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CHAPTER I: INTRODUCTION

Molecular simulations have increasingly become powerful tools in providing insight
into the structure, dynamics and functional mechanisms of biological
macromolecules. The great advance in high-performance computing technology
offers opportunities for explorations of macromolecular complexsystems with larger
sizes and over longer simulation times. Although atomistic simulations can be
achieved for systems containing several millions of atoms with milliseconds scale
simulation times, it is still not possible to simulate several large-scale biomolecular
complexes with their size requiring that the time go far beyond the limits of all-atom
molecular simulations. During the past decades, Coarse-Grained (CG) models have
continuously been developed with an increase in reliability and accuracy. Due to its
lowered resolution and larger time steps, CG simulations have now emerged as an
efficient and inexpensive approach to model large and complex systems. In this thesis,
molecular dynamics and Monte Carlo simulations has been employed using CG
models to investigate structure, morphology, self-assembly and interactions of a
membrane protein ion channel called CorA magnesium channel. The works in this
thesis shows the ability of CG simulations to provide detailed information on physical
and thermodynamical properties compatible with all-atom simulations. This chapter
contains necessary information on significance and literature reviews of the studied

protein, theoretical background of simulations and research objectives.

1.1 Significance of the studied protein

Magnesium ion (Mg?") is the most abundant intracellular divalent cation. It is
involved in the regulation of cell cycle progression [1] which requires a huge number
of molecules and interrelated pathways [2]. It is triggered by growth factors and
hormones, as well as signaling from extracellular matrix components, all of which
activate the transcription of genes that control cell cycle entry and progression,
ultimately leading to cell division. Mg?* plays an important role in maintaining tissue

homeostasis and eventually driving tissue regeneration and repair. The cell cycle is
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tightly regulated by activators, inhibitors, and sensors of DNA and chromosome
damage. Moreover, Mg has a role in the formation of the mitotic spindle [3].
Evidence from prokaryotes and lower eukaryotes supports the idea that magnesium
regulates the cell cycle. [4].

O .

| 1 |
, - Cyclins, CDKs and CKls
CDK2 CDK2/1 . ; s
7\ y Y involved in regulating
T T T T

the progression of the
cell cycle

protein DNA DNA mitotic spindle  Principal events
synthesis synthesis repair formation occurring during the

different phases of the
\\ / / cell cycle

Figure I- 1 Magnesium and cell cycle progression [1]

1.1.1 lon Channels

lon channels are protein that embed and span across a lipid bilayer (or phospholipid
bilayer). They are classified into two basic types: leak channel and gated channel. The
leak channel allows ions to pass through all the time. On the other hand, the gated
channel is selective and controls the exchange of ions between extracellular and

intracellular sides.

There are three categories of gated channel via external stimuli (Figure 1-1): i)
Voltage-gated, ii) Mechanically gated, and iii) Chemically gated. Firstly, the voltage-
gated is a forced stimulus by electricity changes in the membrane potential or
separation across the membrane such as Na* channel, K* channel by a condition zone

that produces action potential. Secondly, the mechanically gated is associated with
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mechanical stimulus such as stretch activated channels and sensory neurons of such as
stretch reflex and tendon reflex. Lastly, the chemically gated or ligand-gated is

activated by molecules or ions binding at a receptor site.

Voltage-gated

++ ++ - -

Change

———
Membrane

potential

++ ++

Mechanically-gated

i

Stretch
Ligand-gated @

A

Bind ligand
—_—

Figure I- 2: Three types of gated-ion channel

Ligand-gated channels react quickly to the binding of ligands and stimulus. There are
two types of ligand-gated channels: extracellular and intracellular ligand gated
channel. Only specific ligand can bind with specific channels, which can be modelled
by "lock and key" or “induced fit", to control the channel in the close or open
position. The binding site of a channel is not anywhere near the actual channel
(allosteric binding) where the ligand binding location is called the allosteric site and is
a place away from the ion channel. Once the ligand binds, it can control the opening
and closing of the ion channel by altering the protein conformation of the entire
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protein. An open channel can cause the ion permeability of the entire plasma

membrane to quickly change.

The allosteric binding site of a ligand, is complementary to the ligand and can be on
the intracellular side. Generally, membrane receptors respond to extracellular signals.
Membrane receptors can have multiple allosteric binding sites for their ligands. These
cases are different from voltage-gated ion channels which rely on the difference in
membrane potential, but ligand-gated ion channels respond to the binding of a ligand.
The stretch-activated ion channel depends on the deformation of the cell membrane,

or the cell membrane being stretching and or pushed/stressed in some way.

1.1.2 Magnesium channel

Mg?* entry into cells via channels was first discovered in prokaryotes and protozoans.
Several channels or channel-like structures responsible for Mg?* entry in eukaryotic
cells have been identified. Even when significant inward and outward gradients are
imposed across the cell membrane, eukaryotic cells maintain Mg?* content below the
predicted electrochemical equilibrium potential of 50 mM [5]. This finding lends
credence to the idea that eukaryotic cells have powerful and abundant Mg?* transport
mechanisms that keep total and free Mg?" levels stable. The primary transport
mechanisms involved in cellular Mg?* homeostasis regulation is summarized in
Figure 1-3. Several Mg?* entry mechanisms have been recently identified. They
include: Claudins, MagT1, MMgTs, SLC41, ACDP2, NIPA, and Mrs2. These
channels, which have a relatively high specificity for Mg?*, are mostly found in the
cell membrane, but they can also be found in the mitochondrial membrane or the

Golgi cysternae.

Fac. of Science, Dept. of Chemistry (Physical chemistry)



Chulalongkorn University 5

Mg2+
M92+
Na -
Efflux independent | NMX J
Choline, \\
2
s Na* ATP+Mg?2*

ANT\ Mitochondria
- Mg2+
Golgi (ER?) Mg®*
ADP
MMgT Mrs2

M g2+

M92+

MQZ*

NMX

Influx

Figure I- 3 Mg?* transport mechanisms: The cartoon summarizes the main transport

mechanisms responsible for Mg?* extrusion and entry in eukaryotic cells. [1]

Mrs2 shares several structural homologies and a two-transmembrane domain topology
with the bacterial transporter CorA. Mrs2 mutant yeasts have lower levels of total
mitochondrial and matrix free Mg2+, and they can be rescued by CorA fused to

Mrs2's mitochondrial N-terminus leader sequence [6].

CorA is the major magnesium transporter in Salmonella; homologs have been
identified in over 30 organisms from eubacteria, archaea, and eukaryotes. These play
a crucial role in transporting ions and their disruption has been attributed to diseases
such as abnormal neuronal tissue expression [7, 8], and irregular mitochondrial
activity [9]. The 3D structures of CorA in both the closed and opened states were
successfully solved using the x-ray [10, 11] and cryoEM techniques [12]. CorA is one
of the Mg?" gating channels and contains 351 residues. The CorA structure from
Thermatoga maritima has a pentameric and funnel shaped structure (Figure 1-4). The
pentameric structure of CorA from the N-terminal to the C-terminal contains TM2,
TM1, stalk (a7), a6, a5, a4, and a hammer domain (al- a3). The rest of the N-
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terminal part of CorA forms a separate domain outside the funnel. It consists of an

aBo sandwich comprising two sets of three a-helices (o1 a2 az and o4 as ag) on either
side of a seven-stranded antiparallel B-sheets (B2T B1d BaT B7T Bs! BsT Bal) as shown

in in Figure 1-4.

Crystal structures of Mg?*-bound CorA reveals five Mg?*-binding sites which are
located at the interface between subunits in the cytosolic domain [12-14]. Each
binding site which can host up to two Mg?* (known as the M1 and M2 sites), is a
divalent cation sensor, serving as a Mg?*-sensing regulatory [14, 15]. The M1 and M2
metal binding sites are separated by a distance of ~7A. Mg?* in the M1 site positions,
these are in close proximity and form coordinate covalent bonds with the carboxylate
group of D89 and D253' (" ' " indicates the adjacent subunit). The second M2 binding
site lies close to the side chain of E88, D175 and D253. Electrophysiological studies
showed that the channel activity is regulated by intracellular Mg?* [15]. The protein
conformation with fully Mg-occupied sites corresponds to the closed state while the
channel transitions from closed to open conformations by the release of Mg?* from

the cytosolic binding sites [12].
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Membrane

Willow

oplasm
Lyon! helices

Figure I- 4: CorA protein components [11]

1.2 Theoretical Background
1.2.1 Coarse-grained models for biomolecular systems

Coarse-grained (CG) approaches have raised much interest in the study of lage-scale
biological processes on time scales inaccessible to all-atom simulationsExperiments
can observe dynamics process to understand how life work at > millisecond scale. On
the other hand, theoretical and computational works that operate on theatomistic scale
for a protein of a few hundred amino acid residues typically operate in a range of
nanosecond to microsecond time scale, due to the limits of computational
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performance. CG serves as a competent method to address this and is still used at
present, for example: A coarse-grained decomposition of surface geostrophic Kinetic
energy in the global ocean was conducted this year (2021), Modeling of protein-
peptide interactions using the CABS-dock web server for a binding site search and
flexible docking Methods in 2016, Simulations of protein aggregation: Insights from
Atomistic and Coarse-Grained Models in 2014, Membrane-bending mechanism of
amphiphysin N-BAR domains in 2009, Elucidating the mechanism behind irreversible
deformation of viral capsids in 2009, Transport-related structures and processes of the
nuclear pore complex studied through molecular dynamics in 2009, Disassembly of
nanodiscs with cholate in 2007, Coarse-grained models for proteins in 2005 [add

references] and so on.

Coarse-grained models solves one of main problems in computational biological
science by addressing the time and length-scale gap between computational and
experimental methods of biological system. This model reduces the number of
degrees of freedom to achieve a rapid simulation. CG simulational are typically
conducted using either of these two main approaches:

i) Residues-based Coarse-Graining [21, 22]: a protein-lipid CG model is
cluster ~10 atoms including hydrogens and replace by a CG bead. Every
four waters also becomes one water bead. Each bonded beads is connected
by harmonics springs. The harmonics angular potentials help to maintain
the shape of molecular structure. The interactions are represented with the
Lennard-Jones potential, and the long-range interaction with the coulomb

potential.

i) Shape-based Coarse-Graining [23, 24]: an approach to model large
macromolecular assemblies that represent protein and other biomolecules
as few point like particle. A single protein comprised of compact domains,
disordered, and elongated. This method allows compact domains and tails
to have equal accuracy, with the advantage of efficient topology. The
interactions also use the Lennard-Jones potential but more interaction
details are possible depending on the program or the user assigned

parameters to the model.
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1.2.2 Martini Models

Martini coarse-grained models are one of the most widely used forcefield for CG-MD
of biomolecular systems [25, 26]. In the Martini model, each amino acid consists of
backbone beads and 1-3 sidechain beads as shown in Figure I-5. There are four types
of sidechain beads: polar, intermediately polar, apolar, and charged which have
subtypes based on hydrogen bonding capabilities or their polarity.

BAS — SID BAS — SID BAS— SID BAS — SID BAS — SID BAS — SID BAS
| | | | | | |
Thr (T) Ser (S) Trp (W) Tyr(y) Pro (P) His (H)
s12 512 HSD-HSE | sPin
| | P1t | Pls I LN\ 4 I AC2p si2
BAS BAS — SID BAS — SID BAS—SIT | sia  BAs—SIl BAS — SID I s /
| | | | Ay | | BAS = SI1
\SB / \5|3 | \
R sP1y si3
5P1h
Gin (Q) Asn (N) Asp (D) Glu (E) Lys (K) Arg (R) s
HSP Qdh
si2
| P4q | P3d | 0Ad | QAe | c3k QDk | NOr  P4r | I— /
BAS — SID BAS — SID BAS — SID BAS — SID BAS-SI1-SI2 BAS-SI1-SI2 B?s_m
| | | | I I \

Si3
sadh

Figure I- 5: Topologies of amino acid in Martini model

Martini force fields have successfully been applied in the field of biological and
materials research studies [26, 27]. The force field is still under active development to
improve the model and bring it closer to the accuracy of all atom simulation for a

wide variety of systems [28].

1.2.3 Molecular Mechanics Potential Energy Functions

The molecular mechanics force fields are used to calculate the potential energy of
simulated systems. Atoms in molecular mechanics are treated as balls held together

by springs. The empirical potential energy function can be written as follows:

Equation 1: The empirical potential energy function

V' = Vponded + Vnon-bondea
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Where V is a summation of bonded and non-bonded terms which can be expressed

as:

V= (Vbond + Vangle + Vdihedral + Vimproper)bonded + (Velec + VvdW)non—bonded

The bonded energy term can be classified into four categories. The non-bonded
energy term is derived from van der Waals and electrostatic interactions.
Vyona represents the bond stretching energy whose the function is based on Hooke's

law. The potential function of V4 IS given by

Equation 2: The bonds summation

1
Vbond = Z Ekb(r =l )2

bonds

Where ki is the force constant of the bond. I and r, are bond length between two

atoms at its current state and equilibrium state, respectively.

Vangle represents the bond angle energy. The potential function of V4. is expressed

as:

Equation 3: The angles summation

1 2
Vangle = z Eke(e —0o)

angle

Where kg is the force constant of the bond angle. 6 and 6, are bond angles at the

current and equilibrium state, respectively.

Vainedral 1S @ dihedral or torsion angle energy. It is the energy required to rotate the

bonds. The torsional energy can be defined by Eq.4, where V, is the rational barrier
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height, n is periodicity of rotation, z is the torsion angle in the conformation of the

molecule in that phase (¢ )

Equation 4: The dihedrals summation

Viihedral = Z %Vn (1+ cos[nz — ¢])

dihedral

Vimproper 1S the out-of-plane potential energy associated with an improper torsion
angle. It is defined as a small out-of-plane angle (« ).This term measures angle from
three atoms that form a plane and the angle of the bond from the top atom out of
plane. The out-of-plane motional energy is often necessary of planar group, for

example sp? hybridized. The y is defined as an angle between the plane containing

the first three atoms and the plane containing the last three atoms as represented by

Equation 5: The improper angles summation

1
Vimproper = 2 EVn(l + cos[na —])
improper
The Lennard-Jones (LJ) function is used to describe van der waals attraction and
repulsion between atoms. Electrostatic term is based on the Coulomb's law [29, 30].

1.2.4 Molecular dynamics and Mone Carlo simulations

MD simulation is a deterministic method that can explain the "motion” of individual
molecules in models and depends on the position, velocities, and orientation changes
with time. The calculation is provided by solving differential equations, which rely on

Newton's law.

In 2002, Martin Karplus and J. Andrew McCammon mentioned the roles of MD
simulation in biomolecules over the last 25 years [31]. Concluding that it was widely
used with many programs such as NAMD, CHARMM, AMBER, GROMACS and so
on. The simulation methodology is continuously developed in parallel with computing
performance resulting in an increase in the number of publications. Many applications
from this method are possible allowing for a wide range of research topics including

the monitoring of conformation changing of protein structural, study of the behavior
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of gating channel, the response of temperature on biomolecules that cannot observed
directly by other means, interaction energy between molecules and/or protein. This
technique can investigate implicit or explicit systems at femtosecond to microsecond
scales depended on the issue of interest.

Monte Carlo (MC) simulation is a stochastic method, based on statistical physics, that
performes a simulation where the number of molecule (N), volume (V), and
temperature (T) are fixed. The calculation is evaluated to an energy that is generated
from the molecular configuration of the previous step and a random event called the

"Markov chain" which is based on random walk theory.

