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Abstract

Microscopic understanding of relaxation in biomolecular systems like protein
is much more complicated than a typical condensed matter system due to in-
volvement a large number of degrees of freedom over a wide range of timescales
(femto-seconds to seconds). Structural changes can be induced in a protein
by various agents like approach of ligands, altering solvent conditions, and
thermodynamic properties. In this thesis we aim to describe microscopic aspects
of structural relaxation in protein through change in conformational fluctuations.

Dihedral angles are microscopic degrees of freedom to describe protein confor-
mations. We address static and dynamic aspects of conformational fluctuations in
terms of dihedral angle using the molecular dynamics trajectory. The relaxation
of dihedral angle is not probed via the existing experimental tools. The backbone
dihedral angle have been estimated from NMR data. This leads us to examine
if protein dihedral fluctuations can be associated to the NMR cross correlated
dipolar fluctuations. We shows that the zero frequency spectral density function
of dipole and dihedral fluctuations, using all atom molecular dynamics trajectory;,
are well correlated. Thus, structural relaxation of protein in terms of dihedral
angle fluctuations can be probed using CCR rates of NMR.

We illustrate conformational fluctuations of protein in molten globule (MG)
state. The MG state of a protein is dynamic in nature, where conformational
states are inter converted on nanosecond time scales. Here we compare the
conformational fluctuations of the MG state to those of intrinsic disordered
proteins (IDPs). We consider protein, a-lactalbumin (aLA), which shows an MG
state at low pH upon removal of the calcium (Ca?*) ion. We find that the MG state
of a protein behaves as an intrinsic disorder protein, although the disorder here
is induced by external conditions. We further explore functionality of protein at
MG state. In MG state, aL A acts as a carrier of fatty acid like oleic acid (OLA)
that shows cytotoxic activity against cancer cell line. We characterize binding
of aLA with OLA microscopically. We find that the metastable conformational

fluctuations shift from ligand binding site to the Ca?* ion binding site as OLA




iIs removed from the protein.

We also build a coarse-grained model of protein with structural information
using the effective free energy profile obtained from all-atom molecular dynamics.
We show that using such a model, one can reproduce the protein structure

comparable to the crystal structure and all atom simulation.
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1 Introduction

Chapter

R elaxation phenomena describe time dependent changes of physical quan-

tities following external perturbations. They are good probes for infor-
mation on the local environment of the system. Microscopic understanding
of relaxation phenomena in biomolecular systems like protein is much more
complicated than a typical condensed matter system due to involvement of
a wide range of dynamical timescales (femto-seconds to seconds) and a large
number of degrees of freedom.>2 Microscopic understanding of protein function
in terms of structural relaxation presents major challenge due to this extended
range of timescales as well as various interactions.

Structural relaxation of protein molecules can be induced by various agents
like approach of ligands, altering solvent conditions, and thermodynamic prop-
erties. The structural relaxation in protein typically includes conformational
fluctuations. Microscopic descriptions of conformational fluctuations involve
relaxation of structural degree of freedom like the dihedral angles of the protein.

Experimental techniques like X-ray and NMR are able to probe information
on protein conformations. But they have their own limitations. X-Ray based
information is possible only if a protein can be crystallized. Fig[l.I(a) shows
three dimensional structure of protein Ubiquitin (PDB ID:1UBQ) obtained from
X-Ray crystallography. Helix and Sheet are marked in red and yellow color
respectively. The data obtained from X-Ray is accompanied by B-factor, which
gives deviation of atomic coordinate about their mean position due to thermal
fluctuations. B-factor may contain model error, invalid restrains, including lattice
imperfections. Alternatively, NMR provides information about protein relaxation,
but is limited only to the millisecond time range.®* NMR signal is also limited
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1. Introduction

to smaller protein and NMR spectra are not well-defined, in particular for large
proteins and proteins which lack in secondary structure. All atom simulations,
supplementary to the experiments, can provide microscopic information on
proteins ranging from a pico-second (ps) to a microsecond (us) time window,
with both dynamic and static properties.>

Classical all atom molecular dynamics can simulate physical motion of the
atom by solving Newton’s equation of motion, which is comparable to experi-
mental conditions. Protein dihedral angle can be used as conformational degrees
of freedom to understand protein functionality efficiently®® Dihedral angle is
the angle between two planes. Protein backbone chain consists of three dihedral
(¢, ¥, w) angle and side chain consists of five dihedral (x;,i = 1, ..,5). Fig[L.1(b)
shows a schematic representation of protein backbone dihedral angle ¢ and . ¢;
is defined as angle between Ci_; — Nj — C4; and N; — Cq i — C; planes and y; is
defined as angle between N; — Cq ;i — Cj and Cq i — Cj — Nij+1, Where i is residue
index. X1, side chain dihedral is defined as the angle between N; — Cq; — Cg ;i
and Cq; — Cg,i — Cyi.

