COMPUTATIONAL CHARACTERIZATION OF
COOPERATIVE DYNAMICS AND LARGE-SCALE
CONFORMATIONAL TRANSITIONS IN
BIOMOLECULES AND THEIR ASSEMBLIES

RAJAT PUNIA

DEPARTMENT OF CHEMICAL ENGINEERING
INDIAN INSTITUTE OF TECHNOLOGY DELHI
APRIL 2025



© Indian Institute of Technology Delhi (11TD), New Delhi, 2025



Computational Characterization of
Cooperative Dynamics and Large-Scale
Conformational Transitions in
Biomolecules and their Assemblies

by
Rajat Punia

Department of Chemical Engineering

submitted in fulfillment of the requirements of the degree of

Doctor of Philosophy

to the

Indian Institute of Technology Delhi

April 29, 2025



Dedicated to my wife Shreya for her unwavering support
throughout this academic journey



Certificate

This is to certify that the thesis entitled “Computational Characterization of
Cooperative Dynamics and Large-Scale Conformational Transitions in
Biomolecules and their Assemblies”, submitted by Rajat Punia to the Indian
Institute of Technology Delhi, for the award of the degree of Doctor of Philoso-
phy, is a record of the original, bona fide research work carried out by him under
my supervision and guidance. The thesis has reached the standards fulfilling the

requirements of the regulations related to the award of the degree.

The results contained in this thesis have not been submitted in part or in full to any
other University or Institute for the award of any degree or diploma to the best of

our knowledge.

Date:

Prof. Gaurav Goel

Department of Chemical Engineering,
Indian Institute of Technology Delhi
New Delhi, India



Acknowledgements

First and foremost, I would like to express my heartfelt gratitude to my supervi-
sor, Prof. G. Goel, for granting me the opportunity to join his research group.
His profound intelligence, meticulous attention to detail, and unwavering pursuit
of excellence have been both inspiring and instrumental throughout my research
journey. Prof. Goel’s exceptional communication skills fostered an environment of
open dialogue, allowing for enriching technical discussions, constructive critiques,
and insightful perspectives during our weekly meetings. His continuous support and
patience provided me with the freedom to explore and develop on multiple levels.
I am particularly grateful for his extensive support, not only pertaining to this re-
search project but also concerning my future endeavors. Without his professional
guidance, deep knowledge, and invaluable suggestions, this thesis would not have

reached its current form.

I extend my deep gratitude to my research committee members, Prof. M. Banerjee,
Prof. A. S. Rathore, Prof. S. Gupta, and Prof. S. Pattnaik, for their valuable
suggestions, time, and thoughtful corrections throughout the duration of my Ph.D.
I would also like to thank the faculty members and office staff of the Department for
their cordiality and assistance whenever needed. Special thanks to Krishna Kumar
for his help with lab organization. I am truly grateful to the HPC facility at II'T

Delhi for providing the computational resources essential to my research.

Additionally, I extend my sincere gratitude to my research collaborators, Prof. M.
Banerjee, Prof. R. Kulsheshtra, and their research group. Their collaboration, cre-
ative discussions, and unwavering support have significantly enriched my research
journey. I am deeply thankful to my lab members, Akshay, Ankit, Rit Pratik,
and Julie, for their invaluable help, active discussions, and for being great friends
throughout this process. My heartfelt thanks also go to Pratyasha, Abhilasha,
Shivam, and Vasu, with whom I had the pleasure of engaging in stimulating sci-

entific discussions and whose assistance has been greatly appreciated.

Lastly, I owe my deepest gratitude to my family, whose unwavering support, bound-

less patience, and belief in me have been the foundation of my perseverance.

Rajat Punia



Abstract

Cooperative conformational transitions in biomolecules are crucial for several bi-
ological processes, including ATP catalysis, membrane transport, viral infectivity,
and oxygen transport by hemoglobin. These transitions often involve collective,
large-scale structural rearrangements integral to biomolecular function and regula-
tion. Characterizing these transitions poses significant challenges due to the vast
timescales involved, spanning milliseconds to seconds, which exceed the capabilities
of traditional molecular dynamics (MD) simulations limited to the nanosecond to mi-
crosecond range. This thesis introduces ‘linear response driven molecular dynamics,’
a novel computational approach designed to efficiently and accurately characterize
these transitions by leveraging the intrinsic dynamics of biomolecules. Our approach
fits within a broader class of methods that use coarse-grained dynamics in the sub-
space of internal degrees of freedom, with normal mode analysis (NMA) being one

of the most prominent techniques in this category.

