their structure for times on the
order of hundreds of nanoseconds, often until the end of performed simulations (Figure 4.20). Stable
helical fragments form with similar probability both in the presence of crowders that do not interact
with the protein surface, and in the presence of interacting ones. For this reason, helix stabilisation
is attributed to volume exclusion - in the case of the NS3/4A protease, it is sufficient to limit the
space available to the protein to produce this kind of effect.

It may be concerning that helical fragments folded for all crowders in only one simulation, with
the total number of simulation copies between three and five. I am not sure that with more simulation
copies I would get a statistically significant difference between the degree of NS4A helicity in water
and in the presence of crowders. However, there are significant indications that the observed helix

formation was not a random event:

e Simulations of a peptide with the sequence of the NS4A N-terminus confirmed that the initially
unfolded peptide folds into a helix in the crowder environment, while in water it remains
unfolded. Additionally, the initially helical peptide undergoes unfolding in water, but not in
the crowded environment (Figure 4.21).

e To confirm the results obtained from the simulations, a CD spectroscopy experiment was per-
formed for peptides of a sequence representing the N-terminal tail of NS4A. The experimental
conditions corresponded to those modelled in the simulations - CD spectra were recorded for

the peptide in water, and surrounded by PEG and Ficoll crowders. The experiment showed
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a clear increase in the degree of helicity in the presence of both PEG and Ficoll molecules,

compared to the helicity in water (Figure 4.22).

4.5.5 The role of crowding in biological function of the protease - potential

consequences for the viral life cycle

Given the spatial positioning of the helical fragment that has formed on the N-terminal tail of NS4A,
it can be presumed that its location is not accidental, but has a specific significance for the biological
function of the protein. The helix locates in the immediate vicinity of the other membrane-binding
elements - the NS3:12-24 helix and the NS3:38-40 loop (Figure 4.23) - with which the NS4A:3-19
transmembrane helix forms a three-point contact site with the interface of host membrane .

The sequence of the helical fragment - Ala-Leu-Ala-Ala-Tyr - allows to obtain a kind of amphi-
pathic helix, i.e. a helix which has hydrophobic amino acids on one side and polar amino acids (in
this case one Tyr residue) on the other. This is a typical property of helices that come into contact
with a lipid membrane parallel to its surface, so that hydrophobic residues insert into the membrane
and polar residues interact with lipid head groups. This is the nature of helix 12-24 of the NS3 pro-
tease. This sequence lends credence to the model proposed in this work for anchoring TMH in the
ER membrane, according to which the NS4 A:12-16 fragment comes into contact with the membrane
first, followed by binding of the the rest of the tail and spontaneous flipping across the membrane.
According to this hypothetical model, the NS4A:12-16 fragment acts as a TMH precursor that ini-
tiates NS4A binding and facilitates the formation of a stable complex of the NS3/4A protease with
the membrane (see section 4.4).

While attempting to establish the biological role of N-terminal NS4A binding to the membrane,
one must try to reconstruct the chronology of events involving the entire protease (for detailed infor-
mation on NS3/4A functions see section 1.4). It is known that the two-domain NS3 protein, when
released from the polyprotein, first performs a protease function and then switches to a helicase

function to perform its role in producing parts for new viruses®

. Initially, the N-terminal thirty
amino acid fragment of NS3 remains unstructured, to fold into helix and beta-strand after forming
a complex with NS4A*. NS4A acts as a protease cofactor - NS3 alone is only able to cut the
NS4A/NS4B junction, whereas the NS3/4A complex cuts also the NS4A/NS4B and NS4B/NSS5A
cleavage sites*’. The last information, which is not an experimental fact but a theoretical hypothesis,
is that after binding to the membrane, the helical domain of NS3 rotates around the inter-domain
linker, to move away from the membrane interface*’ - such movement would also expose the bind-
ing site for peptide substrates, which I noticed to be located at the meeting point of two domains,
blocked by the helicase domain (Figure 4.24).

In such case, NS4A binding and TMH formation would both have to happen before cleaving
the NS4A/NS4B, NS4A/NS4B and NS4B/NSS5A junctions, and freeing NS4B, NS5A and NS5B
proteins. Therefore, since crowded environment facilitates transmembrane helix formation, it also

facilitates the formation of a complete replication complex of the HCV virus. Given these arguments,
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/ / =
NS3, helicase domain Can ‘0

NS3, inter-domain linker —___

NS3, protease domain

Figure 4.24: The full-length NS3 protease, composed of the protease domain (in blue), the helicase
domain (in gray) and the linker between domains (in magenta). The protease is bound with a peptide
substrate, shown in all-atom representation (in violet). The figure was prepared based on superposi-
tion of two experimentally-determined structures, using a model of a full length protease to show the
location of helicase and linker domains (PDB:4A92), and the second structure to show the location
of a protease domain bound with a peptide substrate (PDB:3M5N).
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the presence of crowders definitely works in favour of the virus.
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Chapter 5
Summary and future perspectives

Studying the effects of molecular crowding on protein activity and dynamics is a field that is con-
stantly evolving. We know that there are proteins that do not perform their catalytic function in water,
recovering it only in the environment of crowders !>, There are also proteins that are not affected
by crowding at all'*”. The physical principles of the influence of crowding on macromolecules are
known, and it is known that its effects result from a combination of volume exclusion and inter-
actions with crowder molecules'*’. However, it is still problematic to estimate how crowding will
affect a given protein and whether it is worth conducting laboratory experiments in crowded solution,
or whether a standard diluted buffer will suffice.