In this thesis, we address static and dynamic aspects of conformational fluctu-
ations in terms of dihedral angle to understand structural relaxation microscop-
ically® First, we relate the dihedral fluctuations to experimentally measurable
guantities. The structural relaxation of protein in terms of dihedral angle is not
probed via any kind of experimental measurement. Although, the backbone
dihedral angle have been estimated from NMR data. Here, we consider if protein
dihedral fluctuations can be associated to the NMR cross correlated dipolar
fluctuations. We show that the zero frequency spectral density function of dipole
and dihedral fluctuations, using all atom molecular dynamics trajectory, are
well correlated. Thus, structural relaxation of protein in terms of dihedral angle
fluctuations can be probed using CCR rates of NMR. We illustrate conformational
fluctuations of protein at molten globule (MG) state induced by lowering the
solvent pH. The MG state of a protein is dynamic in nature, where conformational
states are inter converted on nanosecond time scales. Here we compare the
conformational fluctuations of the MG state to those of intrinsic disordered
proteins (IDPs). We consider protein, a-lactalbumin (aLA), which shows an MG
state at low pH upon removal of the calcium (Ca?") ion. It is observed that the
long live fluctuations are localised to the Ca?* binding site. We find that the MG
state of a protein behaves as an intrinsic disorder protein, although the disorder
here is induced by external conditions. We also explore functionality of protein
at MG state. In MG state, aL A acts as a carrier of fatty acid like oleic acid (OLA)
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1. Introduction

Figure 1.1: (a) Three dimensional structure of protein along with its secondary structure
component. Helix is marked in red color and sheet is in yellow color, (b) Schematic
representation of protein dihedral angle ¢ and @ along with NMR sensitive dipole
Hi —Ni/Cq,i — Ha,i

that shows cytotoxic activity against cancer cell line. We characterize the dihedral
fluctuations as the ligand is liberated from the active site of protein. The long
live fluctuations occur near the ligand binding site which eventually transferred
towards Ca?* binding site as ligand is taken away from protein. We also build a
coarse-grained model of protein with structural information using the effective
free energy profile obtained from all-atom molecular dynamics. We show that
using such a model, one can reproduce the protein structure comparable to the
crystal structure and all atom simulation. This study may be useful to study
phenomena involving many protein molecules, like protein aggregations.

The rest of the chapter is organised as follows: In section 1.1, we describe
how to relate structural relaxation of protein with some experimental measurable
guantities. In section 1.2, we look at structural relaxation of protein out of its
native structure where we discuss conformational fluctuations of protein at MG
state. Section 1.3 illustrates our investigations on ligand binding ability of protein
at MG state. Section 1.4 depicts our finding on coarse-grained representation
of protein including structural information.

1.1 Correlated dihedral and dipolar fluctuations in
protein

Coordination between functional parts of protein controls ligand binding, essen-
tial for various biophysical and biochemical phenomena inside the cell. Some-
times proteins become functional following ligand binding at a far site, known
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1.1. Correlated dihedral and dipolar fluctuations in protein

as allostery. Recent study:%2! suggest that dihedral angles are convenient micro-
scopic variables to describe the equilibrium aspects, including thermodynamics
of conformational changes upon ligand binding“and allostery in protein ®<2
Although dihedral fluctuations play a key role in protein function, they are not
directly amenable to experiment due to the limitations of the experimental probe.

The NMR experiments probe dipolar fluctuations in terms of cross-correlated
relaxation (CCR) rates, given by the zero frequency spectral density function
of the fluctuations™* Fig[1.1(b) shows that backbone dihedrals ¢; and
involve the NMR sensitive dipole pairs like Hi — N;/Cq; — Hq,i Where i is residue
index. One would, therefore, expect the backbone dihedral to be sensitive to the
fluctuations of mutual orientation of these dipoles.

The major problem in relating the dihedral fluctuations to those of dipoles is
the issue of timescale. While the dihedral fluctuations take place in nanoseconds,
the CCR rates provide integrated information over time on dipole orientation
correlation function. If the dipolar fluctuations at timescales of nanoseconds
have an important contribution to CCR, CCR may act as markers for backbone
dihedral fluctuations as well.

We use molecular dynamics (MD) computer simulations to compute different
time dependent correlation functions (TDCF) of the mutual dipolar orientations
for both intra-residue and sequential dipole vectors and the backbone dihedral
angles over the equilibrated portion of molecular dynamics trajectory for proteins,
GB3 and Ubiquitin(Ub). The TDCFs of fluctuations, for dipolar orientation
TDCEFs, are given by the second order Legendre polynomial of angle between
two dipole vectors. We calculate time dependent autocorrelation functions for
dihedral fluctuations as wvell.

We observe that the dipolar and dihedral fluctuations decay typically within
few nanosecond (ns) time scale. Zero frequency spectral function integrated
over nanoseconds of dipolar fluctuations can capture the experimental CCR
suggesting that the short time (ns) decay of the dipolar fluctuations well describe
the experimental data. Next, we check to what extent the intra-residual dipolar
fluctuations are correlated to the dihedral fluctuations. We find that the zero-
frequency intra-residual dipolar fluctuations are well correlated to those of the
dihedral fluctuations. We also examine correlation plot for sequential dipolar
fluctuations and the dihedral fluctuations. We find that y auto-correlations in
particular are better correlated to the sequential orientation fluctuations.

Thus, we conclude that the fluctuations at the timescale of a few tens of
nanoseconds can capture the experimental CCR of dipolar fluctuations. Within
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1. Introduction

Figure 1.2: At low pH, enhance fluctuations occur in Ca?* binding region of a-lactalbumin
and Ca®* ion comes out. The protein goes into a molten globule state.

this timescale, the zero frequency mode of dihedral fluctuations and dipolar
fluctuations are correlated well. Hence, CCR obtained through NMR can be
a marker of dihedral fluctuations.