While such methods have shown utility in applications like flexible docking, struc-
tural refinement to fit cryo-EM density maps, and predicting conformational path-
ways from apo to holo states, they have notable limitations. First, many exist-
ing methods rely heavily on experimental data to guide conformational sampling.
In the absence of this data, they face computational challenges, where sampling
time scales exponentially with the number of degrees of freedom (or modes) consid-
ered. Additionally, these methods often involve fixed displacements along selected
modes without considering the thermodynamic feasibility of the resulting conforma-
tional change pathway or the metastability of intermediate states. Most of these
approaches are limited in their applicability to small, globular proteins; the compu-
tational complexity becomes prohibitive for larger protein assemblies, such as viral
capsids, necessitating significant methodological developments for broader applica-
tions. While existing methods account for the elastic properties of selected modes,
they often overlook frictional damping, which is particularly limiting for biomolecules
like lipid bilayers, where frictional effects play a crucial role in governing conforma-

tional transitions.

To address these limitations, we developed a multi-step, linear response-driven

molecular dynamics simulation protocol that samples the transition pathways and



intermediate states associated with large-scale conformational changes. This ap-
proach employs the computationally efficient elastic network model (ENM) to rep-
resent the intrinsic vibrations of biomolecules and linear response theory (LRT) to
identify a small, relevant subset of modes. Instead of fixed conformational displace-
ments, structural changes along these selected modes are dynamically accelerated
using excited normal modes molecular dynamics (MDeNM) simulations. This pro-
tocol includes a systematic approach for selecting excitation velocity vectors and
incorporates frictional damping where necessary, yielding a computationally effi-
cient and physically accurate method to explore complex conformational transitions

in biomolecular systems.

The first objective of this thesis addresses the challenge of delineating protein con-
formational transition pathways upon ligand binding. Employing an elastic network
model description and LRT, we identified slow normal modes of protein vibrations
that correspond with conformational shifts from the apo to holo states. Confor-
mational along these modes were dynamically updated using MDeNM simulations,
providing a series of intermediate states. Herein, the MDeNM excitation velocity
was optimized on-the-fly on the basis of its coupling to protein dynamics and ligand—
protein interactions. Thus, a determined set of structures was validated against crys-
tallographic and simulation data on four protein-ligand systems, namely, adenylate
kinase—di(adenosine-5")pentaphosphate, ribose binding protein—j-d-ribopyranose,
DNA S-glucosyltransferase—uridine-diphosphate, and G-protein o subunit—guanosine
-5'-triphosphate, which present important differences in protein conformational het-
erogeneity, ligand binding mechanism, viz. induced-fit or conformational selection,
extent, and nonlinearity in protein conformational changes upon ligand binding, and

presence of allosteric effects.

In the second objective, we explored the native-state dynamics of the Flock House
virus (FHV) capsid and its role in the release mechanism of cell-penetrating -
peptides, a crucial process for viral infectivity. Through MD simulations and NMA,

we found that ~-peptide release is intrinsically linked to the capsid’s vibrational



dynamics. MDeNM simulations revealed large-scale structural rearrangements, en-
abling a detailed mapping of the free energy landscape and elucidating the molecular-
level mechanisms of peptide release. We analyzed the intrinsic motions of a pen-
tameric sub-structure of the FHV capsid, accounting for the influence of the sur-
rounding capsid on the substructure’s dynamics. We observed that a single normal
mode of native state dynamics was dominantly associated with the initial direction
of y-peptide release. Sampling along this mode using MDeNM simulations showed
a large-scale structural rearrangement in the capsid and an orientation flip of the
va peptide during release. These findings were used to identify relevant collective
variables (CVs) and to map the free energy landscape using bias-exchange metady-

namics, therby elucidating the molecular-level mechanism of peptide release.