For such estimation to be possible, we need data on how crowding affects different types of pro-
teins; we also need a deeper understanding of the mechanism of how crowders used in experiments
affect macromolecules - knowledge about the properties of these crowders, and a decision on what
model of crowded environment to choose for a particular experiment are crucial for the interpretation
of its results. Research described in this thesis contributes to adressing these needs.

While studying the effects of molecular crowding on the NS3/4A protease from HCV, I attempted
to combine observations from laboratory experiments and simulations, both carried out under simi-
lar conditions. In both cases, the protease was placed in water and in solutions crowded with non-
protein polymers - PEG and polysucrose. These polymers are used as standard to mimic crowded
environments in the laboratory®*, but they are extremely rarely incorporated into molecular dy-
namics simulations. In this work, however, they were also used in simulations, so that by observing
the system on two scales it was possible to link the results of the experiment with their causes on a
molecular scale. The experiment provides information about the activity of the enzyme and simu-
lations about its internal dynamics and diffusion. Both complement each other and help to describe
the enzymatic process in both dilute and crowded conditions. In the case of the protein studied here
it was particularly important, since it turned out that the crowders used in the activity assay have
different effects on the activity of NS3/4A - PEG causes a decrease in peptide cleavage rate, while
Ficoll causes its increase’!.

While performing the molecular dynamics simulations of the protease in crowded environment,

I aimed to separate the observed effects into those caused by excluded volume effect, and those
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caused by protein-crowder interactions. For this reason, three different models of crowders were
used - all-atom PEG and polysucrose molecules, and the CG crowder with the interactions with
NS3/4A reduced to minimum. Both polymers were found to interact with the protease, engaging
in contacts and hydrogen bonds with the residues of NS3/4A. While it is commonly believed that

101100 " and Ficoll is an inert crowder''>¢

PEG show minimal interactions with the proteins , In my
trajectories polysucrose that was used to model Ficoll was found to form more than twice as many
contacts and hydrogen bonds with NS3/4A than PEG. Nevertheless, it turned out that the effects of
polysucrose on protein dynamics more closely resemble those caused by spherical CG crowders,
while the way PEG affects it, is dominated by effects typical of interacting crowders, such as protein

crowders.

Polysucrose molecules were found to diffuse very fast, faster even than the coarse-grained crow-
ders, and to limit translational diffusion of the protease to a smaller extent than other crowders. They
were also found to more readily bind acidic amino acids, which make almost a half of the residues
of peptide substrates used in the activity assay. This set of results was used to explain the different
effects of PEG and Ficoll on the rate of peptide cleavage reaction, that was observed in the laboratory
experiment, according to which PEG slows down the reaction, and Ficoll speeds it up. Simulation
results showed, that PEG significantly slows down the diffusion of both the protease and its sub-
strates, limiting the frequency of enzyme-substrate contacts, whereas polysucrose has the potential
to accelerate diffusion of substrates and increase this frequency. This hypothesis will be investigated
in the planned continuation of the project.

Another important phenomenon observed in the simulations in water and with crowders is a
stabilisation of helical fragment formed on the N-terminal tail of NS4A - the tail that folds into
transmembrane helix (TMH) to anchor NS3/4A to the host ER membrane. Helix formation was
observed in all performed simulations, including simulations in water, although without the crowders
the helix quickly unfolds, while in the presence of all studied crowders it remains stable. Location
and sequence of observed helical fragment suggest, that it could be a TMH precursor, forming to
facilitate insertion of about 20 amino acids of NS4A into the membrane. This means, that molecular
crowding inside a human cell might actually support the virus, by making it easier for it to construct
a membrane-bound replication complex inside the human cell.

In conclusion, by studying the effects of crowding in simulation and in an experiment using the
same crowder models, it was possible to propose the likely role of crowding in the HCV life cycle,
and to discover unknown facts about polysucrose polymers, used as a representation of Ficoll which
is one of the crowders most often used in laboratory experiments.

As the simulations with a simplified model provided interesting and promising results, the project
will be continued to develop and parameterise an improved model of Ficoll, with branched structure
and accurate representation of sucrose-sucrose linkages. Upgraded model will be used in a set of
molecular dynamics simulations, studying the effects of Ficoll on the diffusion of NS3/4A and its
peptide substrates, as well as the interactions and dynamics of the crowders themselves. The aim

of those simulations will be to investigate how, despite the presence of interactions with the protein,
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the effects of polysucrose resemble those of inert CG crowders more than those of interacting PEGs.

New simulations will also test the hypotheses made on the basis of the simulations performed so far.
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