1.3 Objectives

I. To investigate structure and dynamics of phospholipids in nanodisc and
bilayer forms through all-atom and coarse-grained molecular dynamics

simulations

Il. To investigate the impact of lipid nanodiscs on the stability of the closed

and open CorA conformations

I1l. To investigate self-assembly morphology of CorA using coarse-grained

simulations

1.4 Relation research topics

This dissertation is organized into six chapters. Chapter 1 provides a overview
introduction related to the research work. Four research topics carried out during the
study are presented in Chapter 2, 3, 4 and 5. Chapter 2 reports a CG-MD study to
explore the structural response of lipoprotein nanodisc systems as a function of
temperature. Nanodiscs are a promising tool and was used to encapsulate the
membrane protein. They are discoidal protein-lipid particles that contain a
phospholipid bilayer and wraps around a polypeptide. Nanodiscs have been used with
several technique such as electron microscopy, NMR, EPR, X-ray crystallography etc.

[16-20]. A CG simulation of nanodisc structures was conducted to investigate the
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effect of temperature since the 3D low-resolution structures of CorA in nanodiscs
were determined using cryo-electron microscopy. This study aimed to understand the
structure and dynamic responses in various temperatures. Chapter 3 and 4 presents
CG-MC approach to study the structural behaviors, interactions and morphology of
CorA magnesium channels. In this study, the CG models were conducted based on
an amino acid sequence of CorA from Thermotoga maritima (UniProtKB -
Q9Wz31). An in-house CG-MC program developed by Dr. Pandey, a co-advised
professor from the University of Southern Mississippi. The findings in the study
demonstrate the self-organization of the CorA protein in response to temperature and
protein density, and the protein interactions in the solute matrix. There has been a
debate whether the loss of Mg?* in the binding sites causes significant conformational
changes from the closed-bound to open-unbound states. Leaving some aspects of the
protein mechanism of CorA still unclear and requiring further examination. Chapter 5
illustrates a CG-MD study to address the above issue. The results demonstrate the
conformational response of the CorA closed state upon the release of Mg?*. The
conclusion of the thesis work is summarized in the final Chapter.

1.5 Expected beneficial outcome

Obtain knowledge about the structure and mechanism of the protein function that

could open opportunities for developing new tools or technology in bioscience.

Ch. I: Introduction



CHAPTER Il

Thermally induced structural organization of nanodiscs by coarse-grained

molecular dynamics simulations

Warin Rangubpit’, Pasawan Paritanon’, Ras B. Pandey?, and Pornthep

Sompornpisut ™’

"Center of Excellence in Computational Chemistry, Department of Chemistry,

Chulalongkorn University, Bangkok 10330, Thailand

# School of Mathematics and Natural Sciences, University of Southern Mississippi,
Hattiesburg, MS, 39406, USA

Doi: 10.1016/j.bpc.2020.106464

Journal: Biophysical Chemistry, 267, 106464.

Received: 04 July 2020
Accepted: 24 August 2020
Published: 29 August 2020

Keywords: Self-organizing structure of proteins (CorA); protein folding; Coarse-

grained model; Monte Carlo simulation; effective dimension of self-assembly



Chulalongkorn University 15

2.1 Abstract

Membrane scaffold proteins (MSP) nanodiscs have been extensively used in structural
study of membrane proteins. In cryo-EM, an incorporation of target proteins into
nanodiscs is conducted under a rapid change from cryogenic to ambient temperatures.
We present a coarse-grained molecular dynamics (CGMD) study for investigating an
effect of temperature on the structural organization of DPPC-nanodisc and POPC-
nanodisc. A non-monotonic response of physical quantities (i.e. the lipid order
parameter, nanodisc flatness, structural change, solvation property, radius of gyration)
with increase in temperature (T=200-350 K) is found to be associated with the gel-
ripple-liquid crystalline phase change within nanodiscs. The reorganization of lipids
upon temperature variation induced conformational changes of MSP to minimize
hydrophobic mismatch. Structural response to temperature is different to a certain
extent between the saturated DPPC and unsaturated POPC.

2.2 Introduction

Studying structure and function of membrane proteins presents more technical
limitations than water soluble proteins because they are naturally embedded in the
phospholipid bilayer with their hydrophobic transmembrane domains [2]. Therefore,
it is difficult to obtain the correct structural data in its native environment through
standard techniques such as X-ray crystallography and nuclear magnetic resonance
spectroscopy. A typical solution is to solubilize membrane proteins in detergent
micelles that can extract the membrane protein from its native lipid environment.
Depending on the concentration, detergents can partition into the lipid bilayer, break
interaction between membrane proteins and soluble factors, and solubilize membrane
proteins by making a protein-detergent complex [34, 35]. However, some detergents
are harsh and make the proteins unstable and/or distort its structure to a non-native
state. Alternatively, liposome has been used to incorporate membrane proteins, which
is beneficial to membrane protein assays. However, the liposome is too large,

unstable, and difficult to prepare with exactly controlled size and stoichiometry [36].

Ch. 1I: Thermally induced structural organization of nanodiscs
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In the past, liposome and bicelles were used in structural studies of membrane protein
mainly for solid-state NMR [37] but they are destabilize the reconstituted membrane
protein. To improve the resolution of membrane protein structure and increase the
successfulness structure determination. The helper tool still searched for development.
Lipoprotein nanodiscs have become a promising platform for the study of structure
and function of membrane proteins in a native-state like condition. They have been
successfully used in structure determination of over a dozen of membrane proteins
using cryogenic electron microscopy (cryo-EM), solid-state and solution NMR [16,
18, 19, 38, 39]. The introduction of nanodiscs into single-particle cryo-EM has
revolutionized in the field of structural biology for determination of membrane
protein structure without crytallization. Nanodiscs are an engineered lipoprotein that
is closely similar to high-density lipoprotein (also known as HDL) in structure. They
consist of patches of phospholipids surrounded by two amphipathic membrane
scaffold proteins (MSP), which can self-assemble the target membrane protein for
structural investigation [40]. Although, the size and interfering limitations properties
were try to fix it out and polymer based nanodisc emerged as a new choice [41]. By
the way, the MSP based nanodisc was the originating successfully study membrane

protein [19, 42]. This offers a greater advantage than detergents and liposomes in

terms of size, solubility and stability at a single molecule level [43]. Nanodisc

structure is a disc-like phospholipid arranged in a bilayer manner, encircled by two
MSPs. The MSP in nanodiscs forms a discoidal double belt that wraps around the rim
of the bilayer. There are several types of MSPs. Apolipoprotein Al (Apo-Al) is a
common mimetic peptides that engineer to several kinds of MSP to achieved the
control size and flexible used as polymer-based nanodiscs. For the membrane
components, dimyristoylphosphatidylcholine (DMPC),
dipalmitoylphosphatidylcholine (DPPC) and 1-palmitoyl-2-oleoyl

phosphatidylcholine (POPC) are the most common lipid used in nanodiscs [44].

Recently, the nanodisc formation was studied in DMPC and DLPC lipid using
experimental data and coarse-grained molecular dynamics simulation [45]. To obtain
the spatial arrangement of polymers in nanodiscs, the size, and thermal stability. In

our study, the one of an important physical property of a lipid system is membrane
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fluidity in response to temperature. The thermotropic phase transformation of
phospholipid bilayers has been investigated by experimental and theoretical
approaches [39, 46-49]. It has been shown that DPPC and POPC bilayers are rapidly
converted from fluid phase to gel phase at ~295 K [46] and 270 K [47], respectively.
The gelation phase depended on a tilt angle with respect to bilayer normal [48].
Kariyazono showed that MSP1 of POPC nanodisc became an elliptical on increasing
the temperature [50]. The lipid bilayer of nanodisc exhibits lateral thermal expansion
on a rising the temperature [39]. For a typical cryo-EM experiment, nanodiscs
containing the incorporated membrane protein are prepared under freeze-thawing
temperature, ranging from cryogenic to room temperatures [51]. However, little is
known about the effect of temperature variation on nanodisc structure. A detailed
understanding the structure and dynamics of nanodisc particles in response to
temperature will enhance imaging interpretation of the morphology of nanodiscs. In
this study, we performed CG-MD simulations of two lipoprotein nanodiscs to
investigate changes in conformation, flexibility, compactness and hydration number
of the nanodiscs as a function of temperature. An aim of the study is to demonstrate

an impact of temperature on the structure and dynamics of nanodiscs.

2.3 Methodology
2.3.1 Molecular modeling of nanodisc

A nanodisc consists of a bilayer lipid membrane encapsulated by lipo-proteins in a
circular morphology (see Figure 11-S1). The starting structures of lipoprotein nanodisc
[52] with atomic scale resolution were designed from the Nanodisc Builder module in
CHARMM-GUI [53, 54]. We consider two commercially available nanodiscs with
membrane bilayer consisting of DPPC and POPC. The scaffold protein-1 (MSP1)
encircles membranes in a diameter of 98A involving 160 DPPC and 135 POPC lipds
in 1:1 ratio of the upper- and lower-leaflets (see Figure 11-S1). The number of lipids

2
were based on the estimate of the area of the nanodisc, i.e. (g — 5.5) , where d is

the nanodisc diameter [54]. The encapsulating protein MSP1 consists of polypeptide

chains, P1 and P2 in a double helical morphology.

Ch. 1I: Thermally induced structural organization of nanodiscs
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The atomistic details of DPPC and POPC nanodiscs were converted to MARTINI
coarse-grained (CG) models (Figure 11-S1) using the residue-based CG script
executed by the VMD program [55]. The MARTINI 2.2 force field topology was used
for the CG models. The CG nanodiscs were solvated by MARTINI water beads. Na*
and CI" beads were subsequently added for charge neutralization of the systems. This

simulation consists of 60 000 beads in a 20x20x19 nm? simulation box.

2.3.2 Coarse-grained molecular dynamics simulation

The CG-MD simulations were carried out at a temperature range 200 K - 350 K for 3
ps using the NAMD [56] involving MARTINI force field with a periodic boundary
condition in three dimensions. The switching function is adapted for Lennard-Jones
potential from 0.9 nm to 1.2 nm and Coulomb potentials were smoothly shifted to
zero from 0 to 1.2 nm. The relative dielectric screening constant is set to 15.0.
Initially, the MD systems were subjected to 6000 step energy minimizations prior to
equilibration steps. The equilibration was performed with the following steps: (i) for
the next 10° steps (0.2 ns), P1 and P2 proteins were constrained using 1.0, 0.5, 0.25
kcal/mol/A? harmonic constraint energy function, respectively, in NV T-ensemble. (ii)
Then, proteins were constrained using 0.125 and 0.0625 kcal/mol/A? harmonic
constraint energy function, respectively, in NVT-ensemble. (iii) Subsequently, these
constraint were removed with NPT-ensemble using Langevin piston Nose-Hoover
method [57, 58]. About 2-3 ps CG-MD simulations were performed with an

integration time step of 20 fs.

2.3.3 Trajectory analysis

The trajectories of lipid membrane consisting of DPPC, POPC and the double helix
proteins MSP1 were analyzed using TCL scripts in VMD. Unless otherwise specified,
MD trajectories of each CG systems in the last 0.5-1.0 pus were used to extract
structure and dynamics properties of the systems. The root-mean-square deviation
(RMSD) and radius of gyration (Rg) of MSP1 were computed as a function of time to

illustrate the conformational fluctuation during the course of simulation. The root-
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mean-square fluctuation (RMSF) of each residue of MSP1 was computed using the
last 0.5 us of its MD trajectory. The orientation of lipid tails relative to the bilayer
normal is described by an order parameter (S), which was calculated by defining the
orientation of the CG bond vectors with respect to the bilayer normal.

N
1
Z E(Bcosze —1)
i=1

where 6 is the angle of a bond between two CG beads and the bilayer normal, N is the

() =

2|~

total number of time frames used for the calculations. The angular bracket indicates
that S is averaged over all of the sampling time. S = 1 corresponds to perfect
alignment. In a random orientation, S takes zero value. The smaller value of an order
parameter, the greater the degrees of motional freedom experienced by the lipid

molecule.

The radial distribution function (g(r)) of water around nanodisc was analyzed to
investigate the hydration structure. The first solvation shell of the g(r) was used as a
cut off for estimating the number of water molecules around MSP1 as well as the
bilayer of the membrane. The average value of the hydration number and the solvent
accessible surface area of the nanodisc was computed. The number of lipids per unit
area was obtained by the surface area of the nanodiscs divided by number of lipids.
Principal component analysis (PCA) was performed using about 4000 snapshots
extracted from the last 3 pus of MD trajectories at 200 K, 250 K and 300 K. To make a
relevant analysis of the internal motions of MSP1, backbone beads of the snapshot
structures were aligned against their starting structure. The first two principal
components of motion, eigenvalue 1 and 2, which corresponded to the first and
second eigenvectors of the covariance matrix were calculated using the WORDOM
software [59] Visualization and all trajectory analyses were performed using TCL
scripts executed by the molecular visualization program VMD [55].

2.4 Results and discussion

A number of physical quantities such as the order parameter of lipid tails, the flatness
parameter of nanodiscs, RMSD of MSP1 and that of its residues, solvation profile,

Ch. 1I: Thermally induced structural organization of nanodiscs
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solvent accessible surface area (SASA), radius of gyration of MSP1, etc. are studied
as a function of temperature in both nanodiscs (DPPC, POPC). Analysis of the trends

from the data on these physical quantities is presented in the following.

2.4.1 Nanodisc structural organization in response to temperature

Each constitutive elements of the protein (MSP1), lipids, and water molecule execute
their movements during the course of molecular dynamics simulation at each
temperature dictated by the instantaneous force and the thermal agitation. The
collective motion of these constituents may lead to global structural evolution of the
nanodisc assembly in asymptotic time as system reaches its steady-state equilibrium.
Snapshots of both nanodiscs (DPPC, POPC) assemblies towards the end of simulation
(3 ps) are presented in Figure II-1A for a range of temperature (T=200K-350K).
Visual inspections reveal a remarkable change in conformation of the protein MSP1
encapsulating DPPC and POPC membrane on raising the temperature. The
simulations at 200K, 300K and 350K show the regular MSP1 belt of the nanodisc
oblate spheroid. However, other temperatures show much different structures in
which the MSP1s have a periodic-like belt around the membrane bilayer, compatible
with a specific type of non-raft lipids in the ripple phase theory (Figure 11-1A). This
finding suggests that the effect of conformational changes in the MSP1 might be
associated with a change in the physical state of the bilayer membrane at least in part.
At 200K, both nanodiscs are likely in a more gel phase structure where the lipid tails
are closely packed in their extended chain. As temperature rises between 225K-275K,
the nanodiscs show significant structural distortion in the discoidal bilayer, of which
the shape adopts a corrugated-like structure consistent with the morphological
characteristics of the metastable ripple state. However, at temperature T = 300K and
350K, DPPC-nanodisc maintains its discoidal structure similar to the simulations
under the gel-to-liquid transition temperature. It should be noted that the crystalline
order of the bilayer is lost at these temperatures. The acyl chains of the DPPC-
nanodisc simulations became more randomly dispersed, indicating that the lipids are
in the fluid phase. An analysis of the averaged order parameter, <S>, as a function of

temperature supports the change in the physical state of both nanodiscs (Figure IlI-
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1B). The order parameter for the three terminal bonds of the CG lipid model was used
to illustrate the degree of hydrophobic tail tilting away from the bilayer normal. As
shown in Figure 11-1B, the acyl chains in the gel phase (T=200K) have <S> relatively
higher than in the fluid phase (T=300K, 350K). This implies that the hydrophobic
tails are on average essentially more extended than in the lipid-disordered state. For
the gel-to-liquid crystalline transition temperature (T=225K-275K), the wavy
sinusoidal shape of the nanodisc is the results of a mixture of ordered and disordered
lipids. This can be seen by a decreasing tendency of <S> with increasing temperature,
except for T between 225K and 250K.