1.2 Conformational fluctuations in molten globule
state

Many proteins show structural fluctuations in a near denaturing-condition, while
retaining their overall tertiary structures*® Such states are called Molten Globule
(MG) state of the protein. The MG state is induced by various denaturing
conditions like high temperature, pH, high pressure and due to the presence
of various denaturing chemicals like urea’® The structural and functional
characterization of the MG is largely lacking, since the MG states are not directly
amenable to crystallization. Earlier experimental and theoretical studies show
that the MG state of the protein is dynamic in nature, where conformational states
are inter converted on nanosecond time scales.*” These observations lead us to
study and compare conformational fluctuations of the MG state induced by the
external agents to those of intrinsically disordered proteins (IDP) 18

Here, we consider a milk protein a-lactaloumin (aLA). Fig[1.2shows protein
structure at its holo state (with Ca?" ion). The protein converts to MG state at
low pH upon removal of calcium (Ca?*) ion*¥ We compare the microscopic
fluctuations in the state of aLA to those of IDP. Since maintaining low pH is
essential for the formation of the MG state of aLA, we perform biased constant
pH molecular dynamics (CpHMD) via a hybrid scheme where explicit water
molecules are taken into account in the MD simulations. We use the dihedral
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1.3. Fatty acid binding with a-lactalbumin in molten globule (MG) state

principal component analysis, the density based clustering method, and the
machine learning technique to identify the conformational fluctuations®29:22
in the MG state.

We find the presence of metastable states spanned by the dihedral angles
in the MG state of aLA . We find that residues belonging to a stable secondary
structure in the crystal structure are responsible for the fluctuations, suggesting
enhanced conformational fluctuations.

Thus, our results suggest that protein in MG state is similar to IDP. However,
itis important to keep in mind that the MG state is induced by external effects like
lowering of the solution pH and, hence, can be viewed as an induced disordered
protein. Our results suggest the following scenario of the MG state. At low pH,
there are enhanced fluctuations near the Ca?* binding region and eventually Ca?*
ion will come out from protein. As a result, protein converts into molten globule
state(Fig. Our study will be helpful to understand the functionality of a
protein in partly denatured conditions, as in the MG state.

1.3 Fatty acid binding with a-lactalbumin in molten
globule (MG) state

In the previous section we find fluctuations in the MG state of aLA (MG-aLA).
MG-aLA is known to bind with ligand®® like oleic acid (OLA). The complex
formed between MG state of aLA (MG-aLA) and OLA, known as XAMLET (aLA
made lethal where X stands for the name of the mammal) draws considerable
attention due to its potential application of cytotoxic activity against cancer cells*?
It is envisaged that OLA has cytotoxic activities where MG-aL A acts like a carrier
of OLA. Earlier experimental observations suggest that OLA binds with aL A at
MG state near the cleft region of protein, with binding energy approximately
-9.45 kcal/mol ¢’ The microscopic understanding of binding is not yet established
due to lack of crystal structure. Here, we explore OLA binding to MG state of
aLA through microscopic simulations.

Since the binding modes are not known experimentally, so first we find the
active residues of MG-aL A for OLA binding. Recent experiments and theoretical
works suggest that thermodynamics based on the dihedral fluctuations of a
protein in different conformations play a vital role in ligand binding.” The
thermodynamic free energy (AG) and entropy (T AS) costs are estimated using
histogram base method(HBM) from the distributions of dihedral angle in the
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1. Introduction

respective conformations. Residues having, AG,TAS > 0.0 are identified
as destabilized and disordered residues. These residues are active in ligand
binding?® This yields the binding mode between the ligand and the protein. We
apply similar approach to identify active residues in MG-aL A for OLA binding.
We calculate the changes in conformational free energy(AG) and entropy(T AS)
of dihedral angle at MG state and neutral state. Fig[l.3show the active residues
in green color over the energy minimized structure of MG-aLA-OLA complex.

We perform MD simula-
tions on the complex and ob-
serve that the ligand remain
in the vicinity of the active
sites. We estimate the binding
free energy using the umbrella
sampling method % Here, we
generate a series of configu-
rations by keeping the centre
of mass of the protein and
the ligand at fixed distances.
We estimate the binding free
energy [83B kcal/mol which
compares well with the exper-
imental results.

We find that upon com-
plex formation metastability
decrease. We perform cluster-
ing and machine learning base
analysis to identify essential

Figure 1.3: Cartoon representation of aLA at MG state
] along with the OLA. Hydrophobic tail of OLA binds
coordinates (EC) of the system i the cleft region. Binding residues are marked in
at complex state. We find that green color over the energy minimized structure of
the binding site residues play the complex.

role as EC in the conformation

fluctuations. We further perform the machine learning based analysis on the
steered MD trajectories where the protein and ligand are hold at a given distance.
As the ligand goes further away, the ECs are shifted towards the residues of Ca?
binding region, suggesting that the Ca?* binding residues have allosteric control
on the ligand binding, confirming the suggestions in earlier work %=t

We also check the relaxation of water molecules near the protein surface in
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1.4. Coarse grained model of protein

terms of various dynamical quantities like solvent residence time, translational
and rotational diffusion. We observe that water molecules near the protein and
OLA surface exhibit sub diffusive behaviour. We find that the water molecules
close to both protein and ligand have slower timescale and lower diffusion
constant compared to the bulk. This suggests heterogeneous behaviour of
water at the protein ligand interface in agreement to other systems reported
in the literature 32

Thus, we have related the conformational change of protein aLA at MG state
due to binding with fatty acid like OLA. Our analysis reveals that protein MG
state become stabilized upon OLA binding and the binding energy is comparable
with earlier experimental observations. The fluctuations at the binding site may
be helpful to release the ligand.