In third objective, we investigated lipid membrane remodeling, which is vital for
numerous cellular processes. Slow dynamics and the lack of knowledge of reaction
coordinates (RCs) for biasing methods pose a challenge for all-atom simulations to
study conformational changes in lipid bilayers. We characterized bilayer vibrational
dynamics by mapping system dynamics onto Langevin dynamics in normal mode
space, derived from an ENM of the lipid-water Hamiltonian. All-atom MD simula-
tions were used to determine model parameters, and Langevin dynamics predictions
for bilayer structural, mechanical, and dynamic properties are validated against MD
simulations and experiments. This method elucidated generic reaction coordinates
(RCs) for pore formation in DMPC and DPPC bilayers. Enhanced sampling along
these RCs, using path-metadynamics and umbrella sampling, revealed the thermo-

dynamics of pore formation and highlighted the roles of lipid solvation and packing.

The importance of such precise characterizations of protein conformational tran-
sitions in drug discovery is exemplified in the fourth objective, which focused on
the investigation of differential transitions in the hypoxia-inducible factor 2 (HIF-2)
upon agonist and antagonist binding. HIF-2 is critical for cellular adaptation to
low oxygen conditions and, both activation and inhibition of HIF-2 activity have
significant therapeutic relevance, with potential applications in treating cancer, re-
nal anemia, and acute kidney injury. We showed that multiple HIF-2 structures
with distinct binding pocket conformations were required for docking-based ligand
screening to effectively capture the plasticity of the binding domain. Using all-atom

MD simulations of HIF-2 with various ligands and decoys, we identified unique



structural, dynamic, and thermodynamic changes associated with different ligand
categories. We analyzed the allosteric mechanism of ligand-induced local structural
and dynamic changes, as well as their global effects and corresponding time scales.
Our findings demonstrate that distinct ligand-induced conformational changes can
effectively distinguish agonists from antagonists, aiding in the identification of po-

tential active compounds and minimizing false positives in virtual screening.
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AifeleRIeR ST (MDeNM) AT et IuAhT heeh TTfasfte ®u @ it fhg o1 &1
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4.1

4.2

Estimation of ANM parameters and identification of normal
modes triggered by ligand binding for adenylate kinase. (A)
Pearson correlation (p) between residue mean squared fluctuations
predicted by ANM (with different R, values) and estimated from
a 1ns MD simulation is on left axis (-e-). Lower bound at p =
0.95pm4z is shown (--). Variation of Shannon entropy measure of
first M dominant modes, 7 (equation 4.10), with R. is on right axis
(<=). (B) Mean squared fluctuations of AdK residues in apo-state
obtained from 1ns MD simulation (---) and estimated by ANM at
R, = 10A (—). (C) Overlap (equation 4.4) of each of the first 20
normal modes with dpgy. (D) Cumulative overlap of top M normal
modes (equation 4.11) with dy gy, K); (-e); reference lines at K, =
0.9,0.95, and 0.99 (--) are also shown. (E) Direction of residue
displacement along Mode 1, Mode 2, and Mode 3 are shown by blue
arrows on the protein (in cartoon representation) - ligand (in bond
stick) complex. . . . ...
Structural change on one step excitation along (d;ry) for
AdK-Ap5A. (A) Displacement along (dpgr), (Dp), in a 100 ps
MDeNM simulation at various excitation temperatures, AT, (-e-)
along with its three-point average (---). Regions with clusters of
similar Dp values (plateau regions) are shown as separate color bands.
(B) C,-RMSD and (C) average GDT (global distance test) score,
GDT,y,, (average calculated using three cutoff values: 2A, 44, and
8 A) between the experimental holo structure and the final structure
of MDeNM simulation. Structure with highest Dp in each plateau
region is highlighted (@) in all panels. . . . . . . ... ... ... ...
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4.3 Holo-state structure prediction from multi-step MDeNM.
(A, B and C) Cartoon diagram of initial docked (left) and MDeNM
predicted (right) holo structure (green) superimposed on the corre-
sponding crystal structure (cyan) for AdK-Ap5A[l], RBP-RIP[2],
and BGT-UDP3], respectively. (D, E and F) Mean square displace-
ment of predicted (-e-) and experimental (-0-) holo-structure from
the initial docked structure (Iy), D,,, along first 10 normal modes of
I, for AdK, RBP, and BGT, respectively (calculated using equation
A.36). (G, H and I) Trajectory of predicted apo — holo transition
pathway in the subspace constituted by top three normal modes of
I; (in order of decreasing D,,) for AdK, RBP, and BGT, respectively. 67