The structural organization of POPC-nanodisc in response to temperature is found to
be similar to DPPC-nanodisc. Nevertheless, the simulations of POPC-nanodisc at
300K show distorted discoidal bilayers, which is similar to the ripple-like structure.
This might suggest that the phase transition of POPC-nandisc to a fluid phase occurs
at a temperature higher than DPPC-nanodisc. This observation seems to contradict the
nature of saturated/unsaturated phosphocholines and the melting temperature (Tm)
between the two lipids reported from earlier experiments [60]. It is well-known that
the saturated fatty acids (DPPC) have a gel phase Tm higher than the unsaturated fatty
acids (POPC) because the saturated DPPC bilayer is more tightly packed than the
unsaturated POPC. As can be seen in Figure 11-1B, the order parameter of the three
terminal bonds of POPC-nanodisc takes on the lower value in comparison with
DPPC-nanodisc. This indicates that lipid molecules experience a greater freedom of
motion since the unsaturated double bond causes a bend in the lipid tails. Thus, POPC
containing nanodisc lost their orientation easier than DPPC-nanodisc. This explains
an increase in the lipid tilt angle as the lipids become more disordered. In addition, it
has experimentally demonstrated that the POPC-nanodisc has a molecular surface
area larger than the DPPC-nanodisc [18, 61]. Therefore, POPC is more loosely
packed than DPPC in nanodiscs. Because of less well-packed lipids, the discoidal
distortion of the POPC-nanodisc at 300K unlikely represents the ripple phase

structure. Instead the MSP1 forms less stable nanodiscs with POPC.
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Figure I1- 1: (A) Nanodisc sideviews taken from MD snapshots to show a variation of
the DPPC- and POPC-nanodisc shapes at temperature T = 200K — 350K.
Differences in the MSP1 shape between the discoidal arrangement in the gel and
liquid crystalline states, and the corrugation-like structure in the ripple state were
observed for both nanodiscs. (B) Average order parameter, <S>, of the three
terminal bonds of lipid acyl chains as a function of temperature. (A) DPPC-
nanodisc and (B) POPC-nanodisc. Two different chains of fatty acids were
depicted as solid and dashed lines corresponding to A- and B-chain, respectively.
An inset illustrates the bead names and the molecular frames used in the S

calculations

We have pursued a detailed analysis of the reorganization of nanodisc structure upon
temperature variation. Figure 11-2 showed a temperature-dependent flatness in terms
of the dihedral angle (¢) of the MSP1 plane. We found that, at 200K, DPPC- and
POPC- nanodiscs have the minimum deviation from the plane with <¢> of 10° and 5°,
respectively, indicating that the MSP1 has a flat belt form. Distortions from the
standard MSP1 belt are observed as temperature rises. The flatness angle showed a
sharp increase at 225K, and then approached a steady state at 250K before declining
as the temperature increases. Such structural changes of MSP1 were induced by the
structural phase transition of the lipids as a result of protein-lipid interactions to
relieve the hydrophobic mismatch. It should be noted that POPC-nanodisc has a
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deviation of the flatness parameter larger than DPPC-nanodisc. This has been
explained by the relatively loose packing of the unsaturated hydrocarbon chain of
POPC. These results are nicely fit to the observations of lipid phase transition

described previously.
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Figure 11- 2: (A) The flatness angle of nanodiscs as a function of temperature. Error
bars represent the standard deviations for 0.5us MD trajectories. (B) Schematic
definition of the dihedral angle (¢) for measuring the nanodisc flatness. The ¢
between two triangular planes is defined by four centerpoints located on the
backbone arcs of the MSP1s. Each MSP1 chain consisting of residue number 55-
243 was divided into four parts, each of which is used to determine the center of
mass based on the CG backbone beads. An angle of 0° corresponds to a
completely planar MSP1. The level of distortion from the planarity depends on
the amount of deviation from ¢ = 0°. The SASA of the lipid tail at the rim of the
bilayer disks for (C) DPPC and (D) POPC. The solid and dashed lines correspond

to the surface area computed in the presence and absence of MSP1, respectively.
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2.4.2 Structural changes of MSP1

The structural response to temperature variation was assessed by analyzing the root-
mean-square deviation (RMSD) of MSP1 with respect to its starting structure from
the snapshot of the simulation data taken every 0.2 ns. The variation of relative
backbone RMSD of MSP1 with the time (t= 0.0 to 3.0 ps) at a range of temperature
(T=200K-350K) presented in Figure 11-S2 show that it has reached a steady-state
equilibrium at almost the entire temperature range. The average RMSDs were
evaluated from the last 0.5 ps of MD trajectories at each temperature. Variation of the
average RMSDs of the encapsulating protein MSP1 with the temperature is presented
in Figure I1-3A. We see that the average RMSDs of MSP1 encapsulating both
nanodiscs DPPC and POPC increases on raising the temperature from 200 K to 250 K
followed by a decay on increasing the temperature further (250 K to 350 K). The
thermal response of the average RMSD of MSP1 encapsulating both nanodiscs are
non-monotonic. The RMSD of MSP1 encapsulating the unsaturated POPC membrane
is higher than that of the saturated DPPC membrane due to the loose lipid packing.
Figure 11-3B illustrates the interaction energy of MSP1 with the peripheral lipids
averaged over the trajectory of each simulation. As can be seen in figure, the
interaction energy decreases as temperature increases. This suggests that protein-lipid
interactions are significantly weaker when the lipids are in the gel phase. Furthermore,
the interaction energy in the POPC-nanodisc system ranges between 80-90%
compared to that in the DPPC-nanodisc across all temperature ranges. The analysis
indicates that interactions between the protein belt and the lipid bilayer are stronger in
the DPPC-nanodisc than the POPC-nanodisc. The CG-MD results supports the idea
that DPPC nanodisc tends to resist its structural changes more than the POPC

nanodisc at almost all temperature.

Note that, size and structure of the CG models for DPPC and POPC lipids are not
very different; POPC lipid has an additional CG bead (Figure 11-S1) with a double
bond character in one of the tails than that of the DPPC. It is interesting to see that
only a small change in the constitutive element of the membrane (DPPC versus
POPC) leads to a global response of the corresponding nanodiscs. Thus by making a

small change in lipid, one can modulate the structural response of the underlying
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nanodisc. Results from the coarse-grained and atomic scale simulation of POPC
nanodiscs were in good agreement with the area per lipid from annealing and fix
temperature simulation observations [47, 62]. With rising temperature, the overall
expansion of DPPC nanodisc size from the simulations still maintains the same trend
as the experimental observations from the small-angle x-ray scattering measurements
[39].

20
g -a-DPPC | _
= -e—POPC | @
5 %1 ~ s
‘5 >
o] * =
1.0 @ -
8 \ \§ E
= i p
2 05- G
[ o
5 £ Il oPPC
3 = [ PoPC
0.0 -500

T T T T T T
200K 225K 250K 275K 300K 350K

Figure I1- 3: (A) The average RMSD of MSP1 in DPPC and POPC nanodiscs versus
the temperature. (B) The CG-based interaction energy of MSP1 with the
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peripheral lipids. For comparison, the values in the red bar graph are percentages

relative to the values (100%) of the black bar graph at the same temperature.

To verify such an unusual structural response of the RMSDs of the MSP1 with the
temperature in CG-MD simulation, it would be desirably to carry out an all-atom MD
simulation at a temperature such as 250 K where maximum change in conformations
seem to appear. One of the major problems in including atomistic details in an MD
simulation is the high cost of computing. It is difficult to carry out all-atom MD
simulations for such a long-time scale as that with the coarse-grained MD. Therefore,
an all-atomistic MD simulation is performed on the DPPC and POPC nanodiscs at
250 K for only 0.1 ps to identify the trend as shown in Figure 11-S3. It is encouraging
to note that the evolutionary trends in data from all-atom MD simulation of RMSD of
the protein MSP1 encapsulating DPPC and POPC membranes are consistent with that

from coarse-grained MD simulations (see Figure 11-S3).

Ch. 1I: Thermally induced structural organization of nanodiscs
by coarse-grained molecular dynamics simulations



Rangubpit W. 26

It is worth re-iterating that the structural response of MSP1 is non-monotonic as a
function of temperature with a maximum at a characteristic temperature (T = 250 K)
in both nanodiscs. The encapsulating protein MSP1 consists of two polypeptide
chains P1 and P2 in a helical conformation. It may be interesting to examine how the
local structures evolve in both chains P1 and P2 at different temperatures. We analyze
the structural profile of these chains by examining the RMSDs of each residue (node)
as a function of time at each temperature. Figure 11-4 shows the RMSD contour
profiles of chains P1 and P2 at representative gel, ripple and liquid crystalline
temperatures (T=200 K, 250 K, and 300 K) in both DPPC and POPC nanodiscs. The
evolution of the RMSD profiles of both chains in both nanodiscs is relatively small
and similar at the low temperature (T=200 K, where the structure is almost frozen).
Most distortion in RMSD profile of P1 and P2 appears during the phase transition (at
250 K) due to lipid-induced protein conformational changes. In DPPC nanodisc,
changes in profile vary along the contour including the N- and C-termini and the mid-
range of the P1 and P2 chains (Figure 1I-4); the evolutions of RMSD profiles of P1
and P2 are however similar. Regions with high RMSD span almost along entire
contour of P1 and P2 in POPC nanodisc while retaining the similarity in its patterns.
The profile of structural response of P1 and P2 in DPPC nanodisc differs considerably
from that in POPC nanodisc. The RMSD profiles of P1 and P2 at 300 K are similar
with relatively low structural distortions in DPPC nanodisc. The distortion profiles of
P1 and P2 at 300 K in POPC nanodisc are also similar but exhibit higher distortions
from that in DPPC nanodisc. Thus, the unsaturated lipid containing nanodisc has a

greater temperature effect on the structure of MSP1.
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Figure I1- 4: The per-residue RMSD of MSP1 versus simulation time. A color ranges

from blue, white and red corresponds to the low-to-high RMSD value.

RMSF of the protein chains P1 and P2 of the encapsulating protein MSP1 with
respect to mean structure (rather than the initial structure as discussed above) is
evaluated to gain insight into their local structural fluctuations. RMSFs of protein
chains P1 and P2 encapsulating DPPC and POPC membranes are presented in Figure
I1-5 at temperatures 200 K, 250 K and 300 K. We see that (i) the RMSFs of all
residues are small and similar at the low temperature (T=200 K) but vary along the
contour at higher temperatures (T=250 K, 300 K) with increasing magnitude. Onset of
an oscillatory pattern seems to appear in RMSF profiles of P1 and P2 particularly in
DPPC nanodisc. (ii) Variation patterns of RMSFs of each residue in both chains P1
and P2 are similar in each nanodiscs. (iii) RMSF of each residue increases with the
temperature in both chains P1 and P2. The rate of increase in DPPC nanodisc appears
to be linear while that in POPC nanodisc is non-linear (i.e. a relatively small increase
at low temperatures is followed by large increase at higher temperatures).
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Figure 11- 5: Root mean square fluctuation (RMSF) of each residue in protein chains
P1 and P2 of MSP1 encapsulating DPPC and POPC membranes averaged over
time 0.6-2.0 us at 200 K, 250 K, and 300 K

2.4.3 Principal Component Analysis (PCA)

To identify large amplitude motions of the nanodiscs, especially MSP1, the collective
protein motions about 1 ps of simulation time were calculated using PCA. As shown
by the two PCA modes at 200 K, there is no major motion of the both type nanodiscs.
A small distortion from the ideal circular shape without apparent change in
conformation was observed at the frozen temperature (Figure 11-6). When temperature
rose to 250 K, we found large-scale conformational changes. DPPC and POPC
nanodiscs twisted and expanded laterally. At this temperature, the nanodiscs undergo
a transformation from a circular shape to a ripple structure. The major motion around
the N- and C-termini and the middle of the ring was observed. At 300 K, the MSP1
ring underwent a conformational twist, in which POPC nanodisc represents a more
bended structure than DPPC nanodisc. These results are in good agreement with the

out-of-plane deformation of the nanodiscs previously reported [63].
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Figure 11- 6: PCA plots of DPPC (A) and POPC (B) nanodisc projected between PC1
and PC2 that relate with structure of MSP1 from initial (blue) to final simulation

(red) snapshot.

2.4.4 Solvation profile

The solvation profiles of the nanodiscs were investigated by analyzing the pair
correlation function g(r) between the nanodisc and surrounding water. The solvation
pair correlation function (see Figure 11-S4) g(r) in both nanodiscs (DPPC and POPC)
showed a narrow and sharp first peak followed by a broad second peak (with splitting

at low temperatures) and broader peaks at larger distances in the bulk. The maximum
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positions of the first peak in each g(r) were located around 5.5 A at all temperature
(T=200 K — 350 K). The non-zero value of the first minimum of pair correlation
functions in both nanodiscs (DPPC, POPC) however, indicates the lability of water
molecules in the first hydration shell of the nanodisc. The second peak is located
around 10.0 A. Based on the g(r) plots (Figure 11-S4), a cut off distance of 7.0 A was
used to estimate the number of nearest neighbor water molecules in the first

coordination shell of nanodiscs.

Note that the first peak of the solvation pair correlation function (Figure [1-S4)
dominates the solvation profile as it represents the most interacting water molecules.
Therefore, it is worth examining the first peak of the solvation correlation function
and the underlying population of water molecules closely. The data of the first
solvation pair correlation function and the number of water molecules in the first shell
are presented in Figure I1-7 for a range of temperature (T=200 K — 350 K) in both
DPPC and POPC nanodiscs. We see that the maxima of the peak decreases on
increasing the temperature. The nature of decay in DPPC nanodisc is similar to that in
POPC except an anomaly in POPC at T = 250 K (Figure 11-7). The number of water
molecules increases with the range with the maximum growth in the range of about
0.50 — 0.55 nm. Raising the temperature decreases the number of water molecules in
the first hydration shell in both nanodiscs. The response of solvation profile appears to
be slightly more sensitive in POPC nanodisc than that in DPPC.
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Figure 11- 7: First solvation pair correlation function g(r) and the number of
underlying water molecules in DPPC and POPC nanodics at temperatures T=200
K — 350 K. The inset Figure 11-S6 show the variation of the maxima of g(r) with

the temperature.

The average number of water molecules surrounding the protein MSP1 and the entire
nanodisc remains almost constant at all temperatures (T=200 K — 350 K) except a
drop around 250 K in POPC nanodisc (see Figure 11-S5). Apart from anomaly at 250
K in POPC nanodisc, the hydration profiles of both nanodiscs are comparable within

the error bars.

2.4.5 Solvent accessible surface area

Solvent accessible surface area (SASA) of the lipids and the protein (MSP1) belt were
calculated. Variation of the solvent accessible surface area with the temperature is
presented in Figure 11-8. We see that SASA increases with the temperature in both
nanodisc and that the magnitude of SASA is larger in DPPC than that in POPC at all
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temperatures. Constitutive elements, i.e. lipids expand on increasing the temperature.
Since the number of DPPC lipids (160) is larger than number of POPC lipids (135),
the larger value of SASA in DPPC nanodisc is not surprising. The surface accessible
area per lipid in POPC nanodisc is therefore larger than that in DPPC (see table 1).
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Figure 11- 8: Variation of the average solvent accessible surface area (SASA) of
DPPC (black) and POPC (red) nanodisc with the temperature; the average is

evaluated from the last 500 ns simulation time.