1.4 Coarse grained model of protein

Many cellular phenomena involve a large number of bio-molecules ranging from
water, small and medium-size oligomers and co-polymers (peptides, proteins,
RNA, etc) to huge co-polymers, such as DNA. For instance, protein aggregation
iIs a complex process for which computational study is still difficult due to
the involvement of broad range of lengths and time scale*® Classical all-atom
molecular modelling is still limited by its algorithmic efficiency and the available
computing power** Lowering the representation from all atom to coarse grained
(CG) model shows possibility to study systems involving large numbers of bio-
molecules where typically a group of chemical moieties are represented by a
single entity*>=% |t is known that protein functionality largely depends on its
structure *2 However, structural information has not been properly addressed
in the CG models of proteins2Ee

We build a CG model of protein incorporating structural information. We
represent an amino acid as a bead with spring given by the radius of gyration
over the all-atom trajectory. The model interactions between beads are governed
by bonding and stretching as bonded interactions and Van Der Waals type
interaction as non-bonded interactions. Each bead is assigned with a couple
of degrees of freedom representing the backbone dihedral angles. The energy
cost of these degree of freedom is obtained from the negative logarithmic of the
joint distribution of the fluctuations of the backbone dihedrals in fully atomic
simulations. We consider solvent explicitly in the model where solvents are
interacted with polymer beads via repulsive part of Lennard-Jones interaction.
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Figure 1.4: All atom to coarse-grained representation of protein amino acid residues. Red
corresponds to hydrophobic and green corresponds to hydrophilic amino acid. Beads
are connected via harmonic spring

We use the Monte Carlo (MC) method to generate conformations considering
model solvent interactions. The initial values of the dihedral angle of each amino
acid residues are taken from protein crystal structure data. When we construct
MC move, we compute the energy cost due to different interactions like bonded,
non-bonded and solvent contributions. We also change the dihedral degree
of freedom and construct the energy cost by using potential generated from
all-atom simulation.

We show that using such model one can reproduce well the protein structure
comparable to the crystal structure and all atom data. We also used this dihedral
coupling information for other proteins to check transferability of the model.
We find that one can get well structural information for other protein like
lambda N protein and ubiquitin protein based on dihedral coupling information
of protein GB3.

Thus, we propose a simple coarse-grained description of protein models
where dihedral information is included. This can pave the way for CG model
with structural information.

The organization of the rest of the thesis is as follows: In chapter 2 we discuss
how structural relaxation of protein in terms of dihedral angle could be related
to some experimental measurable quantity using time dependent correlation
function analysis. Chapter 3 consider conformational fluctuations of protein like
aLA at molten globule state (MG). We extend this work in Chapter 4 to study
the OLA binding of aLA in MG state. In Chapter 5, we discuss on CG model of
protein along with structural information in terms of dihedral angle.
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2 Correlated dihedral and dipolar
fluctuations in a protein

Chapter

2.1 Introduction

Ligand binding sites in a protein are often separated by distances much
larger than atomic sizes%*® However, their dihedral angles fluctuate
in a correlated manner, which is revealed in a number of studies by the Pear-
son correlation coefficient!L*2 The Pearson correlation coefficient, given by
covariance of two variables, is a purely static quantity. In the case of functional
residues, the correlations have intrinsic timescales that control the rate of binding
events. It has been shown that one can generalize the covariance between two
variables with a time lag to construct a time-dependent correlation function
(TDCF)* of fluctuations of dihedral angles*¥ The time-dependent correlations
of dihedral fluctuations persist till nanosecond (ns) even for spatially distant
functional residues.*! Such time scales are suitable for ligand binding. Although
the dihedral fluctuations can easily be constructed theoretically, the nanosecond
timescales of the correlated fluctuations down to the spatial resolution of the
residues are not yet directly amenable to experimental probes. It is interesting to
ask if the dihedral fluctuations can be related to an experimentally measurable
quantity. Nuclear magnetic resonance (NMR) techniques** are used to probe
atomic motions through dipolar fluctuations in a protein 23244339 The collective

Based on publications: 1. Abhik Ghosh Moulick, J. Chakrabarti, Correlated dipolar and
dihedral fluctuations in a protein, Chemical Physics Letters 797 (2022) 139574.; 2.Abhik Ghosh
Moulick, J. Chakrabarti, Correlation between protein bond vector and dihedral fluctuations, AIP
Conference Proceedings 2265, 030036 (2020)
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2. Correlated dihedral and dipolar fluctuations in a protein

dynamics of a group of atoms®2 is given in terms of cross correlated relaxation
(CCR)® rates, usually expressed as the zero frequency spectral density function
J(0) of the fluctuations of the mutual orientation of two spatially separated dipole
vectors in a protein 4% Experiments often consider fluctuations in mutual
orientation between HN — N and C4 — Hq dipole pairs. Such data have been
reported for GB3.%® The effects of dynamics of protein on CCR rates have been
probed in a number of studies 6%

The angle between C;_; —
N; — C¥ and N; — C* — C;
planes, defines the backbone
dihedral @. Similarly, the an-

O cli. Co
gle between N; — CX — C; N \ 2"
and C® — C;'— N1 planes de- Y \/N:/
fines the backbone dihedral . ‘A\T\\\
Thus, the backbone dihedrals P n

involve the dipole pairs HN —

N;/CY — Hf (Figurg2.1). Ear-
lier work#® shows that NMR Figure 2.1: Schematic diagram of dipoles (within
ellipses) used in the present study. The backbone

cross correlation coefficients =
o ) dihedral angles ¢ and § are shown by arrows.
can be utilized to determine

simultaneously the backbone

¢ and y angles. The method depends on measuring cross correlated dipolar
relaxation, which in turn depends on the angle y between dipole vectors HN — N
and C4—Hg. Another way of probing dihedral angle experimentally is J-coupling,
where the relationship between 3 bond J-coupling (°J) and intervening dihedral
is used. Those experimental studies depend on either average angle obtained
from a multi-state structure or summing up of CCR rates of each individual states.
Such an approach, however, loses information on the correlated motion. It is
not, therefore, obvious if the dihedral fluctuations can be captured from dipolar
fluctuations. One would, however, expect the backbone dihedral to be sensitive
to the fluctuations of mutual orientation of these dipoles, which is supported by
preliminary data.” The major problem in relating the dihedral fluctuations to
those of dipoles is the issue of timescale. While the dihedral fluctuations take
place in nanoseconds, the CCR rates provide integrated information over time on
dipole orientation correlation function. If the dipolar fluctuations at timescales of
nanoseconds have an important contribution to CCR, CCR may act as markers
for backbone dihedral fluctuations as well.
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2.2. Methods