4.4 Minimum free-energy path (MFEP) from path metadynam-
ics. (A, B, and C) Projection of MFEP obtained in the space of
two path collective variables (Supplementary Figure A.8), s(R) and
z(R), along the path s(R) variable for AdK-Ap5A, RBP-RIP, and
BGT-UDP, respectively. The apo-state lies at s(R) = 0 (labeled 1)
and the holo-state at s(R) = 1. The metastable states along this 1D
projection are labeled as M; and the intermediates from multi-step
MDeNM are labeled as E;. . . . . . . . . . .. .. 71

4.5 Apo — holo transition pathway of AdK. Projection of transition
intermediates from the multi-step MDeNM protocol (@) on the (61rp,
Onrrp) space. The lowest free energy path and intermediates (-o-)
obtained using long-timescale MD and bias-exchange metadynamics
are also shown. Projection of lowest free energy path, obtained in
path CVs space using well-tempered metadynamics (shown in Sup-
plementary Figure A.8(A)), on the (0r;p, Onap) space (==); error
bars shows the region of uncertainty. Surface diagrams of apo- (Iy),
initial docked state (refined in short MD, I;), transition intermediates
(E; to E4) and the holo-state (Es5) obtained from multi-step MDeNM
are shown with colour scheme: green (CORE domain), blue (LID
domain), red (NMP domain) and yellow (Ap5A). . . ... ... ... 75
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4.6

4.7

5.1

Apo — holo transition pathway of RBP. (A) Surface dia-
grams of apo- (Ip), the initial docked state (refined in short MD, I;),
transition intermediates (E;,Es) and the holo-state (E3) obtained
from multi-step MDeNM: N-terminal domain (orange), C-terminal
domain (green), hinge region (white), ligand (RIP, yellow), and RBP
residues that affect ribose (RIP) transport but not binding, viz. 11,
12, 44, 45, 52, 67, 70, 72, 73, 134, 165, and 166 (blue)[4]. (B) C\-
RMSD of predicted intermediates calculated with respect to RBP
crystallographic structures with PDB IDs 1IBA2 A, 1BA2 B, 1URP,
2GX6, and 2DRI. (C) Projection of the transition intermediates pre-
dicted by our protocol (@) along with the crystallographic structures
(0) and metastable states of RBP obtained using umbrella sampling
simulation[5] (stars) on the (6, ¢)-space. Projection of lowest free en-
ergy path, obtained in path CVs space using well-tempered metady-
namics (shown in Supplementary Figure A.8(B)), on the (6, ¢)-space

(==); error bars shows the region of uncertainty. . . . ... ... ..

Apo — holo transition for the Ga—GTP system. (A) Cartoon
diagram of nine rigid-body docked structures (outer periphery) and
an overlay of multi-step MDeNM predicted holo structures (pink; all
except Cg are transparent) with the experimental holo-state (blue).
The apo state population of nine cluster centers is also listed. (B)
Projection of the transition path to the holo state from each of the
nine rigid-body docked complexes (-e-) in the space of top 3 as well
as top 2 PCs. Crystallographic holo-state structure is also shown.

Normal Mode Analysis of 7 Peptides Release from FHV cap-
sid (A) Structure of the FHV capsid (PDB ID: 4FTB). The red
dashed lines indicate the boundaries of an icosahedral asymmetric
unit (1ASU). The 54, Bp, and B¢ subunits within the iASU are high-
lighted in white, gray, and blue, respectively. The 5-fold axis of sym-
metry is also clearly marked. (B—C) Pentameric substructure (5iA)
of the FHV capsid utilized for simulations, consisting of 5 iASUs.
(B) External view showing the arrangement of iASUs. (C) Internal
view displaying v4, vg, and ¢ peptides, colored red, orange, and
green, respectively. (D) Ca RMSD of the 5iA with (blue solid line)
and without (black solid line) harmonic restraints. (E) RMSF of Ca
atoms biA residues from 40ns all-atom MD simulation (red dashed
line) and estimated from ENM (black solid line). (F) Change in order

parameter ¢ for fixed displacement of 2 A along normal modes . . . .