Table 1. Solvent accessible surface areas per lipid of DPPC and POPC nanodiscs

Temperature SASA per lipid (nm?)
(K) DPPC POPC
200 7.85 8.85
225 7.86 8.70
250 7.94 9.02
275 8.37 9.25
300 8.64 9.51
350 9.01 9.95
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2.4.6 Radius of gyration of MSP1

The radius of gyration (Rg) of the encapsulating protein MSP1 is a measure of the
radius of the nanodisc. Therefore, the variation of Ry with the temperature may
provide some insight into the thermal response of the nanodisc size. Figure 11-9 shows
the variation of Ry with the temperature in both DPPC and POPC nanodiscs. At low
temperature (T=200 K), the morphology of the nanodisc appears to be almost frozen.
A small increase in temperature (T=225 K), enhances the movement of lipid and
proteins. As a result, the membrane and the protein (i.e. nanodisc) relaxes and
becomes somewhat compact (with lower Rq). The radius of gyration increases on
further increasing the temperature (T=200 K — 350 K), i.e. the nanodiscs expand. The
radius of gyration of the DPPC nanodisc is higher than that of the POPC nanodisc.
Expansion of nanodiscs with the temperature leads to increase in its surface accessible
area as seen before (Figure 11-8).

3.8

E 3.7 | /
S 364 = }
: }
>
o
w5 3.5 }/
2]
3
3 3.4 - 7
—=—DPPC
3.3 —e— POPC
200 250 300 350

Temperature (K)

Figure I1- 9: The average radius of gyration of MSP1 in DPPC and POPC nanodics at
200 - 350 K evaluated from the last 500 ns trajectory of simulation.
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2.5 Conclusions

A nanodisc is designed from an assembly of lipid bilayer membrane encapsulated by
a lipoprotein in a circular morphology. Two nanodiscs are considered involving a
DPPC lipid membrane and a POPC lipid membrane in aqueous solution. Each
membrane is encapsulated by a double helical lipoprotein MSP1 consisting of two
polypeptide chains P1 and P2. Structural fluctuations of the nanodiscs are investigated
as a function of temperature with a Molecular Dynamics simulation with a coarse-

grained representation of its constitutive elements involving MARTINI force field.

Root mean square deviation (RMSD) of MSP1 and its residues, solvent accessible
surface area (SASA) of the nanodiscs and their solvation profiles, radius of gyration
of MSP1 include some of the physical quantities examined in detail for a range of
temperature (T=200 - 350 K). We find that the average RMSDs of MSP1
encapsulating both nanodiscs DPPC and POPC responds non-monotonically to
temperature. The RMSDs in both nanodiscs increases on raising the temperature (200
K-250 K) followed by a decay on elevating the temperature further (250 K to 350 K)
with a maximum around a characteristic value (250 K). We demonstrated that the
non-monotonic temperature response is associated with the lipid bilayer phase
transition. CG-MD data showed dramatic changes from the circular to twisted or non-
circular shape at metastable ripple state (225K-275K). In addition, the magnitude of
RMSD of MSP1 encapsulating POPC membrane is higher than that of the DPPC
membrane. In the fluid phase, the protein belt of POPC-nanodisc appears to be more
flexible than that of DPPC-nanodisc. Lipid molecules DPPC and POPC are similar in
size and structure, though there is an important difference where POPC lipid has an
additional CG bead with a double bond (C=C) character in one of the tails than that of
the DPPC. The simulations showed that the interaction energy of the lipid with MSP1
is greater for DPPC-nanodisc than POPC-nanodisc. Thus, the DPPC nanodisc tends to
resist its structural changes more than the POPC nanodisc at almost all temperature.

Solvent accessible surface area (SASA) of the nanodiscs increases with the
temperature and that the magnitude of SASA is higher in DPPC than that in POPC.
The radius of gyration (Rg) of MSP1 also shows similar thermal response, i.e. it

expands with the temperature and that the growth of Ry in DPPC nanodisc is higher
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than that in POPC. These findings suggest that a small change in lipid structure leads
to modulation the structural fluctuation of the nanodiscs with the temperature
systematically. The variation of structure morphology and flexibility of nanodiscs
with different lipid compositions should be taken into consideration in applying
structural parameters during model fitting and data analysis. These precautions could
eliminate ambiguities and improve the accuracy of the structural model. We hope that
this study may help in designing appropriate nanodiscs and interpreting data in

underlying experiments in future.

2.6 Supplementary figures

Figure Il- S1: Top and side views of the CG DPPC nanodisc (A) and POPC nanodisc
(B). MSP1 consisting of P1 and P2 (back and grey sticks) encircles DPPC and
POPC. The corresponding MARTINI lipid topology of the CG model is shown

on the right.
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Figure 11- S2: The RMSD of the backbone profile of MSP1 at temperatures 200K -
350K. Snapshots of representative nanodiscs are shown at 250K (blue) and 300K

(pink)
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Figure 11- S5: The average number of water molecules surrounding Nanodisc (dash
line) and only MSP1 (continuous line) in the first shell of 0.7 nm at the last 500
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3.1 Abstract

Using a coarse-grained model, self-organized assembly of proteins (e.g., CorA and its
inner segment iCorA) is studied by examining quantities such as contact profile,
radius of gyration, and structure factor as a function of protein concentration at a
range of low (native phase) to high (denature phase) temperatures. Visual inspections
show distinct structures, i.e., isolated globular bundles to entangled network on
multiple length scales in dilute to crowded protein concentrations. In native phase, the
radius of gyration of the protein does not vary much with the protein concentration
while that of its inner segment increases systematically. In contrast, the radius of
gyration of the protein shows enormous growth with the concentration due to
entanglement while that of the inner segment remains almost constant in denatured
phase. The multi-scale morphology of the collective assembly is quantified by
estimating the effective dimension D of protein from scaling of the structure factor:
collective assembly from inner segments remains globular (D~3) at almost all length
scales in its native phase while that from protein chains shows sparsely distributed
morphology with D~2 in entire temperature range due to entanglement except in
crowded environment at low temperature where D~2.6. Higher morphological
response of chains with only the inner-segments due to selective interactions in its
native phase may be more conducive to self-organizing mechanism than that of the

remaining segments of the protein chains.

3.2 Introduction

Self-assembly of protein [64-71] provides better mechanical strength and more stable
dynamical response to the underlying environment such as membrane via its
hierarchical morphology. It can provide a reliable and responsive pathway in ion
channels [10-13, 15, 72-81] for selective transport of such specific elements as
potassium ions. There are many examples of protein self-assembly with conflicting
(adverse and cooperative) effects [66, 67]. For example, the self-assembly of proteins
into a viral capsid is critical in preserving the genome from non-conducing external
factors such as digesting enzymes of the host cells, undesirable pH, temperature, etc.

[66]. On the other hand, the self-assembly of proteins triggered by the conformational
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changes of the proteins may lead to undesirable aggregation such as amyloid beta-
proteins into fibrils. Of a diverse range of proteins with unique and universal response
properties, we consider a transmembrane protein CorA [10-13, 15, 72-80] which
spans across the membrane with well-defined inner (iCorA) and outer (0CorA)
segments [81]. Recently, we have observed an unusual thermal response of CorA
particularly of its inner segment (iCorA) in its native phase [82]. For example, we find
that the size of iCorA reduces on heating while that of the oCorA shows less
organized response in its response of its overall size in its native phase as illustrated in

Figure HI-1.

Figure 111- 1: Snapshots of iCorA (top row) and oCorA (bottom row) at the end of 10’
us time at T=0.010, 0.013, 0.018, 0.020 [82].

In denatured phase, iCorA expands continuously and oCorA shows abrupt increase in

its size in a narrow range of temperature

The functional structure of CorA is known to exist as a homo-pentamer [78] to
provide coordinated open and close states for the selective transport of Mg?* across
the ion channels. Transport of ions depends on the permeation pathways which
depend on the conformation of individual proteins and their interacting network. How
CorA proteins assemble collectively into a well-defined morphology is not well

understood.

Selective transport across the ion channels has been investigated extensively for many

years by examining the binding of Mg?" and identifying the role of special metal
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binding motifs such as Gly-Met-Asn. Despite enormous efforts, particularly by
laboratory measurements, understanding of the mechanism of ion transport and the
underlying pathways remain speculative. Computer simulations become a viable tool
to probe the speculative hypothesis and help understanding the structural response of
proteins and its assembly. Extensive efforts have been recently made to understand
the underlying structure of CorA embedded in a realistic membrane model with
solvent by all-atom MD simulations [78]. Such investigations are insightful in probing
the small-scale structural details; the dynamical changes generally appear too small to
probe large-scale structural responses despite large-scale computer simulations. For
example, the morphology of a set of five proteins with inner segment confined by a
nanodisc seems to deform out somewhat if they start from a symmetric configuration
(see Figure I1l1-1). Even with a large-scale all-atom MD simulation, it is rather
difficult to see a significant dissociation besides fusion of the symmetry. Therefore, a
large-scale coarse-grained analysis is needed to augment and clarify the distinctions
(see below) if feasible. Perhaps protein-protein interaction is not enough to direct five
CorA proteins into a stable pentamer; other factors such as a nanodisc or membrane
matrix may be needed for the stability. Before incorporating additional constitutive
components to probe directed assembly, it would be important to understand the self-
assembly of the proteins first. We see that it is not feasible to find appreciable
structural variations in a large-scale all-atom MD simulation. Some degree of coarse-
graining [81, 82] is thus almost impossible to avoid in such a large-scale

investigation.
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Figure 111- 2: Pentamer of CorA (each protein shown in different colors) with inner
core (iCorA) confined by a nanodisc shown in black. The initial configuration is

on the left and final configuration on the right after 2 ps.

We know that the structures of the inner (iCorA) and outer (0CorA) membrane
segments of the protein (CorA) respond differently to temperature in its native and
denatured phase. Their response also differs due to the underlying matrix (a crowded
environment) with different internal (hydrophobic) and external (hydrophilic) solvent
and solute environments. It would be interesting to probe how the proteins and the
underlying matrix assemble on a large-time scale in presence of many proteins. The
large-scale computer simulations become too intense with all the constitutive
components [78] due to interplay between their cooperative and competing
interactions. Therefore, it is practical to focus on a simplified model [81, 82] first
before adding complexity of the underlying matrix systematically. Since the protein
channel involves cooperative response of many proteins, it would be desirable to
probe the collective structures in a crowded protein environment. Our goal is to
understand the stability of the multi-scale morphologies of interacting proteins in its
native and denatured phases. The model is described in the next section, followed by

results and discussion with a concluding remark at the end.
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3.3 Model

We consider a coarse-grained model [82] of the protein chain on a cubic lattice for
simplicity, efficiency, and practical utility: it incorporates specificity of each residue,
ample degrees of freedom (unlike minimalist lattice models) for residues to perform
their stochastic movements and their covalent bonds to fluctuate. The internal
structures of residue (i.e. fine-grained details at atomistic scale) are ignored, however,
the specificity of residues is considered via their unique residue-residue interactions
(see below) which is critical in capturing the unique characteristics of the protein. In
our coarse-grained representation, CorA is a chain of 351 nodes (residues) tethered
together on a cubic lattice by flexible peptide bonds. A node represents a residue and

occupies a unit cell of size (2a)®, with lattice constant a); the bond length between

consecutive residues varies between 2 and +/10 in unit of lattice constant (a) [33].
Typically, a protein chain is placed in the simulation box in a random configuration,
initially with minimum bond length (2a) between the consecutive nodes; this initial
configuration is further randomized by allowing each node to perform its stochastic
movement (to its 26 neighboring cells with varying distance) with the strictly
implemented excluded volume constraint. The bond-fluctuating mechanism has been
used extensively in addressing a range of complex problems in polymers [33]; we
have extended its utility to model protein chains [81, 82]. Coarse-graining of the
simulation box (cubic lattice) and the residues representation by a lattice cell make it
one of the efficient computational method for modeling such systems as protein while
retaining the potential for fine-graining [83] to further enhance the degrees of

freedom.

Each residue interacts with the neighboring residues within a range (rc) of interaction
with a generalized Lennard-Jones potential,

Equation 6 the phenomenological potential residue interacts

12 6
| |<a) N o
gij — ‘Sij —_—
J 3]

where rij is the distance between the residues at site i and j; re=\8 and ¢ = 1 in units of

Uij: ,T'l'j<T'C

lattice constant. We use a knowledge-based residue-residue interaction as input in our
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phenomenological potential Eq.6 for e&j. The knowledge-based residue-residue
interactions [84, 85] are derived from the distribution of the amino acids in a growing
ensemble of frozen protein structures in protein data bank (PDB); the underlying
solvent environment is therefore taken into account implicitly. Various assumptions
and approximations [84, 85] are further made in deriving these contact potentials
which makes it somewhat difficult to calibrate the scales of the physical quantities in
absolute units. The relative strength of residue-residue interactions is critical for
protein to adopt its specific conformations. Thus, the potential strength, eij, IS unique
for each interaction pair with appropriate positive (repulsive) and negative (attractive)
values selected from the knowledge-based contact interactions [84, 85]. The
knowledge-based residue-residue interactions have been used extensively in modeling
protein structures for decades [86-89]. We use the residue-residue contact matrix by
Betancourt-Thirumalai (BT) [84], an improved version of classic Miyazawa-Jernigan
(MJ) interaction [85]. It is worth pointing out that there can be alternate methods to
incorporate the specificity of residue interactions in a phenomenological potential
Eq.6 including the computed interaction involving all-atom MD simulation.

Structural evolution of protein chains (CorA) are analyzed in detail as they interact,
associate, and dissociate in their native (relatively low temperature) to denatured
(high temperature) phases. The sample is prepared by inserting protein chains
randomly first in the simulation box; protein chains are moved around with
excluded volume constraints to randomize their conformation and distribution
further. The protein chain CorA consists of 351 residue, inserting many chains, each
of length (Lc = 351) in a simulation box of size L® ( = 350%) become difficult
beyond a certain number (Nc = 5 — 100) of chains due to onset of jamming. The
computer processing unit (CPU) also increases with the number of chains.
Therefore, the number of protein chains is restricted to perform computer
simulations with reasonable CPUs (order of days to week) while capturing the
cooperative and competing effects of residue-residue, segmental, and overall
protein-protein interactions on the local and global association and dissociation of
protein chains. Further, relaxation time to reach steady-state (by examining the

temporal evolution of various physical quantities) also increases which makes it
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difficult to assess the thermal response of physical quantities in equilibrium. The
protein concentration is defined by the fraction p of the lattice sites occupied by the
residues of the protein chains, i.e., p = 8 x Nc x L¢/L3. The number of protein chains
Nc = 5 — 100 each with length L = 351 (protein chain of CorA) and L. = 61
(inner segment of protein) are considered with simulation box of size L = 350, and
150 respectively. Note that the simulation box becomes crowded at a lower protein

concentrations with longer chain lengths.

Each residue performs its stochastic movements with the Metropolis algorithm which
involves selecting a residue randomly at a site say i of a randomly selected protein
chain and attempting to move it to one of its neighboring site say j. If the excluded
volume constraints and limits on the bond length for the proposed move are satisfied
then we calculate the corresponding change in energy AEjj = Ej — Ei between its old
(Ei) and new (E;) configurations, and move the node with the Boltzmann probability
exp(—AEjjl T) where T is the temperature in reduced unit of the Boltzmann constant
(ks). Attempts to move each node once defines the unit Monte Carlo step (MCS), i.e.