Motivated by this, we examine the zero frequency spectral functions of intra-
residual backbone dihedral angles and HN — N/C, — H dipolar orientation
fluctuations in two proteins, GB3 and Ubiquitin (Ub). We use molecular dynamics
(MD) computer simulation to compute different TDCFs of the mutual dipolar
orientations for both intra-residue and sequential dipole vectors and the backbone
dihedral angles over equilibrated portion of the trajectory. We extract the zero
frequency spectral function for all the correlation functions by numerically
integrating the correlation functions up to a time so that the entire decay of
the initial correlations is captured.

We observe that the correlations of dipolar fluctuations of both the proteins
persist up to a few nanoseconds, in agreement with earlier works.”# We compare
the zero frequency spectral functions for the both intra-residue and sequential
dipole orientation fluctuations to the experimentally available CCR data for
GB3. We find that the theoretical data for dipolar fluctuations capture well the
experimental CCR data for both intra-residue and sequential dipole vectors.
Thus, the experimental CCR is largely accounted for by short time decay of the
correlation functions. Similarly, time dependent correlation fluctuations of the
dihedral angle (@,) possess correlation up to tens of nanoseconds, which agrees
to earlier study.*! We extract the zero frequency spectral functions for these
fluctuations also, considering the short time decay. We observe that the residues
belonging to the helix region of both proteins show faster decay of dihedral
auto-correlation functions compared to those belonging to the beta-sheet and
loop regions. The dihedral ¢ of helix residues show moderate correlation with
intra-residue dipolar fluctuation. On the other hand, the sequential dipolar
fluctuations are strongly correlated with dihedral (.

2.2 Methods

2.2.1 System preparation & simulation details

We consider GB3 (PDB id: 20ED)® with 56 amino acids and Ubiquitin (PDB
id : 1UBQ)™ with 76 amino acids in our studies. Amber99sb force field (ff)~ is
used in the GROMACS software package™ for simulation. The details of force
field and simulation techniques are given in Appendix Al and A2 respectively.
The TIP3P " water model is considered for solvent molecules, and counter-ions
are added for electroneutrality. Particle Mesh Ewald method is used to assess
long ranged electrostatic energy. 10 Angstrom (A) is considered as truncation
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2. Correlated dihedral and dipolar fluctuations in a protein

limit for both Lennard-Jones and short range interactions. Both proteins are
solvated in cubic box. After energy minimization, the systems are equilibrated
through NVT and NPT simulations using position restraints on heavy atoms
at 300K Temperature and 1 Bar pressure, respectively. The production NPT
runs are executed for 1.05 ps with 2 fs time step integration employing periodic
boundary conditions in all directions.

2.2.2 Analysis

Time-dependent correlation function (TDCF) between two dynamic variables A
and B for time interval At where At = [t, — ty] is defined as:

Cag(At) = [(A[t] — AD(B[t] — B)[ (2.1)

Here angular A and B denote ensemble average of the corresponding quantity
over the entire simulation trajectory. The angular brackets denote the average
over the choices of the initial time. One can choose without loss of generality,
t; = 0 and t, = At. The details of computation are given in Ref4

The time-dependent correlation function (TDCF) of fluctuations for dipolar
orientation TDCFs, are given by the second order Legendre polynomial of
angle between two dipole vectors. Let the orientations of two dipole vectors
at two different times are given by 8(t), (t) and 6(0), (0) in a given reference
frame. The addition theorem of the spherical harmonics yields P,(cos(y)) =
I?n—jl_z Yom(B(t), 0(t))Y2m(6(0), 9(0)) wherey is the angle between the two dipole
vectors. Using this, we find for intra-residue dipolar mutual orientation fluctua-
tions, C(‘,ipo,e(At) = [B,(cos(y)) L Here [1[denotes the average over initial time (0)
with respect to which the time difference At is measured. Both the dipoles belong
to the same (i-th) residue. Similarly, TDCFs Cci,’iir;),le(At) for sequential dipolar
fluctuations are constructed from the second order Legendre polynomial of angle
between dipole vectors belonging to the i-th residue and the (i — 1)-th residue.

We calculate the dihedral angles for backbone ¢ and ¢ from the atomic
positions. Time-dependent auto correlation functions for dihedral fluctuation
is defined using Eq.[2.J where variables are replaced by sine of dihedral angles
(p and ¢ of a given residue R).

The spectral density function J(w) is defined as the Fourier transform of
the correlation function C(t).”8”®

(I
JA’B(CO) =2 o CA’B(t).COS(U)t)dt (22)
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2.3. Results & discussions

which corresponds to an integral over time for zero frequency. The integrals are
computed numerically from the auto-correlation functions using the 10 point
Gaussian quadrature. The correlation between variables are expressed in terms
of Pearson correlation (r) coefficient. r-value is defined as the covariance of the
two variables divided by the product of their standard deviations.®°

2.3 Results & discussions

The equilibration of all-atom MD simulations of the system is ensured from the
saturation of root-mean-square deviation (RMSD) of the backbone atoms, as
shown in Figure2.2(a) for protein GB3 and (b) for Ub. We perform the analysis
over the equilibrated part of the trajectory (beyond 250 ns). To validate the
simulations, we compare the crystal structure of the proteins with the average
structures over the equilibrated trajectory. The aligned conformations for both
structures are in Figurg2.2(c) for GB3 and Figurg2.2(d) for Ub. For GB3, all
heavy-atom RMSD is 1.21 A and for Ub, RMSD is 1.80 A. We also compare ) — @
Ramachandran plot for both the crystal and average structures for both proteins
Figure2.2[e)-(f). The Ramachandran plots show good structural similarities of
both the proteins with the experimental crystal structures.