80

88
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5.2

5.3

5.4

6.1

Excited Normal Mode MD Simulations of v, Peptides Re-
lease. (A-C) Surface diagrams of 5iA configurations at the end
of 100 ps MDeNM simulations, shown at excitation temperatures of
AT =0 K (A), AT =35 K (B), and AT = 70 K (C). The 54, 85,
and (¢ subunits are depicted with white, gray, and blue transparent
surfaces, respectively, while v4 peptides are highlighted in dark red.
(D) Progress variable £ measurements at the end of MDeNM simula-
tions conducted at varying AT from 0 K to 75 K, in 5 K increments;
inset shows the time evolution of ¢ for AT ranging from 0 K to 70
K in 10 K increments. (E-G) Values of order parameters, dyode (E),
dpase (F), and ¢ (G) at the end of MDeNM simulations. . . . . . . . .
Minimum free energy pathway of y-peptides release. (A-C)
2-dimensional projections of the free energy landscape (AG), which
is function of 3 OPs: dyode, dbase and ¢. (D) Visualization of AG
across the full 3-dimensional parameter space. The red-dashed line
delineates the minimum free energy pathway (MFEP). Minima along
the MFEP are labeled (a)—(d) and corresponding structural configu-
rations are illustrated. . . . . . ... ..o
Collectivity of v-Peptides Release. (A) Displacement of individ-
ual 4 subunits of 5iA along mode 3, calculated at each intermediate
along MFEP, as detailed in Figure 5.3. (B-C) Distance from the
base, defined by the COM of the S and ¢ subunits (B), and orien-
tation angle ¢ (C), calculated for each v4 peptide for different MFEP
intermediates. . . . . ...

Validation of uL-NMS model of a DMPC lipid bilayer. (A)
Static undulations spectra, I,(q) (Eq. C.11): MD (0), uL-NMS (o,
Eq. C.23). (B) Decay rate for undulation auto-correlation, 7,(q):
MD simulations (this work (-o-), Brandt et al.[6] (--)), uL-NMS
(=-, Eq. C.24), Nuclear Spin Echo (NSE) experiments (Nagao et
al.[7] (), Yi et al.[8] (=)). (C) Dynamic structure factor, S(q =
0.70nm ™, w) (Eq. C.29): MD (—), uL-NMS (—); inset: magnified
view of S(¢,w) in low w region. (D) Rayleigh widths, I';, (Eq. C.39),
calculated from the structure factor data (points) and the quadratic
fits (line), T'4(¢) = Dr¢?, are shown for MD (0, —), uL-NMS (o,
—), NSE experiments (Tarek et al.[9] (e, ---), Chen et al.[10] (s,
---)). A 1ps AA MD simulation of a 1024 DMPC bilayer is used for
calculation of all properties reported here. Error bars in the MD data
correspond to the standard error for I, and 95% confidence interval
for fitted parameters 7 and I',. Curve fittings were performed over
the average data distribution from the MD trajectory. Error bars
correspond to the standard deviation in the ulL-NMS data, where
the ulL-NMS estimates were obtained from 10 independent bilayer
starting conformations selected every 100 ns from a 1 ps trajectory. .

. 103
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6.2 Integration of lipid-bilayer ENM with protein ENM for v—secretase
embedded in DPPC bilayer. (A) A representative configuration
of y—secretase (cartoon) in DPPC bilayer (ball-stick). The protein
complex comprises four subunits, viz. extra-cellular domain nicas-
trin (NCT) that also comprises a membrane-embedded 15 residue
helical unit, and transmembrane proteins presenilin-1 (PS1), ante-
rior pharynx defective 1 (APH-1), and presenilin enhancer 2 (PEN-
2). (B) Pearson correlation between C,-RMSF of membrane-bound
~v—secretase calculated from a 200 ns MD simulation and from ENM-
PL at various ypL/YLL: Kmem for membrane-embedded residues (),
ke for extracellular-domain residues (-o-), and kg for the whole com-
plex (-=)). (C) RMSF of y—secretase residues obtained from the MD
simulation (---), ENM-P (......), and ENM-PL (—). . . .. ... ... 107
6.3 Direction of the local minimum free energy pathway for pore
formation from uL-NMS. (A-C) DMPC lipid bilayer configura-
tions corresponding to & = 0, 0.4, and 0.75, respectively. (D) Contri-
bution of 50 slowest normal modes («;) to Hpore for a flat bilayer. (E)

Projection of apore in the bilayer plane, representing lateral displace-

ment of lipid beads (arrows) and predicted density change (contour

lines) from the continuity equation, dp/dt =V - (pu). . . . . . . . .. 111
6.4 Order parameter evolution and the potential of mean force

(PMF) for prepore opening and closing in a DMPC bilayer.