N¢ x L¢ attempts to move randomly selected nodes in a simulation box with N¢ protein

chains each with L residues defines the unit MCS. Simulations were performed for
sufficiently long-time steps (typically 10 million-time steps) to make sure that system
has reached its steady state equilibrium with a number of independent samples (10-
100) to estimate the average values of the physical quantities. A number of local and
global physical quantities were determined such as the energy of each residue and
protein chain, contact map, their mobility, mean square displacement of the center of
mass of the protein, radius of gyration, and its structure factor. These physical
quantities are in arbitrary units, i.e., the length is in units of the lattice constant which
is different from many all-atom simulations where realistic units for size and time
scales are used via calibration of ¢ and &j; from experimental data for simplified
systems. It is difficult to quantify physical quantities in absolute units due to the
phenomenological nature of the interactions Eq.6 used here. The trend in response of
the physical quantities to such parameters as the temperature and network density
should however be qualitatively comparable with appropriate observations.
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As mentioned above, the transmembrane protein CorA consists of 351 residues (*M
2E ... L) with a well-defined outer (oCorA: residues *M-?*V) and inner (iCorA:
29IM - 351L) core. The inner (iCorA) and outer (oCorA) core of the protein exhibit
contradictory thermal response in their native and denatured phases, negative
(globularization on increasing the temperature) versus positive (random-coil)
responses. The thermal response (variation of the radius of gyration with the
temperature) of the protein CorA chain is dominated by the outer corA which is much
larger than the inner core, it would be better to analyze the physical quantities of both
CorA and its inner core, iCorA. Simulations are therefore carried out in a larger box
(350%) with CorA proteins and smaller box (150%) with iCorA with the number of
proteins 5-100. We find a remarkable difference in self-organized morphology of the
protein CorA from that of its inner core (iCorA) as a function of temperature

(follows).

3.4 Results and discussion

We study the effects of protein-protein interaction on a number of local and global
physical quantities as proteins organize, associate and disassociate as a function of
temperature and their concentration (i.e. the number of proteins). Our system has
reached the steady-state equilibrium during the course of simulations (i.e. in 107 time
steps) for almost entire temperature regime and concentrations except in extreme
limits (i.e. high temperature and higher concentrations) where the relaxation time is
too large due to entanglement and jamming of large proteins. Nevertheless, it is
illustrative to understand the self-organizing morphologies as the protein chains self-
assemble, entangle, and disassociate. As mentioned above CorA consists of inner
(iCorA) and outer (oCorA) components which seem to exhibit different thermal
response in their native and denatured phases. Since the outer core (0CorA), being
much larger (with 291 residues M 2E ... 2°V) dominates the conformation of the
entire protein chain, it is difficult to identify the role of specific structural response of
the inner core (iCorA with only 61 residues M 2%3v ... *°IL) in analyzing the self-

assembly of the whole protein CorA. Therefore, we investigate the structural response
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of CorA and iCorA in presence of many proteins separately to assess its role in self-

assembly.

3.4.1 Snapshots, contact map and profiles

Representative snapshots of CorA and that of its inner segments (iCorA) with 100
protein chains each in the simulation box is presented in Figure I11-3 at a low (T =
0.020) and a high (T = 0.040) temperature. Both, the protein chains and its inner
segments appear to disperse almost uniformly. A closer inspection shows that, in
native (low temperature) phase, CorA proteins dissociate more on the scale
comparable to the size of a protein chain in general while the clusters of inner
segments appear to form isolated globular bundles. The residue-residue interaction is
more conducive to agglomeration of chain with the inner segments than that of the
full protein (CorA). Corresponding snhapshots at a higher temperature (T = 0.040)
show different morphologies where some degree of phase-separation seem to occur
with CorA as the proteins continue to dissociate, expand, and entangle. The spreading
of extended inner segments at T = 0.040 reduces the segregation of protein clusters
seen at the low temperature. Attempts are made to quantify our qualitative

observations of complex morphologies by analyzing the structure factor (see below).

Contact maps (Figures 111-S1-S4) of the assembly of CorA chains and inner segments
at a low temperature (T = 0.020) seem to suggest a more compact morphology of
iCorA in crowded protein environment than that of CorA. At high temperature (T =
0.040), frequency of segmental contacts is much lower in their crowded protein
matrices than that at the low temperature; segmental contacts in chains with inner
segment is still higher than that with CorA. The average number (Nn) of residues
around each is a measure of the contact profile which is presented in Figures 111-4 and
-5 for a range of temperatures (T = 0.020—0.040). Obviously, the residue contact
density decreases on increasing the temperature with more contacts at low
temperatures (native phase) and less in denatured phase. Variation in pattern of the
contact profiles with the temperature however, reveals how the protein segments
organize during the self-assembly that leads to a global morphology. At the low

temperature (T = 0.020), most part of the protein chains seem to be surrounded by
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proteins leading to a compact (globular) morphology. Onset of preferential contacts
emerges on raising the temperature (T = 0.025). For example, second half of
residues in chains with only inner segment (iCorA) of the protein (residues 31°F —
%11) have higher contact density than the first half (residues 2'M — 3°N) (Figure
111-5). Preferential contact becomes more localized (3*°F — 32W) on increasing the
temperature further (T = 0.030). Even though the contact density of many residues is
relatively high in self-assembled morphology in CorA, its random distribution along
the backbone makes less defined at higher temperatures (Figure 111-4). Further, the
fraction of segments with relatively low contact density remains appreciably high.

Thus, the protein-protein interaction in inner segments is likely to provide a more

stable support for a collective morphology of CorA protein

33

ol e

Figure 111- 3: Snapshots of CorA (left column) and iCorA (right column) with 100
protein chains at a low (T=0.020, top) and a high (T=0.040, bottom) temperature
at the end of 107 time steps. Five proteins are shown in different colors in each

simulation box, remaining (95 chains) are golden khaki.
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Figure 111- 5: Average number of residues around each of iCorA (%M, 2%y, ..., 1)
residues in a crowded matrix with 80 chains at low (T =0.020, 0.025) and high
(T =0.030, 0.040) temperatures.

3.4.2 RMS displacement and Radius of gyration

‘How protein chains move’ is analyzed by monitoring the variation of the root mean
square (RMS) displacement (Rc) of the center of mass of each protein with the time
step (t) as they associate and dissociate during their stochastic movements. Variations
of Rc with t for CorA and iCorA with N¢ = 5 (dilute), 80 (crowded) are presented in
Figure I11-6 at representative low and high temperatures. Note that the dynamics of
protein chains is almost diffusive, RcoectY with v = % in asymptotic limit at lower
temperatures (T=0.020-0.030). At high temperature (T=0.040), the protein CorA
moves slightly faster than diffusion with v ~ 0.6 in dilute (Nc = 5) as well as crowded
(Nc = 80) matrix. The inner core protein (iCorA) chains move almost diffusively in
dilute matrix (N¢ = 5) and super-diffusively (v ~ 0.7) in a crowded environment (N =
80) at high temperature (T=0.040). In dilute protein matrix, inner core proteins appear
to coagulate even at high temperatures while they move faster in a crowded

environment, a concentration induced dynamics.
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Figure 111- 6: Variation of the root mean square (RMS) displacement (R¢) with the
time step of protein CorA and iCorA in dilute (N¢ = 5) and crowded (N = 80)
environment at representative low and high temperatures. Slopes of the

asymptotic data points are included at a low and high temperatures for a guide.

How does the size of protein chains depend on the concentration of the crowded
environment in native and denatured phases? How are residues distributed as the
protein chains associate and dissociate? We address it by analyzing the radius of
gyration of each protein and structure factor of the self-organized assembly.
Variations of the average radius of gyration of the protein, CorA with the
concentration is presented in Figure I11-7 at representative low and high temperatures.
The radius of gyration of the protein does not show much variation with the protein
concentration at low temperatures (inset Figure Il1-7). At the high temperature
(T=0.040) the radius of gyration of CorA increases continuously with p and reaches a
steady-state in the crowded regime. It should be pointed out that, onset of
entanglement sets in as the protein chains begins to interact and entangle at higher

protein concentrations; the radius of gyration has not reached the steady-state (see

Ch. 111: Globular bundles and entangled network of proteins (CorA) by a coarse-grained Monte Carlo
simulation



Rangubpit W. 54

below) at p > 0.0014 due to competition between entanglement and their thermal

expansion.
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Figure 111- 7: Variation of the average radius of gyration Rg of CorA with the protein
concentration p at temperature T = 0.020-0.040.

Figure 111-8 shows that the radius of gyration of iCorA increases with the protein
concentration p systematically at low temperatures (T=0.015, 0.020) in its native
phase and exhibits little variation with p at higher temperatures (T > 0.025) in its
denatured phase. We therefore believe that the protein-protein interaction among the
inner-segments of the protein in its native phase may be conducive to self-organized

pathways for the ion-channel.
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concentration p at temperature T =0.015-0.040.

3.4.3 Structure factor

Overall distribution of residues over multiple length scales can be assessed by
analyzing the structure factor S(q) which is defined as,

Equation 7 the structure factor

N 2
1 -
5@ = (5|2, va
j=1

where rj is the position of each residue in all protein chains and |q| = 24/1 is the wave
vector of wavelength A. Using a power-law scaling of the structure factor with the

wave vector, i.e.,
Equation 8 The relationship of structure factor and wave vector
S(q) < q™Y

one may study the spread of residues over the length scale A by evaluating the

exponent y which describes the mass (residue) distribution. Since we know the
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overall size of each protein chain via its radius of gyration (Figure I11-7, -8), we can
estimate the dependence of the number of residues on multiple length scales (1),
spanning over the size of a residue to the simulation box. On the spatial length scale
comparable to radius of gyration (1 ~ Rg), we can estimate the scaling exponent v
from the power-law, Rg o« NY, where N is the number of residues (a measure of the
molecular weight of the protein); the effective (fractal) dimension (D) of each protein

D =1/v, y=v. Similarly we can estimate the mass distribution of the protein self-

assembly at 4 >Rag.
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Figure 111- 9: Structure factor S(q) versus the wave length (Lambda, ) at temperature
T =0.030 with a wide range of the number N¢ (5-100) of CorA proteins in

simulation box.

Variation of the structure factor (S(q)) with the wave length (1) of the self-assembly
of the protein (CorA) is presented in Figure 111-9 at temperature T = 0.030 for a wide
range of protein concentrations, dilute with Nc=5 to crowded with Nc=100. Note that
the radius of gyration has reached a steady-state value for all concentrations of the
protein at T = 0.030. We see that D ~ 2.6 for each protein (1 ~Rg),D ~2.2atRg< 4

< 50 (in unit of lattice constant). For all residues distributed over the entire simulation
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box, A ~ L, the effective dimension decreases systematically from D ~2 with Nc=100
to D ~ 1 Nc=5 where each protein chain appear to be isolated and very thinly
distributed. At high temperature (T=0.040), it is difficult to reach steady state during
the course of simulations for the radius of gyration of CorA proteins at higher protein
concentrations (p > 0.0014, Nc > 20) due to entanglements. Variation of the structure
factor with the wave vector (see Figure 111-S5) reveals a rather tenuous morphology
(A from size of a residue to about third of the simulation box, L/3 much larger than Rg
of protein chains) of the entangled fiberous protein chains with an effective dimension
D~17.

The structure factor of residues’ distribution in a dilute-to-crowded protein
environment (Nc=5-100) of iCorA is presented in Figure I11-10 at high temperature T
= 0.040. Each protein chain appear to maintain globular conformation (D > 3), at A <
Rg; on larger scale 41 > Rg, the density varies with length scale, i.e. D ~ 2.6, 3.4 with
increasing length scale up to about half the size of the simulation box (4 = L/2). The
overall morphology (4 ~L), seem to become more tenuous on reducing the number of
protein chains; D ~ 1.6 with Nc = 100. Note that the radius of gyration of the protein

increases on increasing the number Nc of protein chains (inset Figure 111-10).
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Figure 111- 10: Structure factor S(q) versus the wave length (Lambda, A) at
temperature T =0.040 with a wide range of the number Nc (5-100) of iCorA
proteins in simulation box. The inset figure shows the variation of the radius of

gyration of the protein with the number of protein chains.
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Figure 111-11: Structure factor S(q) versus the wave length (Lambda, ) in a crowded
protein environment with Nc=100 at a range of low to high temperatures
T=0.015 - 0.040 with the estimates of slopes in brackets; slopes of larger scale
data at T = 0.015 are also included. Inset is the variation of the radius of gyration

of iCorA with the temperature with number Nc = 100 proteins in simulation box.

The variation of the structure factor with the wavelength in the most crowded
environment (Nc=100) is presented in Figure 111-11 for a range of temperatures. The
globular morphology (D > 3) of individual protein chain seems to persist at lower
temperatures (T=0.015, 0.025) at length scale comparable to its size (1 ~Rg). On a
larger-scale (Rg <A <3 Rg), the assembled structure is not as compact (D ~ 2.5), but
the overall assembly remains compact (solid with D ~ 3) for its spread over the
simulation box at the low temperature (T=0.015). The multi-scale morphology of self-

organizing proteins is heterogenious regardless of its globular conformations in its
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native phase. The morphology remains relatively dense D ~ 2.5 even at a much higher
temperature, i.e. T=0.030. On large length scale, (1 ~ L), the self-assembled
morphology appears tenuous. The morpholgy adopts to a random coil D ~ 1.8 at high
temperature T = 0.040 where onset of a regular long range structure appear to sets in

(with an oscillation in S(q)).

3.5 Conclusions

Self-organized structures of interacting proteins (CorA) in crowded environments are
investigated by a coarse-grained Monte Carlo simulation as a function of protein
concentration at a range of low to high temperatures. Since the physical properties of
protein (CorA) is overwhelmingly dominated by the outer membrane component
(oCorA: M - 2%0V), it is difficult to assess the relative effect of the inner core (iCorA:
291M ... ®IL which is about 5 fold smaller) in self-assembly. Therefore, we have
examined the structural evolution with iCorA in addition to identify distinctions if
any. Visual inspection show clear distinctions in morphology of the assembly in dilute
solution and that in the crowded (dense) matrix both at low and high temperatures.
CorA proteins seem to dissociate more on the scale comparable to the size of the
proteins while the clusters of inner core iCorA protein phase-separate in its native
phase (low temperatures). It appears that the protein-protein segmental interaction is

more conducive to agglomeration of iCorA than that of CorA.

In order to identify the role of iCorA quantitatively, we have analyzed a number of
local (contact maps, and average contact profile, mobility profile) and global (rms
displacement of the center of mass of the protein, radius of gyration, structure factor,
etc.) physical properties. Variation in pattern of the contact profiles with the
temperature reveals how the protein segments organize during the self-assembly that
leads to a global morphology. We find that a relatively lower fraction of residues of
oCorA (residues M - 2%V) participate in segmental globularization (with a random
distribution) in comparison to that of the inner core segment (***M ... **IL) with well-
defined globular region. Response of the global physical quantities such as the
variation of the rms displacement of each protein chain with the time steps and that of
its radius of gyration at a range of temperatures help in gaining further insight into the
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response of protein chains as a function of temperature and protein concentration. For
example, the radius of gyration of the protein CorA does not show much variation
with the protein concentration at low temperatures. The radius of gyration of iCorA
on the other hand increases with the protein concentration p systematically at low
temperatures (T=0.015, 0.020) in its native phase. We therefore believe that the
protein-protein interaction among the inner-segments of the protein in its native phase

may be conducive to self-organized pathways.