We divide the simulation trajectory after RMSD saturation into 8 equal
windows, each consisting of configurations stored for 100ns. This time interval is
sufficient to guarantee the decay of the TDCFs so that each window can be treated
as independent as far as the dipolar fluctuations are concerned. We consider the
TDCF of fluctuations of dipolar orientation using Eq[2.1]in each separate window.
Finally, average over all windows is considered for final analysis.

2.3.1 Zero frequency spectral functions for dipolar orientation fluctuations

We consider the intra-residue dipole pairs HN — N and Cy — Hg of residue i.
Experimental CCR data cannot distinguish between the orientation fluctuations
between the direct and the cross pairs, HN — N/Cy — Hq and, HN — Co/N — Hg
respectively. Hence, we consider both the pairs in our calculations. The TDCF is
normalized by At = 0 value. Let us illustrate the case of Isoleucine (17) of GB3
which belongs to the beta-sheet of the protein crystal structure. Figj2.3(a) and
(b) show the direct and cross dipole TDCFs for 17, C{/,.(At). The correlation
functions decay within a few ns, along with oscillations of small amplitudes about
zero at larger times. The insets show semi-log plots of the correlation function,
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Figure 2.2: RMSD plot of (a) GB3, (b) Ub over 1.05 ps using Amber force field.Overlapped
image of initial and average structure of (c) GB3, (d) Ub. Green color represent initial
structure and cyan represents average structure. The Ramachandran plot of residues in
(e) GB3 (f) Ub using Amber force field; Filled rectangle represents the crystal structure
and hollow rectangle shows simulated average structure obtained from the equilibrated
trajectory.

where the vertical axis is the logarithm of the correlation function. The solid line
shows the fitted line, and the symbols show the simulated data. The plots suggest
that at short time, the decay is exponential. The temporal correlation functions
for the other cases show similar behaviour. We also show typical cases of dipolar
fluctuations of Ub. Figurc) and (d) show the direct and cross dipolar TDCF
Céﬁgo,e(At) for Lysine, K6. This residue belongs to the beta sheet region in the
crystal structure. Here again, the TDCFs decay within a few ns to zero value.
The fitted semi-log plots are shown in the in corresponding insets. The short
time data in the insets confirm an exponential decay. The dipolar orientation
fluctuations of the other residues show similar behaviour.

As representative cases for sequential dipolar TDCF, we consider HN — N
dipole of i-th residue and C4 — Hq dipole of (i — 1)-th residue. Figa) and (b)
show sequential dipolar TDCFs for residues Isoleucine (17) and Valine (V6) of
GBS3 protein. The correlation function Cjj,S(At) (Figa)) decays to zero value
within 10 ns for GB3. TDCFs for cross pair shows similar behaviour (Fig.b)).
Insets show the semi-log plot of the correlation functions up to which it decays
to zero, where the solid lines represent the fitted lines. We also illustrate the
sequential dipolar fluctuations for Ub Figure.[2.4(c) and (d). TDCFs follows a
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Figure 2.3: TDCFs of dipolar orientational fluctuations for Isoleucine, 17 of GB3

(Céfpole(At)) (a) direct, and (b) cross pair of dipoles. Similar TDCFs for Lysine, K6

(C('figme(At)) (c) direct, and (d) cross pair, of Ub. Inset:Short time behaviour of TDCFs

in terms of semi log plot of the correlation functions. The solid line represents the best
linear fit.

similar trend as GB3 protein. Correlation decays to zero value within 10ns, as
well as oscillations about zero value. For cross dipole pairs, long time oscillations
are larger for both proteins. The short time behaviours in both cases are shown
in terms of semi log plot in the corresponding insets. Here also, these plots
confirm exponential decay of the TDCF in time.

We examine timescales of the exponential decay of the TDCFs. Since the
long time oscillations have low amplitude, we restrict only to the short time
decay shown in the insets of Fig[2.3and Fig[2.4, We fit the initial decay data to
an exponential form, Cf;o e (At)/Clinoie(0) = exp(—At/tdi.) Where T is the
timescale of decay of correlation for the ith residue, also known as the correlation
timescale. We estimate Toilipo,e from the slopes of linear fitting of semi-log plots
in the insets. Figa) shows the histogram H(Tgipoie) Of the timescale where
Tgipole DElONQS tO the set {Tjipo,e} considering dipolar fluctuations, both direct and
cross, for all the residues in GB3. We similarly estimate r;;‘p;,le from the small-time
decay in Clio.(At) data. This histogram H (Tgipole) With Tgipole from the set of

{r;;ip;,le} is also shown in Fig.a). The histograms for both intra-residual and
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Figure 2.4: TDCFs (C(;Zp’glg(At)) of dipolar orientational fluctuations for two neighbour-

ing residues (it" with it — 1):residues 17 and V6 of GB3 (a) for direct pair, and (b) cross
pair. Similar TDCFs (CgigbﬁG(At)) plot for residues T7 and K6 of Ub (c) for direct, and (d)
cross pair of dipoles. Inset:Short time behaviour of TDCFs in terms of semi log plot of
the correlation functions. The solid line represents the best linear fit.

sequential dipolar correlation timescales are quite similar. Fig[2.5(b) represents
similar H (taipote) plot for Ub for both {t},,.} and {téro}. The histograms show
that the majority of the correlation timescale is just a few ns ( [Z1s).