Variation of (A) lipid density order parameter &, (B) water density

order parameter {up, (C) PCV z(R), and (D) the pore formation

PMF AG,ue in umbrella sampling windows restrained along s(R),

with starting configurations taken from either the pore-opening (-m-or

—) or the pore-closing path (-e-or =—). The last 30 ns trajectory of

each umbrella window was used for analysis. One standard-deviation

from mean is represented by vertical bars in (A)-(C) (estimated from

respective temporal profiles) and by shaded region in (D) (estimated

from WHAM as per Eq. C.49). One-dimensional projection of the

pore-formation free energy along s(R), obtained from wt-metad on

PCVs s(R) and z(R), is also shown in (D) (=). MD snapshots of the

representative conformation on pore-opening (E-G) and pore-closing

(H-J) pathways: (E, H) the flat-bilayer (s(R) : 0.04,0.08), (F, I)

the transition-state (s(R) : 0.63,0.64), and (G, J) a stable prepore

(s(R):0.82,0.82). . . . . . . o o i 112
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6.5

6.6

Mechanistic characterization of pore formation in a DMPC
bilayer. (A) Two-dimensional projection of dpe. in bilayer plane
(Eq. 3.25), (B) gradient of membrane thickness (txy, Appendix C
Sec. C.1.7.1) along &pore, (C) Membrane thickness profile ((txy), Ap-
pendix C Sec. C.1.7.1), and (D) membrane normal projection along
a vector from membrane surface to pore-centre ({nxy - xy), Ap-
pendix C Sec. C.1.7.2). In (A)-(D), data for MDeNM intermediates
Iy (flat bilayer, s(R) = 0.09) is on left and I (last intermediate be-
fore water channel formation, s(R) = 0.50) is on right. The values
reported are averages over a 1ns trajectory from the stable portion
of corresponding MDeNM run. (E-H) Variation of order parameters
along the PCV s(R): (E) (dxy - Ixy)ey (Appendix C Sec. C.1.7.2),
(F) (txy)ey (Appendix C Sec. C.1.7.1), (G) fractional contribution
of lipid polar atom (LP) - water coordination to total LP coordina-
tion, (fLp_water)eyt (Appendix C Sec. C.1.7.3), and (H) number of
water in coordination only with lipid tail atoms, N (Appendix C
Sec. C.1.7.3). Averages calculated both from 1ns MD trajectory of
MDeNM intermediates (-m-) and from last 30 ns umbrella sampling
simulation in given window (®). The vertical bars corresponds to one
standard deviation. . . . . .. ..o 0oL
Transition state of DMPC bilayer pore formation. (A) Distri-
bution of PCV s(R) and N (Appendix C Sec. C.1.7.3) calculated
from the last 30 ns of the umbrella window simulation trajectory cor-
responding to the transition-state (e: f, = 1 and o: f, < 1); in-
set: evolution of f,, (Appendix C Sec. C.1.7.5 ) during last 30 ns
of the umbrella sampling simulation trajectory for TS window (=)
and the consecutive preceding (+) and succeeding (=) windows. (B-
J) Multiple configurations are mapped across mean (u) and stan-
dard deviation (o) values of s(R) and N distribution: (B-D) con-
figurations are shown at {s(R), N®} = {0.626,2} (B), {0.627,6}
(C), {0.627,9} (D), {0.631,1} (E), {0.630,6} (F), {0.632,9} (Q),
{0.636,1} (H), {0.637,5} (I) and {0.638,9} (J). The lipid headgroup
atoms N (blue) and P (orange) are represented as spheres, while
the remaining atoms of the lipid molecules are displayed as trans-
parent sticks. Only water oxygen atoms in coordination with lipids
are shown: represented as spheres (red); oxygen atoms belonging to
hydrophobic water molecules are enlarged. . . . . . . . ... ... ..