The spread of multi-scale morphology is also quantified by an effective dimension D
from the scaling analysis of the structure factor with the wave vector. In general, the
effective dimension of the assembled morphology of CorA is much lower than that of
iCorA. For example, the most compact morphology of CorA with D ~ 2.6 for each
protein (1 ~ Rg) even at the highest protein concentrations at low temperature while
remain almost extended in a random configurations with D < 2. In contrast, the self-
assembled morphology of iCorA remains globular D ~ 3 at almost all length scales in
its native phase. Because of the complexity of the crowded proteins (a diverse range
of inter- and intra-chain residue-residue interactions and competition between the self-
organizing mechanism and steric constraints and entanglement) it is difficult to
identify main cause of a stable pentamer configuration. However, based on the
analysis presented in this investigation, we believe that a relatively stronger protein-
protein interactions among the inner segments (iCorA) of the protein is conducing to
its stable self-assembly in addition to stric constraints of the membrane and

interaction with other matrix constituents.

Fac. of Science, Dept. of Chemistry (Physical chemistry)



CHAPTER IV

Pinning the conformation of a protein (CorA) in a solute matrix with selective

binding

Warin Jetsadawisut?, Sunan Kitjaruwankul?, Pornthep Sompornpisut?, R.B. Pandey?

Center of Excellence in Computational Chemistry, Department of Chemistry,
Chulalongkorn University, Bangkok 10330, Thailand

2Faculty of Science at Sriracha, Kasetsart University Sriracha Campus, Chonburi
20230, Thailand

3School of Mathematics and Natural Sciences, University of Southern Mississippi,
Hattiesburg, MS, 39406, USA

Doi: 10.1016/j.physa.2020.124823

Journal: Physica A: Statistical Mechanics and its Applications, 2020, 556: 124823.

Received: 2 October 2019

Received in revised: 13 May 2020

Published: 12 June 2020

Keywords: proteins CorA; protein folding; Coarse-grained model; Monte Carlo

simulation; Interacting solute matrix



Rangubpit W. 62

4.1 Abstract

Conformation of a protein (CorA) is examined in a matrix with mobile solute
constituents as a function of solute—residue interaction strength (f) by a coarse-grained
model with a Monte Carlo simulation. Solute particles are found to reach their
targeted residue due to their unique interactions with the residues. Degree of slowing
down of the protein depends on the interaction strength f. Unlike a predictable
dependence of the radius of gyration of the same protein on interaction in an effective
medium, it does not show a systematic dependence on interaction due to pinning
caused by the solute binding. Spread of the protein chain is quantified by estimating
its effective dimension (D) from scaling of the structure factor. Even with a lower
solute—residue interaction, the protein chain appears to conform to a random-coil
conformation (D ~ 2) in its native phase where it is globular in absence of such solute
environment. The structural spread at small length scale differs from that at large
scale in presence of stronger interactions: D ~ 2.3 at smaller length scaleand D ~ 1.4
on larger scale with f = 3.5 while D ~ 1.4 at smaller length scale and D ~ 2.5 at larger

length scales with f = 4.0.

4.2 Introduction

Understanding the structure of proteins has been a subject of intense interest for
decades with an exponential growth in number of publications particularly using
Molecular Dynamics simulations. Despite enormous efforts, predicting the nature of
‘protein folding’ remains a challenging problem [90] . Addressing how proteins reach
its equilibrium configurations leads to more questions than answers. For example,
what is an equilibrium configuration (minimization of global energy, approaching a
steady-state radius of gyration, etc.)? Is equilibrium configuration necessary for a
protein to perform its functions? The complexity in predicting the structural properties

arises due to competition between the interaction energy and thermal agitation.

The characteristics of an interacting matrix in which the protein is embedded affects
the dynamics and structure of the protein. For example, Duncan et al. [91] have

recently reported sub-diffusion of proteins and lipids and effects of crowding on their
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sub-diffusive dynamics in general. Zeindlhofer and Schroeder [92] have reviewed the
analysis of biomolecules in aqueous ionic liquid mixtures where they have pointed out
that the viscosity of the imbedding matrix affect the structure of the protein. They
have cautioned that such effects may be specific to individual protein and therefore
should be tested before generalizing the main observation. In this article we focus on
a specific protein (CorA) embedded in an interaction-specific matrix with mobile

constitutive elements called solutes.

The transmembrane protein CorA consists of 351 residues with a well-defined inner
(iCorA) and outer (oCorA) segments in cells [10-12, 15, 77, 78, 81]. Numerous
elements in a cell such as lipid molecules, ions, osmolytes, different types of proteins,
etc. constitute the crowded environment which delicately control the structure of
CorA for selective transport of magnesium ions across the membrane in open and
closed states of the ion-channel. Obviously, it is not feasible to incorporate each
constitutive elements at once in order to assess its specific effects on different
segments of CorA protein. However, it is possible to represent the solutes by
simplified particles with appropriate interactions, suitable to capture their specificity.
The stochastic movements of each residue (leading to a collective movement of the
protein chain) in an effective dynamic matrix environment may provide chances for
each residue to interact with other residues of the protein chain. Attractive interactions
between some residues (e.g. hydrophilic and electrostatic) and solute may lead to their
transient binding while repulsive interaction between other residues may enhance the
self-organizing segmental structures (globular or fibrous). Note that the strength of
both attractive and repulsive interactions vary from one residue to another. The
interplay between the solute-residue interaction and thermal agitation may lead to
unique structural evolution. This article is focused on the effect of the strength of
interaction on the selective binding of residues with the mobile solute particles and
the structural evolution of CorA at a low (native phase) and a high (denatured phase)

temperature [93].

It is worth pointing out that we have already examined the structure and dynamics of
CorA in absence of environmental complexity and found interesting thermal response

of inner and outer segments of the protein [81, 93]. For example, the thermal response
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of the inner segment shows a continuous transition from globular to random-coil
structure on raising the temperature while the outer segment exhibits an abrupt (nearly
discontinuous) thermal response in a narrow range of temperature. Unlike in
denatured phase, the conformation of the inner segment contracts on raising the
temperature in its native phase where the outer segment appears less organized [93].
In an implicit effective medium, the size of the inner segment of the protein decreases
in native phase and increases in denatured phase before reaching saturation with the
residue-matrix interaction strength; the outer segment shows opposite response to
effective medium [94]. In presence of explicit effective solute matrix the protein
structure is pinned without a systematic trend with the interaction strength due to
rapid binding of solutes with the selective residues as discussed in this article. The
model is introduced in the next section followed by results and discussion and a

concluding remark.

4.3 Methodology

A bond-fluctuation mechanism [95] is used to model the protein [81, 93, 94], a chain
of 351 nodes, each representing unique specificity of corresponding residue. The
simulation is performed on a cubic lattice with ample degrees of freedom for each
residue to perform its stochastic moves and corresponding peptide bonds to fluctuate.
Simulation box consists of a protein chain and a large number of solute particles (with
a volume fraction ¢=0.002) where the size of a solute is the same as that of a residue
[96]. Initially the protein chain is placed in a random configuration and the explicit
solute particles are distributed randomly. Each residue and solute molecule interacts

with surrounding residues and solute molecules within a range (rc) with a generalized

. “] []] <

where rjj is the distance between the residues at site i and j or between the residue at

Lennard-Jones potential,

site i and residue at site j; rc=78 and o = 1 in units of lattice constant. The range of

interaction includes ample number of lattice sites that can be occupied by solute
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molecules or residues of the protein. The degrees of freedom can be further enhanced
with finer-grain representations of each residue. A knowledge-based interaction
matrix [84, 85, 96] is used for the residue-residue pair interaction (gj), which is
derived from an ensemble of a large number of protein structures from the protein
data bank (PDB). The strength &; of the potential (210 independent elements of a 20
x 20 matrix for 20 amino acids) is unique for each interaction pair with appropriate

positive (repulsive) and negative (attractive) values [84, 85].

A solute-solute and solute-residue interactions require 21 unique parameters [96] to
capture its specificity in an aquatic solute environment, as considered here for
simplicity. The solute at a site (i) interacts with a residue at another site (j) with a
similar interaction as (1) but with &j=f &Anpre Which is based on the hydropathy index
(&r) that controls the attractive and repulsive nature of the residue towards the solute.
The hydropathy index is binned into a repulsive interaction (& = 0.1) for all
hydrophobic (H) residues, attractive interaction (& = — 0.2) for all polar (P) residues,
and more attractive (& = — 0.3) for all electrostatic (E) residues. The magnitudes of
the hydropathy index & are further weighted with a factor Anpe to capture the
specificity of each residue within each group (H, P, E). The empirical parameter f is
introduced to modulates the interaction strength. For example, the interaction of a
solute with a hydrophobic residue such as valine (V), &;=f(0.1)0.933, the interaction
with a hydrophilic residue, say Tryptophan (W) &;=f(-0.2)0.257, and the interaction
with an electrostatic residue such as lysine (K) &;=f (-0.3)0.867. The solute-solute
interaction is ignored (&;=0) apart from their excluded volume effect. In the figures

and text the interaction strength f and fw are used interchangeably.

Each residue and solute particle executes their stochastic motion with the Metropolis
algorithm. Attempt to move each residue and solute particle once defines unit Monte
Carlo step time. Simulations are carried out for sufficiently long time to generate
conformational ensembles in steady-state at a low and high temperature regimes each
with 5-10 independent samples to analyze a number of local and global physical
guantities. Interaction strength f is varied. Different lattice sizes are used to make sure

that the qualitative trends are independent of the sample size. The results presented
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here are based on data generated on a 350% sample which provides ample sampling at
long-time scales without using excessive computer resources. Reduced units are used
for temperature, time step, and spatial length scales in this simulation since our focus
IS on changes in physical quantities in response to changing the solute interaction

strength (f) that affect the preferential binding.

4.4 Results and discussion

Solute particles interact with each residues with unique attractive and repulsive
interactions controlled by the interaction strength (f). Each residue and solute particle
perform their stochastic motion. Solute particles are generally more mobile (at least
initially) than the residues as their mobility is constrained by the peptide (covalent)
bonds. Thus the probability for the solute particle to reach attractive residue and stay
there within the range of interaction of the target site for a longer time is higher for
higher f. Representative snapshots of protein and the solute particles that bind to
specific residues are presented in Figure IV-1. A set of representative animations (see
the supplement) shows the stochastic dynamics of protein segments, the progression
of solute binding to specific sites, and pinning down its movements. We see that the
number of solute particles that bind to residue increases with the solute-residue
interaction strength (f). For example, at the low temperature (T=0.020), the number of
binding sites is relatively smaller at lower solute-residue interactions (f = 2.5) than
that with the stronger interactions (f=3.5, 4.5). Similar patterns appear at the high
temperature (i.e. T=0.032, f = 4.5). Further, there is no appreciable change in size of
the protein except some variations in segmental organization. It is therefore difficult
to quantify overall changes in size of the protein in response to solute-residue

interactions.
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Figure 1V- 1: Snapshots of the protein chain CorA at the end of a million time step.
Bonds along the backbone of the protein contour are in yellow where the first
residue is represented by the large black and the last residue by yellow sphere;

solute particles within the range of interaction of each residue are shown in blue
dots. The interaction strength f = 2.0, 2.5, and 3.5 from left to right at T = 0.020.
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Figure IV- 2: Root mean square (RMS) displacement (Rc) of the center of mass of the
protein chain with the time step (t) for a range of solute-residue interaction f =
1.00 —4.00 at a low temperature T = 0.020. The power-law exponent v (R « tV)
in the short time regime (t ~ 10? — 10%) is also included for each interaction

strength.
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How does the protein chain move as the residues attempt to perform their stochastic
motion? One may be able to assess the protein dynamics by examining the variation
of the root mean square (RMS) displacement (Rc) of the center of mass of the protein
chain with the time step as shown in Figure IV-2. As the protein chain moves, its
RMS displacement increases with the time step. Note that the movement is faster in
short time (initially), followed by a slowdown asymptotically in long time regime.
Asymptotic slowdown depends on the solute-residue interaction strength (f); the
higher the interaction, faster is the approach from very slow movement (f = 1.00 -
2.75) to almost standstill (f = 3.00 - 4.00). The dynamics of the protein chain in short
time regime can be assessed by a power law dependence of its RMS displacement,
i.e., Rc ac t¥, where the exponent v characterizes the nature of dynamics. We see that
the dynamics of the protein is sub-diffusive v < % for entire range of solute-residue
interaction in the short time regime. In asymptotic regime the dynamics of the protein
is not only sub-diffusive with low interactions but almost vanishes (v ~ 0) with
stronger interactions (f = 3.00 - 4.00). Slowing down of the protein chain occurs as
the solute particles bind to their target residues; the overall motion ceases as the

conformation of the protein is pinned down by ample binding as seen in Figure 1V-1.
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Figure IV- 3: Binding profile (average number Ny of solute around each residues) of
CorA for solute-residue interaction f=2.5, 3.0, 3.5, 4.0 at a temperature T =
0.020.

In order to assess the extent of binding and identify the targeted residues, let us
examine the binding profile, i.e. the average number (Nw) of solute particles around
each residue within the range of interaction. Figure IV-3 shows the average number of
solute particles around each residue for a range of solute-residue interaction strength
f=2.5, 3.0, 3.5, 4.0 at a temperature T = 0.020. QOuter and inner transmembrane
segments of the protein CorA consists of 'M 2E ... 2°!M and 292K 2%y ... 3L, The
extent of binding is enhanced with stronger solute-residue interaction. A large fraction
of outer segment of CorA residues are pinned by high degree of solute binding
specially at stronger interactions (f = 4.00) while a considerable fraction (about half)
of inner transmembrane segments remain unbounded (i.e. 22K 2%V ., 309G, 330y 331
... *8V). The inner segment of the protein CorA is more mobile than that of the outer
transmembrane segment and perhaps more responsive in self-assembly as recently
observed [97].

Ch. V: Magnesium release-induced conformational changes of CorA magnesium channel



Rangubpit W. 70

24 l T I T I T I T l T I
A - |
- :%e iy wn® ir""““r"-ll’" R . S
L h—d\ e i
4 444“‘41 4\.’3;34'4}1 %5 Fw=1.0 ‘*‘*4*‘*144-,,4""144‘4*_‘44
22 A —
T B--a fw=2.0 [¥ e Ay e,
I & “ fw=25 as Fa i e
< +--4 fw=3.0
b3} fw=3.5
S 2l : -
T Efw=4.0| T,
o L for=q. 5 e =3 2
=--8 fw=5.0
20— Gﬂﬁwqaﬂﬁﬂ\b fw=6.0 _
- a
=15] - fw=70Faq A
L GM? = B o (] E‘BQ’BD\BUQ ,D'BE'-EM%‘-DE(D |
- h
¥ oa
19+ % —
&
L el %M‘erve‘ov°v°&‘e‘q s |
L ae-a “‘&Wa\ea\
gl 1 N N . M
0 5 5 5 5 6
2x10 4x10 6x10 8x10 1x10

t(T=0.02)
Figure IV- 4: Radius of gyration of CorA versus time step for solute-residue
interaction f=1.0 - 7.0 at T = 0.020.
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Figure IV- 5: Radius of gyration of the protein (CorA) versus solute-residue
interaction strength f = fw at temperature T = 0.020, 0.032.