We check if the fluctuations of the dipolar orientations in the time window of
the decay time of the correlated dipolar fluctuations captures the experimental
CCR. The time integral of the corresponding TDCF has been computed numer-
ically up to twice of the correlation timescale so that the initial decay of the
correlations is entirely captured in the integral. Since the experimental CCRs
are given in terms of the algebraic sum of zero frequency spectral function for
both HN — N/Cy — Hg and HN — Co/N — Hg, dipole pairs, we compute the zero
frequency spectral function Jéé%o,e as sum for both the direct and cross dipole pair
for the intra-residue and similarly Jéz’pi;el) for the sequential dipolar fluctuations.

We consider in particular GB3, for which experimental data are available.®®5t
The experimental CCR rates are given by average of data set measured using
doubly in-phase and anti-phase inter-conversion (DIAI) method and an average
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Figure 2.5: Histogram (H (Tgipote)) of auto- ®
correlation timescale for (a) GB3 and (b) Ub
considering dipole pair HN — N/Cqy — Hq
(both direct and cross pairs). Intra-residual
and sequential correlation timescales are
marked with different symbol. (c) Corre-
lation diagram between experimental CCR

and theoretical Jé:;))me for GB3 for intra-
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o (d) ’
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- - - - =4 1-
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Correlation diagram between experimental
CCR and theoretical J(0) (Jég’pio_,g)) consider-
ing HN —N dipole in it" residue and Cq—Hg
dipole in (i-1)th residue of GB3. Hollow scat-
ter points are represented as outlier residues.

Dipole pairs for outlier Jégl’;;el) values in

correlation plot, belonging to the (e) helix
and (f) loop and sheet.

of data set measured using both all component evolution (ACE) and mixed
multiple quantum (MMQ) method. Fig[2.5(c) shows the correlation plot between
the estimated theoretical J§iy,;.. and available experimental CCR data. Fig[2.5(c)
shows theoretical Jcﬂz,o,e of the majority of the residues of GB3 are moderately
correlated with the experimental CCR with the Pearson correlation coefficient,
r=0.41. Amino acid Glutamine, Q2 and Glycine residues are excluded due to
unavailability of experimental data. The terminal residues are not included as
well. We show linear regression through the data, along with the upper and lower
boundaries determined from the errors in the regression parameters. The upper
boundary around the linear regression line is plotted by considering minimum
intercept and maximum slope. Similarly, the lower boundary about the regression
line is plotted, considering maximum intercept and minimum slope. It turns
out that the majority of observations fall within the boundaries, suggesting that
the short time decay of the dipolar fluctuations well describe the experimental
data. Note that this is by no means obvious because the experimental data is an
integrated information over experimentally available large time, while we have
considered time only large enough to capture the initial decay in the integration.

Figd) shows correlation plot between theoretical Jégl’oi;j) which is a sum of
the sequential direct and cross dipolar fluctuations and the experimental CCR &
Here also the experimental CCR rates are given by average of data set measured
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2. Correlated dihedral and dipolar fluctuations in a protein

using ACE and DIAI method. Terminal residues and residues next to Glycine are
not considered in the calculation due to lack of experimental data. It shows that
most of the residues are well correlated with experimental CCR. The measured
Pearson correlation value by considering residues represented by filled circle in
the Fig[2.5(d), r=0.59. Thus, the initial decay of dipolar fluctuation even for distant
residues are able to capture experimental CCR efficiently. Residue pairs for which
Jéggo_,j) values are considered outlier (hollow circle) in correlation plot shows a
specific feature. Most of the residues pair belongs to central alpha-helix region in
crystal structure (Fig{2.5(e)), and a few others to loop and sheet region Fig[2.5(f).
One can as well compute angle between
two dipoles (yaq) averaged over a trajec-

tory. An estimate of CCR rate can be given 2.0

P2(C0S Yavg).** We find that P»(CoSYayg) Show 15 * ’
poorer correlation with experimental CCR £ 9 % * ve
(Fig[2:6). This establishes the importance of E osf Wiy _ -f—-:‘: '. A
dynamic feature of dipolar fluctuations. o :': :1:.'" *. .

-1.0 . )
2.3.2 TDCFs and zero frequency spectral En—t:aoeriment;iccn 0

functions for dihedral fluctuations

We show the TDCF for backbone dihedral
fluctuations for representative cases in Fig2.7] Figure 2.6: Correlation plot be-
h he i h he sh i d tween experimental CCR and sec-
where the insets show the short time data. 4 o qer Legendre polynomial of
Figl2.7(a) and (b) show cases for GB3. Cyq(At) cosine of average angle obtained
decays to zero in 20 ns (Figa)). Con(At) from simulation. Value of correla-
L. . . tion coefficient is 0.26.
show similar time dependence (Fig2.7(b)).
Both cases reveal that at long times, the TDCFs
fluctuate around the zero value. The semi log
plots in the insets represent short time behavior, which confirms exponential
decay. As representative cases in Ub, we show the dihedral correlation functions
for Lysine, K6 in Figs[2.7(c)-(d) and the small-time behaviour in the corresponding
insets. Cye?(At) loses initial correlation within 10 ns (Figl2.7(c) and inset). C{5¢(At)
fluctuates around zero value following initial decay within 20 ns (Fig[2.7(d)). The
overall nature of TDCF of the dihedral fluctuations is in agreement with the
previous report4
The short time behaviour in the semi-log plots in the insets reveal that the

initial decay has an extremely fast component of the duration of less than a ns.
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Figure 2.7: TDCFs between various dihedral fluctuations of Isoleucine, 17 of GB3:(a)
Cop(A1), (b) C i, (A1); () Cd (A1), (d) CoeP(A) of Lysine, K6 of Ub. Insets show short
time nature of TDCFs in semilog plot. The solid lines are the best linear fits and the
symbols are simulated data.