118
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7.1

7.2

7.3

Al

A2

A) Cartoon representation of the HIF-2a/ARNT complex, with HIF-
2a shown in green and ARNT in yellow. (B) 2D histogram of the
HIF-2 PAS-B domain cavity volume and PAS-B C, RMSD relative to
the experimental apo-state, computed from 1.5ps long MD simula-
tions in apo-state. (C) ROC curve assessing enrichment over decoys
in docking calculations using Group B conformers (apo-state clus-
ter centres plus holo-state structures); inset: ROC curve using only
apo-state cluster centers. (D) Histogram of AAG values for agonists,
antagonists, and decoys. . . . . .. ... oL
(A) Distribution of ¢yss1 and @ypse angles in long MD simulations
of the apo-state (blue contours), PT2385-bound (red contours), and
M1001-bound (green contours) states , compared to docking followed
by short 1 ns MD simulations (markers). (B) Histogram of DBD C,
RMSD relative to the DNA-bound conformation of the DBD. (C)
Conformational variance of the HIF-2a/ARNT complex, computed
from a series of 50 ns windows within a total of 500 ns long simula-
tions. (D) Change in log(protection factors) relative to the apo-state
for DBD domain residues. . . . . ... ..o
(A) Actual Vina docking score versus D-MPNN predicted Vina score.
(B) Root mean squared error (RMSE) and Pearson correlation be-
tween actual and D-MPNN predicted Vina docking scores for models
trained with RDKit features (solid line) and without RDKit features
(dashed line). (C) Distribution of Vina scores for 10 million ligands
selected randomly and by the D-MPNN model.(D) Recovery rate of
the top 0.1 percent ligands within the top p percent ligands identified
by the D-MPNN model. . . . . .. ... ... .. ... ...

Multi-step MDeINM protocol for prediction of ligand-induced
protein structure transitions . . ... ... ... ... ..., ..
Estimation of ANM parameters and identification of nor-
mal modes triggered by ligand binding for ribose binding
protein. (A) Pearson correlation (p) between residue mean squared
fluctuations predicted by ANM (with different R. values) and esti-
mated from a 1 ns MD simulation is on left axis (-e-). Lower bound at
p = 0.95p4z is shown (- - ). Variation of Shannon entropy measure of
first M dominant modes, n, with R, is on right axis (-o-). (B) Mean
squared fluctuations of RBP residues in apo-state obtained from 1 ns
MD simulation (---) and estimated by ANM at R, = 10A (—).
(C) Overlap of each of the first 20 normal modes with dygr. (D)
Cumulative overlap of top M normal modes with dprr, Ky (-e-);
reference lines at K, = 0.9,0.95, and 0.99 (- - ) are also shown. (E)
Direction of residue displacement along Mode 1, Mode 2, and Mode 3
are shown by blue arrows on the protein (in cartoon representation)
- ligand (spheres) complex. . . . . . . . ... ... L
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A3

A4

A5

Estimation of ANM parameters and identification of normal
modes triggered by ligand binding for f-glucosyltransferase.
(A) Pearson correlation (p) between residue mean squared fluctu-
ations predicted by ANM (with different R, values) and estimated
from a 1ns MD simulation is on left axis (-e-). Lower bound at
p = 0.95p,4, is shown (--). Variation of Shannon entropy measure
of first M dominant modes, n, with R, is on right axis (-o-). (B) Mean
squared fluctuations of BGT residues in apo-state obtained from 1ns
MD simulation (---) and estimated by ANM at R, = 8 A (—). (C)
Overlap of each of the first 20 normal modes with dygr. (D) Cumu-
lative overlap of top M normal modes with dyrr, K) (-e-); reference
lines at Ky = 0.9,0.95, and 0.99 (- - ) are also shown. (E) Direction
of residue displacement along Mode 1 and Mode 2 are shown by blue
arrows on the protein (in cartoon representation) - ligand (spheres)

complex. . . . ..

Excited normal modes molecular dynamics (MDeNM). (A)
Variation of temperature of the AdK in water system ( -a-, -o-,
-o-) and RMSD of protein from initial structure ( -, -e-, -m~) in
a MDeNM excitation of 5 ps along Mode 1 at excitation temperature
AT = 10K (-o-, -=), 30 K (-0-, &) and 50 K (-A-, -«). Displace-
ment along the excited direction (Dp) in a 100 ps MDeNM excitation
of AdK along Mode 1 (—), Mode 5 (—) and Mode 9 (—) (B) at
fixed excitation temperature AT = 25K and (C) at scaled excitation
temperature (for i’ mode, AT; ~ w?): AT} = 85K, ATy = 21 K
and ATy = 30 K. Maximum displacement along the excited direction

(Dpe*) are marked for each case with dashed lines. . . . . . ... ..