Because of the selective binding of solute particles, the protein conformation is
arrested in a relatively short time step. Figure 1VV-4 shows the variation of the radius
of gyration with the time step for a wide range of solute-residue interaction (f=1.0 —
7.0) at a low temperature. We see that the radius of gyration becomes reaches its

steady-state rather fast particularly at higher values of f and that the binding enhances
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the stabilization. The variation of the average radius of gyration with the interaction
strength (Figure 1V-5) shows almost no systematic dependence on the interaction at
temperatures T =0.020, 0.032 despite large fluctuations. Lack of a trend is due to
pinning of the conformations of the protein as the solute particles move fast and bind
the targeted residue. Note that lack of a systematic dependence on the interaction with
the underlying matrix due to pinning is different from that of the protein in an
effective medium [33] where the inner transmembrane segment exhibits a systematic
dependence in both native and denatured phases. The X, y, and z-components of the
radius of gyration appears to be of the same order of magnitude within the range of
fluctuations (Figure 1V-S1). It should be pointed out that the radius of gyration of the
inner segment (iCorA) responds systematically to solute-residue interaction strength f,
unlike the outer segment (0CorA). For example, the radius of gyration of iCorA
decays continuously with the interaction strength f while that of the oCorA fluctuates

wildly at temperature T = 0.032 (see Figure 1V-S2).
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Figure IVV- 6: Structure factor (S) of the protein versus wave length (Lambda) for the
interaction strength fw = 2.5, 3.0, 3.5, and 4.0 at T = 0.020. The inset is amplified
version within a limited wavelength range spanning over the magnitude of the
radius of gyration (Rg ~ 21). The slope (1/y = D) is a measure of the effective
dimension (D) of the protein which is about 2 with lower values of fw = 2.5, 3.0

but varies with length scales at higher values of fw = 3.5, 4.0.
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To quantify the conformational spread of the protein, we analyze the structure factor
S(a),

1 2
S(q) = <W >‘q‘ 2

N
j=1

where rj is the position of each residue in all protein chains and |q| = 24/1 is the wave
vector of wavelength A. Using a power-law scaling of the structure factor with the

wave vector, i.e.,

S(q) ccq™” ©)

one may study the spread of residues over the length scale A by evaluating the
exponent » which describes the mass (residue) distribution. The slope D = 1/y of the
data set spanning over the length scale comparable to radius of gyration is a
measure of the effective dimension (D) of the protein. At lower values of solute-
residue interaction f = 2.5, 3.0, the conformation of the protein chain is like a
random-coil (D ~ 2) at T=0.020 where it conform to a globular structure in absence
of solute. Effective dimension of the protein depends on the length with stronger
solute-residue interaction. For example, D ~ 2.3 at smaller length scale and D ~ 1.4
(very linear structure) on larger scale with f = 3.5. Reverse is the case with stronger
interaction f = 4.0, where D ~ 1.4 at smaller length scale and D ~ 2.5 at larger length
scales. Structural variability suggests that a wide range of fluctuating conformations
can be pinned by appropriate solute.

4.5 Conclusions

Conformational dynamics of a protein (CorA) in an interacting matrix with mobile
solute particles is examined as a function of solute-residue interaction by a coarse-
grained Monte Carlo simulation. Initially the protein chain is placed in the simulation
box in a random configuration in presence of a random distribution of solute particles.
Each residue and solute particle perform their stochastic movement. Because of the
higher mobility of solute particles and specificity of the solute-residue interactions,

they reach their specific target rather fast. As a result the conformation of the protein
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is constrained by the solute particles that bind to specific protein sites and pinned with

stronger solute-residue interactions.

The protein chain exhibits different dynamics in short and long time regime: the short
time dynamics is sub-diffusive and not very sensitive to solute-residue interaction
strength (fw), the long time (asymptotic) dynamics depends strongly on the
interaction strength. The protein chain becomes almost immobile as solute particles
bind to their target residues at higher solute-residue interactions. Lack of a systematic
trend in conformational response to solute-residue interaction seems to occur due to
pinning down a vast number of specific residues, particularly in the outer
transmembrane segment of the protein. This observation is very different from that of
the same protein chain in an effective medium [94] where there is a systematic

dependence of the protein conformation on the residue-matrix interaction.

Spread of the protein chain can be quantified by estimating its effective dimension
from scaling of the structure factor. In a relatively lower solute-residue interaction, the
protein chain appears to conform to a random-coil conformation at a low temperature
where it is globular in absence of such solute environment; this is obviously due to
some degree of pinning of the protein conformation. Presence of stronger interacting
solute leads to higher degree of pinning down the conformations that shows different
spread at lower and larger length scales. For example, D ~ 2.3 at smaller length scale
and D ~ 1.4 (very linear fibrous structure) on larger scale with the solute-residue
interaction strength f = 3.5. Reverse is the case on increasing the interaction strength f
= 4.0, where D ~ 1.4 at smaller length scale and D ~ 2.5 at larger length scales. Thus
by selecting interacting matrix with specific solute-residue interaction, one may be
able to achieve a desirable conformation of the protein.

4.6 Supporting infomation

Representative short animations (presented below) show the stochastic dynamics of
protein segments, the progression of solute binding to specific sites, and pinning down
its movements. For example, at the low temperature (T=0.020), the number of binding

sites is relatively smaller at lower solute-residue interactions (f = 2.5) than that with
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the stronger interactions (f=3.5, 4.5). Similar patterns appear at the high temperature
(i.e. T=0.032, f = 4.5).
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(iCorA) and outer segment (oCorA) with the solute-residue interaction strength

(f) at a temperature T = 0.032.
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5.1 Abstract

CorA is prokaryotic Mg?*-selective channels that mediate the ion flux across cell
membranes. The CorA channel is a homopentamer possessing five magnesium
binding sites, each of which is located at the intersubunit interface of the cytosolic
domain. Earlier studies suggests that the protein conformation with fully Mg-occupied
sites remains stable in the closed state while the channel is activated in the absence of
intracellular Mg?*. There has been a debate whether the loss of Mg?* in the binding
sites causes significant conformational changes from the closed-bound to open-
unbound states. In this study, we have used coarse-grained MD simulations to
examine the conformational response of the CorA closed state upon removal of Mg?*
restraints introduced as artificial bonds in coordination complex. The simulations with
Mg?* restraints that mimicked the attractive interactions between the protomer were
carried out using two restraint removal approaches, simultaneous versus stepwise
removals. The results of both approaches showed that the release of Mg?* has induced
a significant conformational rearrangement of the cytosolic domain. However, the
movement was not large enough compared with the cryo-EM study. We found that
the pentameric arrangement of the residues in the hinge-bending region obtained from
the stepwise approach is found to be more consistent with experiments the, suggesting

a possible mechanism for the Mg?* release.

5.2 Introduction

CorA is Mg?*-dependent gating channels that are essential for maintaining Mg?*
homeostasis within the cell [12]. The CorA gene was the first prokaryotic Mg?*
uptake system identified and recognized as the cobalt resistance phenotype in E.coli
[98]. CorA is primarily found in bacteria [99]. Other known Mg?* transport proteins
in bacteria include MgtA, MgtB and MgtE [74, 99, 100]. CorA is a member of
superfamily of Mg?* transport proteins which has a functional homolog [101] similar
to eukaryotic Mrs2 and Alrl proteins [102, 103]. Although the CorA, Mrs2 and Alrl
superfamily exhibits low sequence similarity, they share significant conserved GMN
motif [103]. The crystal [10, 11] and cryo-EM structures [12] of CorA determined

under Mg?*-bound conditions revealed a symmetric arrangement of pentamer with a
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large funnel-shaped structure in the cytosol [11]. Each monomer is composed of a
large N-terminal cytosolic domain, a stalk helix and two transmembrane segments.
The N-terminal cytosolic domain consists of two sets of three a-helices and seven

parallel and antiparallel B-strands folded as an afa sandwich-like structure.

Crystal structures of Mg?*-bound CorA reveals five Mg?*-binding sites which are
located at the interface between subunits in the cytosolic domain [12-14]. Each
binding site which can host up to two Mg?* (known as M1 and M2 sites), is called
divalent cation sensor, serving as Mg?*-sensing regulatory [14, 15]. The M1 and M2
metal binding sites are separated by a distance of ~7A. Mg?* in the M1 site positions
in close proximity to form coordinate covalent bonds with the carboxylate group of
D89 and D253' (“ ' ” indicates the adjacent subunit). The second M2 binding site lies
close to the side chain of E88, D175 and D253. Electrophysiological studies showed
that the channel activity is regulated by intracellular Mg?* [15]. The protein
conformation with fully Mg-occupied sites corresponds to the closed state while the
channel transitions from closed to open conformations by the release of Mg?* from
the cytosolic binding sites [12].

The Mg?*-bound and -unbound CorA forms depends on the cytosolic concentration of
Mg?*. At high intracellular Mg?* concentration, all binding sites are occupied by
Mg?*, and therefore the non-conductive (Mg?* bound) CorA is more favorable.
However, under an insufficiency of the divalent cation in the cell, there is an increase
in the unoccupied sites due to releasing Mg?" from the cytosolic binding sites. The
release of Mg®* induces conformational changes in the cytosolic domain, stalk
helices and the pore which subsequently shift the population toward the open or
conductive state [12]. The conformational differences between the closed and open
states can be illustrated by the crystal and cryo-EM structures obtained in the Mg?*
bound (closed) and Mg?* free (open) form, respectively [12]. A structural comparison
revealed a break in the symmetry of the pentamer structure of the closed

conformation.

Binding of Mg?* to acidic residues located at the interface helps to hold protein
protomers together. The release of Mg?* leads to a loss of the interactions in this

region, triggering conformational changes of the protein. However, there has been a
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debate whether the loss of Mg?* in the binding sites causes significant conformational
changes from the closed-bound to open-unbound states. The crystal structures of two
CorA mutants eliminating interactions of Mg?* with D89 and D253 at M1 sites show
no significant changes in the structure with respect to the structure in the closed state.
In this study, we employed coarse-grained MD (CGMD) simulations to investigate
the conformational response of the CorA closed state upon the release of Mg?* from
the binding sites. The closed-bound conformation was used the starting state. The
simulations were carried out by incorporating the intersubunit distance restraints that
mimicked the attractive interactions between Mg?* and acidic residues of the two
adjacent subunits. On the basis of Mg?*-release, these restraints were subjected to be
removed during the simulations. To observe the conformational changes in response
to the Mg?*-released restraints, the simulations were conducted under two approaches,
simultaneous versus stepwise removal. The resulting structures were validated based

on the available cryo-EM structure in the Mg?* free condition.

5.3 Methodology
5.3.1 All-atom and coarse-grained models

Initial structure was taken from the cryo-EM structure of Thermotoga maritima CorA
(TmCorA) in the closed state with the resolution of 3.8A (PDB code 3JCF) [12]. In
this study, we performed all-atom (AA) and coarse-grained (CG) MD simulations of
the CorA in phospholipid bilayer, starting from the structure in the closed state. The
structure coordinates from the PDB file contain five protein chains subunits (chain A,
B C, D and E). Each chain consists of residues from 3 to 351 with no missing loop.
Before converting all-atom to coarse grained model, AAMD systems were first built
according to the protocol described in our previous studies [78]. Briefly, Hydrogen
atoms were added to the model using the psfgen plugin in VMD [55]. lonization
states of amino acid side chain were assigned based on their pKa values at a pH of 7
using PROPKA [104]. The phospholipid bilayer of POPC (1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine) was built around the protein of which its initial position

was based on the prediction of the spatial orientation of membrane proteins in
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membrane [105]. TIP3P water molecules were added to solvate the entire system
[106]. The total charge of the system was neutralized by adding counterions (Na* and
Cl) at 0.1 M concentration using VMD’s autoionize plugin. the simulation box
consists of 477,934 atoms.

All-atom structures of the system were converted to MARTINI coarse-grained
(CG) structure by modifying the residue-based CG scripts in VMD, as previously
described [25, 26]. The MARTINI 2.2 force field topology was used for the CG
models. The CG nanodiscs were solvated by MARTINI water beads. Na* and CI
beads were subsequently added for charge neutralization of the systems. This

simulation consists of 59,694 beads in a 18x18x23 nm? simulation box.

5.3.2 All-atom MD simulations

AAMD simulation was performed as a control to check that the introduction
of artificial constraints does not significantly alter the CorA structure. All simulations
were carried out with the package NAMD 2.12 program [56]. For AAMD simulation,
The CHARMMS36 force fields were used for protein and lipid atoms [107]. TIP3P
force field was used for water molecules. The simulations of the CorA closed
conformation were carried out employing periodic boundary conditions. Langevin
dynamics at a constant temperature of 310 K The pressure was kept constant at 1 atm
using the Nose —Hoover Langevin piston method, with a piston period of 200 fs and a
damping time of 50 fs [108]. The particle mesh Ewald summation was employed to
treat long-range electrostatic interactions with a distance cut-off of 12 A and a pair-
list distance of 13.5 A [109]. The water geometry was constrained as rigid using the
SETTLE algorithm [110]. The SHAKE algorithm was employed to constrain the
bonds to the other hydrogens [111]. To relax structural strains of the systems, energy
minimization was performed to remove bad contacts between atoms, and then MD
was conducted with the protein and lipid head group atoms kept fixed to their initial
positions. A subsequent run then allowed the whole system (waters, lipids, and
counterions) except for the protein to be relaxed. Finally, the equilibration and
production runs were performed without any positional restraints. All-atom MD

simulations were performed under NPT ensemble for 4 ps with a time step of 2 fs.
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5.3.3 Coarse-grained MD simulations

Distance restraints mimic the attraction between protomers

It has been suggested that all Mg?* ions bound to residues in M1 and M2 sites remain
partially hydrated [13, 80] as octahedral coordination is the preferred geometry for
Mg?* [101, 112]. This adds a particularly complicated issue for addressing specific
interaction parameters of Mg?* with CG models since Martini force field parameter is
not available for accurate treatment of the divalent metal ion in binding sites. Other
CG metal ions such as Na* and CI" implicitly include a first hydration shell and are
used qualitatively only. It can be thought that binding of Mg?* to the M1 and M2 sites
provides constraints to attract between protein protomers together. and We, therefore,
introduced a set of inter-subunit distance restraints as artificial forces that represent
the Mg?* interactions made between protein chains. Due to the unavailability of a CG
model for Mg?*, the restraints were alternatively introduced by distances between
backbone beads of the following residues; E88, D89, D175, D179, and D253. The
distance restraints were introduced as the “soft” harmonic potentials (U(r) =
k (r— rref)z) and incorporated into the simulations using “extraBonds” term
implemented in NAMD. 7., is the reference distance of the corresponding residues
measured from the initial structure. There are five sets of restraining potentials
between protein chains (labelled as A-B, B-C, C-D, D-E and E-A). For instance, six
restraint distances of the A-B dataset were designated as Ri (D1754/E88g), R:
(D1754/D898), Rz (D179a/E88g), Rs (D1794/D898), Rs (D253a/E88g), and Re
(D2534/D898). The restraints were summarized in Table2.