This is followed by a slower decay of a few ns. This is in contrast to dipolar
orientation fluctuations, which typically exhibit a single decay. Inset of Fig[2.§(a)
shows the histograms H (Tginedra1) Of the slower timescales Tyinearal DElONGINg to the
set {Tr ¢, Tr,y } Of the dihedral auto-correlation functions of all the residues in GB3
where g ¢ and tr,y are timescales of ¢ and Y fluctuations respectively. Inset of
Fig[2.8(b) shows similar plot of histogram of dihedral auto-correlation timescale
(H (Tgihearar)) Of Ub. The histograms show that the timescales of correlations for
dihedral fluctuations are mostly similar to the dipolar fluctuations (Figl2.5(a)),
although in some cases the dihedral fluctuations are slower than the dipolar
orientation fluctuations. This observation is in agreement with earlier work that
dihedral fluctuations occur in nanosecond timescale.#:

We consider twice Tginegrar @S the upper limit of integration over time for
computing the zero frequency spectral function of the dihedral fluctuations to
include the initial decay. We denote the zero frequency spectral function for
the dihedral fluctuations by Jr (99, 0) and Jr (U, 0) for the backbone dihedral
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Figure 2.8: Histogram H(Jgihedral) Of
Jdinedrat Values for (a) GB3 protein
considering both ¢ and y dihedral angle.
Inset: Histogram (H (Tginedral) Of correlation
timescales for dihedral angle fluctuations
Tdihedral- (D) Similar plot for Ub. Crystal
structure of GB3(20ED.pdb) where red color
represents residues having Jginegral Value
less than 0.1 for (c) ¢ and (d) . Crystal
structure of Ub(1UBQ.pdb) where red color
represents residues having Jginedral Value
less than 0.1 for (e) ¢ and (f) .

angles @ and ( respectively for a given residue R. We show the histogram of zero
frequency spectral function (Jginedrar) belonging to the set {Jr (99, 0), Jr(VWY, 0)}
considering those for both the dihedral angles of all the residues of GB3 in
Figf2.8(a) and Ub in Fig[2.8(b). We observe that there is a sharp peak for low
Jainedral @lOoNg with a tail extending to larger values. This behaviour is similar to
the histograms of Tyinegrar (INSet). This similarity is expected since the integration
over the entire time range yields the correlation timescale if the TDCF has a
purely exponential time dependence. This suggests that the effect of long time
tail in the zero frequency spectral functions of the dihedral fluctuations is not
strong. Next, we denote the Jginedarar Value corresponding to half of the peak
value of H(Jgihedral) by J.. We mark the residues in red in Figc) residues
with Jr(09,0) < J. and in Figd) those with Jg (Y, 0) < J.. These residues
primarily belong to the helix structure. Thus, the perturbation in the backbone
dihedral angles of the residues belonging to the helix decay faster than the
residues in the other secondary structure, which could be assigned to more
stability of the helix residues® Fig[2.8(e) and (f) which show that the residues
having Jr(99,0) < J. and Jr(Wy,0) < J. respectively for Ub also belong to
the helix as in the case of GB3.

In order to distinguish the dihedral fluctuations based on the secondary struc-
tural element, we calculate dihedral angle distributions for residues belonging
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Figure 2.9: (a) Histogram H(Sy)
of standard deviation S, for dis-
tribution of dihedral ¢ and (b)
histogram H(Sy) of ¢ for GB3.
Different symbols are used for
different secondary structure, i.e.
helix, sheet and loop. (c) and (d)
show similar plot for protein Ub.

to different secondary structures, namely, helix, sheet and loop. The width of
the distribution, given by the standard deviation, is a measure of fluctuation
of the corresponding dihedral angle. We show in Fig2.9(a) histogram (H(Sy))
of standard deviation of distribution of dihedral angle ¢, S, for residues based
on the secondary structures of GB3. The figure shows that standard deviation
of fluctuation for residues of helix region is less than compared to residues of
sheet and loop region. Similar feature is present in H(Sy) plotin Figb) where
Sy stands for standard deviation of distribution of §. The histograms H(S,)

(Figf2.9(c)) and H(Sy) (Fig{2.9(d)) of Ub show similar trend.

2.3.3 Correlation between dipolar and dihedral fluctuations

Next, we check to what extent the intra-residual dipolar fluctuations are corre-
lated with the dihedral fluctuations. The correlation data based on the secondary
structural elements are shown together for GB3 and Ub in Fig using different
symbols. We take both the proteins together, for the dihedral fluctuations show
similar feature in both cases. Moreover, this allows us to have better statistics.
Fig[2.10(a)and (b) show the correlation plot for dihedral ¢ and y respectively for
the residues in helix region of the proteins. Linear regression lines are shown
in both cases, considering both proteins. Pearson correlation coefficient (r) for
dihedral ¢ is 0.49 and 0.45 for dihedral Y. Fig[2.10j(c) and (d) show correlation plot
for @ and Y of residues in sheet region. Here r=0.35 for ¢ (Figc)) and r=0.46
for y (Fig2.10(d)). Residues of loop region also show similar characteristics
in Fig[2.10(e)-(f) where r=0.41 and r=0.34 for dihedral ¢ and  respectively.
Linear regression line are shown in all cases. Thus, overall, the dihedral and
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