Table 2: Distance restraints and the reference distance (r,..r) between backbone
beads of CG residues. Restraints between residue pairs (with residue numbers in
parentheses) are denoted as R1 (D175/E88), R2 (D175/D89), R3 (D179/E88), R4
(D179/D89), R5 (D253/E88), and R6 (D253/D89)

Restraints Tref
Rlas 15.7
Rlgc 15.6
Rlco 154
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Rlpe 16.5
Rle-a 15.8
R2a-8 16.4
R2g-c 16.3
R2c.p 16.0
R2pe 16.9
R2e.-a 16.4
R3a-8 15.9
R3g-c 155
R3c-p 15.2
R3p-e 16.4
R3e-a 15.7
Ré4as 16.0
Régc 15.7
R4cp 15.3
Répe 16.4
R4e.a 15.8
R5a-B 11.0
RSg-c 111
R5c.p 10.9
R5p-e 12.3
R5e-a 11.0
R6a-8 10.7
R6g-c 10.7
R6c-p 10.6
R6p-e 11.8
R6g-A 10.6

82
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Simultaneous versus stepwise restraint removals

For CG simulations, Martini force field were applied for protein, lipid and water [25,
26]. The CG-MD simulations were carried out at a constant temperature of 300 K
with a periodic boundary condition. The martini force-field switching function was
adapted for Lennard-Jones (LJ) potential with a switching distance is 9.0 A, and the
cutoff is 12.0 A. A shifting function Coulombic potential with switching distance is
0.0 hardcoded in the NAMD source code and cutoff 12.0 A. A time step of 20 fs was
applied. Energy minimization with the restraints was performed, starting from the
closed conformation. Prior to the simulation systems were equilibrated for ~40 ns
with force constants of 0.5 kcal mol* A2, To examine the effect of Mg?* depletion on
the CorA conformation in the closed stated after equilibration, we have used two
approaches of the subsequent simulations: a) simultaneous or all-at-once restraint
removal; and b) stepwise restraint removal. The two examined approaches were based
on the hypothesis that the CorA closed state releases Mg?* from all divalent cation
sensor sites simultaneously or stepwise under physiological conditions. The detailed
simulations after equilibration were described as follows:

e Trial-l: Simultaneous removal

All restraint datasets were removed all at once. The simultaneous removal

simulation was performed for ~4 ps.
e Trial-1I: Sequentially stepwise removal

The stepwise removal simulation was conducted by deleting sequentially each
restraint dataset of the following order: Rx(A-B), Rx(B-C), Rx(C-D), Rx(D-E) and
Rx(E-A) (where x is 1, 2, 3 ... 6). The restraint deletion was made one at a time every

~0.5 ps of the simulation. The simulation was carried out for ~4 ps.

5.3.4 MD trajectories analysis

Analysis of MD trajectories was conducted using TCL scripts in VMD 1.9.3. [55].
The root mean square displacement (RMSD) of backbone atoms (AAMD) or beads

(CGMD) was computed with respect to a reference structure (i.e., starting
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conformation of the MD simulation). The cryo-EM structure of the open state Il (pdb
3jch) was used for comparing with the CG models obtained in the study. The model

validation was achieved by structure superimposition and the distance analysis.

5.4 Results and discussion
5.4.1 Validation: AAMD vs CGMD of the CorA closed conformation

The backbone RMSDs with respect to the initial CorA pentamer structure of the
closed conformations for AAMD and CGMD simulations were shown in Figure 1V-1.
Initially, the RMSD fluctuated below 0.1 nm. This was due to the position restraints
imposed on the protein backbone for relaxing the surrounding environments in the
systems. After decreasing the force constant of the position restraint potentials, the
trajectory of both systems exhibited a rapid increase in RMSD to ~0.4 nm after ~100
frames corresponding to 0.4ns for AAMD and 4ns for CGMD. Then, the RMSD
reaches a plateau with minimal deviations around ~0.5 nm, indicating the protein was
dynamically equilibrated. Both AAMD and CGMD systems showed a similar trend of
the RMSD profile throughout the equilibration time of the simulations.

1.0
— AAMD
—— CGMD
0.8 -
T 0.6-
£
(m]
(2]
Z 0.4-
0.2-
0.0 v T v T v T d T d
0 200 400 600 800 1000

Frames

Figure V- 1: Backbone RMSD with respect to the reference CorA structure in the
closed state versus simulation frames for AAMD and CGMD simulations.
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5.4.2 Simultaneous vs sequentially stepwise removals

Figure 1V-2 illustrated the RMSD values for individual protein chain and the
overall pentamer structure upon the release of Mg?* restraints. The removal of the
distance restraints leads to a continuous increase in overall RMSD around 0.7-0.8 nm.
Notably, the simultaneous removal simulation showed RMSDs of the five protein
chains (A, B, C, D and E) in range between 6 and 8 nm at the end of 4us CGMD
simulation (Figure 1V-2A). However, the simulation with the sequentially stepwise
removal showed a wider fluctuation range of RMSD per protein chain. The final
RMSDs per protein chain reach between 0.5 to 0.9 nm at 4us (Figure 1V-2B).
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Figure V- 2 : RMSD with respect to the reference CorA structure in the closed state
extracted from the 4 us CGMD simulations with simultaneous (A) and Stepwise

(B) removals. RMSD values were measured on the basis of individual protein
chain, i.e., A, B, C, D and E and the overall pentamer. Dashed line indicates the

time at which restraints were removed.

5.4.3 Large conformational changes in cytosolic domains upon the restraint

removal

To demonstrate structure changes upon the restraint removal, we plotted the backbone
RMSD per residue as a function of simulation time as shown in Figure IV-3. We
observed considerable differences with the RMSD with respect to the closed state
conformation of two systems, in the simultaneous or sequentially stepwise restraint
removals. As shown by the region in red color in Figure V-3, the cytosolic domain
containing residues 3-100 was the common region that showed high RMSD values
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compared to the rest. As higher RMSD value indicates greater variation from the
initial close conformation. Therefore, this suggested that the cytosolic domain appears
as the most affected region upon the release of the restraints. However, structure
changes in stalk and transmembrane domain were much smaller (shown by the blue
region). This is consistent with the cryo-EM study of which conformational
alterations were mainly detected in the cytosolic domain but the change in
transmembrane regions was subtle. From the RMSD plot, we also found the stepwise
removal system has high RMSD values spanning larger regions in the cytosolic
domain than the simultaneous removal simulation. This implies that the stepwise
removal has a greater impact on the overall protein structure. Furthermore, the
stepwise removal simulation displayed large RMSD values in the cytosolic domain of
chains A, B, C and D whereas that of chain E was least affected by the restraint
removal. The results are in good agreement with a study by Perozo et al. [12]. It was
reported that four of five chains of the CorA cytosolic domain underwent significant

conformational changes in the absence of Mg?*.
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Figure V- 3 : Contour maps representing backbone RMSD per residue as a function of
simulation time obtained from CG simulations of simultaneous and stepwise
restraint removals. The RMSD plot shows individual chain separately (i.e., A, B,
C, D and E). Dashed line indicates the time at which restraints were removed.
Color gradient from red to blue corresponds high to low RMSD values.

As the RMSD analysis is not sufficient to clearly visualize difference observed
between the two systems, we extracted the structure coordinates from MD trajectories
at different time spans, i.e., 0.3 us, 0.5 ps, 1.0 ps, 2.0 us, 3.0 ps, and 4.0 ps, to better
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understand the differences between the simultaneous (Trial-1) and stepwise (Trial-11)
systems (Figure 1V-4A). The backbone conformations of the CorA cytosolic domain
at different time frames of both systems (shown in surface representation of Figure
IV-4) displayed significant movement in the cytosolic region. However, the motion of
the cytosolic domain from the simulations was not as large as that observed from the
structure in the “open state II” based on the cryo-EM study (Figure IV-4B). This
observation signifies that the loss of interactions between protein chains induced
alteration in the domain conformation but not enough to drive the protein into the

structure close to the cryo-EM experiments.
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Figure V- 4: (A) MD snapshots representing conformational changes of the cytosolic
domain obtained from simultaneous (Trial-1, upper) and sequentially stepwise
(Trial-I1, lower) restraint removals at various simulation time. (B) Cryo-EM
structure of open state Il (pdb 3jch). Structures show in side (upper) and bottom
(lower) views. Area within grey line indicates membrane region.
A further validation of the simulation models was performed based on an analysis of
inter-subunit distances and the inter-domain arrangement relative to the cryo-EM
open-state structure. For a distance analysis, there are five sets of distances between
protein chains (labelled as A-B, B-C, C-D, D-E and E-A) to be computed. It should,
however, be noted that the cryo-EM density maps in the cytosolic domain were
identified as a region of relatively low resolution (beyond 6A) and the conformation
in this region was thus not well defined. We measured the distance between the two

centers of masses for residues 278-280 located in the stalk helix instead. This was due
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to in the cryo-EM study, the density maps of the residues in this fragment exhibited a
relatively high resolution. L280 was also used as a reference position to demonstrate a
difference between the closed and open state structures [12]. In addition, this fragment
involves in an initiation of a “hinge-bending” motion in the absence of bound Mg?*.
As shown in Figure 1V-5A, Trial-1 models exhibited the time evolution of inter-
subunit distances different from Trial-1l model, implying a dissimilarity in the
arrangement of the pentamer between the two models. Figure IV-5B showed the
pentameric arrangement for the residues 278-280 of the simulation models
superimposed on the cryo-EM structure in the open state. In the Trial-1 model, the
residues 278-280 of chain A moves away from the central axis of the channel whereas
this fragment of other four chains (B, C, D and E) move towards to the channel axis.
The structure superposition showed that chain D was only one out of five chains that
was consistent with the cryo-EM open state model. Other the other hand, Trial-1l
model appears to agree better with the experimental data. As can be seen from Figure
IV-5B, the arrangement of the fragment of chain B, C and E has a relatively good fit
with the open state structure.
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Figure V- 5: (A) Inter-subunit distance as a function of time obtained from MD
trajectories of simultaneous (Trial-I) and stepwise (Trial-11) removal simulations.
The distances between subunits (labelled as A-B, B-C, C-D, D-E and E-A) were

measured using the center of mass of a fragment corresponding to resides 278-
280 (indicated by dashed lines in the open state Il (3jch) and box shown in B).
(B) Surface representation of the open state Il (left) and the pentameric
arrangement of the residues 278-280 of Trial-1 and Trial-11 models (red and green
surface, respectively) superimposed on the same fragment of the cryo-EM open

state (gray transparent surface).

Nevertheless, it is important to extend this study by conducting further simulations to
address the problem about the time length of simulation as well as to vary the removal
conditions of the simulations. The restraint deletion is no longer controlled by the
simulation time. Instead, we introduced the upper-bound restraint violation as a
criterion. The restraint violation was taken into consideration if a restrained distance
exceeds the upper-bound distance of 2A. The simulations were initiated by
eliminating Rx(E-A) restraint dataset. During the simulation, all restrained distances
were monitored for a statistic analysis of restraint violations. The simulations were
carried out with two restraint removal approaches designated as Trial-111 and Trial-1V.
Trial-111 was the simulation with the deletion of single dataset having most violated
restraints. For the Trial-1V simulation, the restraint deletion can be either single or
double datasets if the violation criterion was met. The two additional simulations were

extended up to ~9 ps. The results were shown in Figure 1V-6.

The plots in Figure IV-6A showed two different profiles of the center of mass
distances between protein chains as a function of time. This suggested that the Trial-
11 model exhibited a different arrangement of subunits in the pentamer compared
with the Trial-1V model. Figure 1V-6B showed the pentameric arrangement for the
residues 278-280 of both models superimposed on the same residues of the cryo-EM
open state structure. As can be seen, the results of the Trial-IV simulation showed

better agreement with the experiments compared to the Trial-111 results.
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Figure V- 6: (A) Inter-subunit distance as a function of time obtained from MD
trajectories of Trial-111 and Trial-1V systems. (B) The pentamer arrangement of
the residues 278-280 of Trial-111 and Trial-1vV models (yellow and purple surface,
respectively) superimposed on the same fragment of the cryo-EM open state
(gray transparent surface). All plots and images were defined same as in Figure
V-5.

5.5 Conclusions

This study employed coarse-grained molecular dynamics simulations to examine the
conformational response of CorA magnesium channel upon the release of bound
Mg?*. The CG simulations start with the cryo-EM structure of CorA in the closed
state. An effect of the Mg?* deletion in the simulations was investigated using two
restraint removal approaches, simultaneous and stepwise removals. We observed the
conformational changes of CorA when the restraints representing binding of Mg?*
between protein chains were removed during the simulations. Although the restraint
deletion showed a significant conformational rearrangement of the cytosolic domain,
the movement in this region was not large enough compared with the cryo-EM
structure of CorA in the open state. Nevertheless, the comparison of residues in the

stalk helix arranged in pentamer offers an alternative validation of the simulation
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studies. We found that the pentameric arrangement of the residues in the hinge-
bending region obtained from the stepwise approach is found to be more consistent

with experiments the, suggesting a possible mechanism for the Mg?* release.

Ch. V: Magnesium release-induced conformational changes of CorA magnesium channel



CHAPTER VI: CONCLUSION

This thesis presents the use of corase-grained models in MC and MD simulations to
get detailed information on structural behaviors, self-assembly and interactions of the
CorA magnesium channel. The results of this study show an ability of CG simulations
to accurately reproduce physical and thermodynamical properties compatible with all-
atom simulations that are limited by system sizes and time scales. The chapters
provide necessary background information and include published and non-published
works. The summary of the works is presented below.

6.1 Thermal responses of lipoprotein nanodiscs

MSP1 based lipoprotein nanodiscs are commonly used as encapsulating agents in
cryo-EM structure determination of membrane proteins. Lipoprotein nanodiscs have
been successfully used to encapsulate the CorA Mg?* channel for structure
determination using cryo-EM techniques. In this study, from the results of CGMD
simulations, it was found that the structures of MSP1-DPPC and MSP1-POPC
nanodiscs respond non-monotonically to temperature. We demonstrated that the non-
monotonic temperature response is associated with the lipid bilayer phase transition.
CG-MD data showed dramatic changes from the circular to twisted or non-circular
shape at a metastable ripple state (225K-275K). In addition, the structure MSP1-
POPC nanodiscs was found to be more sensitive to temperature than that of the
MSP1-DPPC nanodisc. The interaction energy of the MSP1-DPPC nanodisc
compared to MSP1-POPC nanodisc, show that the DPPC nanodisc tends to resist
structural changes more than the POPC nanodisc upon an increase in temperature. It is
hoped that this study will help in designing appropriate nanodiscs and interpreting

data in underlying experiments in future.
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6.2 Self-organized globular bundles and entangle networks of CorA

This study employed CGMC simulation to observe the self-organized structures of
CorA in crowded environments as a function of protein concentration at a range of
low to high temperatures. At both low and high temperatures, visual inspection
displays obvious differences in the morphology of the assembly in dilute solution and
that in the crowded matrix. The outer membrane region of CorA (oCorA) proteins
appear to dissociate more on a scale proportional to their size, whereas the inner
membrane region of CorA (iCorA) protein clusters phase-separate in their native
phase (low temperatures). Based on the findings of this study, it was concluded that,
in addition to steric limitations of the membrane and interactions with other matrix
constituents, a considerably greater protein-protein connection among the protein's
inner segments (iCorA) is conducive to its stable self-assembly.

6.3 CorA conformations in a solute matrix

This study used CGMC simulation to investigate the conformational dynamics of
CorA in an interacting matrix with mobile solute particles. The protein chain is
initially arranged in a random arrangement in the simulation box, with a random
distribution of solute particles. Each residue and solute particle move in a random
manner. In the short- and long-time regimes, the protein chain has different dynamics:
the short-time dynamics is sub-diffusive and not highly sensitive to solute-residue
interaction strength, whereas the long-time (asymptotic) dynamics is substantially
dependent on the interaction strength. As solute particles attach to their target residues
at increasing solute-residue interactions, the protein chain becomes practically
immobile. The solute particles constrained protein conformation that bind to specific

protein locations and pinned with stronger solute-residue interactions.

6.4 Magnesium release-induced conformational changes of CorA

A CGMD simulation was carried out to to examine the conformational response of
CorA magnesium channel upon the release of bound Mg?*. Simultaneous and

sequential deletions of restraints were used to assess the effect of the Mg?* deletion in
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the simulations. We observed conformational changes of CorA when the restraints
binding the Mg?* between the protein chains were removed during the simulations.
Despite the constraint loss resulting in a major conformational rearrangement of the
cytosolic domain, the movement in this region was insufficient when compared to
cryo-EM structure in the open state. We found that the pentameric arrangement of the
residues in the hinge-bending region determined using the stepwise approach is more

consistent with observations, implying a plausible mechanism for Mg?* release.
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