Structural change on one step excitation along (d rr) for
RBP-RIP system. (A) Displacement along (dpgr), (Dp), in a 100
ps MDeNM simulation at various values of excitation temperature,
AT, (-e=) along with its three-point average (---). Regions with
clusters of almost similar Dp values (plateau regions) are shown as
separate color bands. (B) C,-RMSD and (C) average GDT (global
distance test) score, GDT,y,, (average calculated using three cutoff
values: 2A, 4A, and 8A) between the experimental holo structure
and the final structure of MDeNM simulation. Structure with highest
Dp in each plateau region at increasingly higher AT is highlighted

(@ inall panels. . . . .. ... Lo
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A6

AT

A8

Structural change on one step excitation along (d;rr) for
BGT-UDP system. (A) Displacement along (dpgr), (Dp), in a
100 ps MDeNM simulation at various values of excitation tempera-
ture, AT, (-e-) along with its three-point average (- --). Regions with
clusters of almost similar Dp values (plateau regions) are shown as
separate color bands. (B) C,-RMSD and (C) average GDT (global
distance test) score, GDT,y,, (average calculated using three cutoff
values: 2A, 4A, and SA) between the experimental holo structure
and the final structure of MDeNM simulation. Structure with highest
Dp in each plateau region at increasingly higher AT is highlighted
(@ inall panels. . . .. ...
Structural change on multi-step excitation along (d;rr) for
AdK-Ap5A system. (A to H) Displacement along (dprr), (Dp),
in a 100 ps MDeNM simulation at various values of excitation tem-
perature, AT, (-e-) along with its three-point average (---) for first
to eighth step of excitation simulations respectively. First plateau
regions (clusters of almost similar Dp values) are shown as separate
color bands and structure with highest Dp in the first plateau region
at increasingly higher AT is highlighted (®) in all panels. . . . . . .
Free energy surface in the space of path collective variables
(A, B and C) Free energy (unit: kcal mol™') surface (contours) of
AdK-Ap5A, RBP-RIP and BGT-UDP systems in the space of path
collective variables (PCVs), s(R) (equation A.32) and z(R) (equa-
tion A.33) obtained from 800 ns, 500 ns and 500 ns long well-tempered
metadynamics simulations respectively. Minimum free energy path-
way from metastable state at one end (s = 0) to metastable state
at the other end (s = 1) obtained using nudged elastic band method
(dashed line). Projection of structures in PCVs space obtained after
every 200 ps interval of 10ns long unbiased MD simulations started
from intermediates obtained using our protocol are also shown (scat-
tered data). (D, E and F) Evolution of PCV s(R) with time during
10ns long unbiased MD simulations started from intermediates ob-
tained using our protocol for AdK-Ap5A, RBP-RIP and BGT-UDP
systems. The s(R) value corresponding to the fictitious intermedi-
ates (one each for RBP-RIP and BGT-UDP systems (F;); none for
AdK-Ap5A system) used in path-metadynamics simulations (dashed
line). (G, H and I) RMSD-matrix of structures used to define inital
apo to holo transition pathway. . . . . . .. .. ... ... ... ...



List of Figures

A9 Minimum free-energy pathway and comparison of interme-
diates predicted using our multi-step MDeNM based method.
(A,B and C) Free energy curve (FEC) along the minimum free en-
ergy pathway (see Supplementary Figure A.8 (A,B and C)) for AdK-
Ap5A,; RBP-RIP and BGT-UDP systems. Metastable states (M)
identified from FEC are along the apo to holo transition pathway are
marked. C, RMSD (D, E and F) and all-atom RMSD (G, H and I)
comparison of identified metastable states with the intermediates pre-
dicted using our multi-step MDeNM based protocol for AdK-ApbA,
RBP-RIP and BGT-UDP systems. . . . ... ... ... ....... 212

A.10 Normal modes triggered by ligand in the intermediate state
E;3; of AAK-Ap5A system. Direction of residue displacement along
Mode 1 and 2 shown by blue arrows on protein (in cartoon represen-
tation) - ligand (in bond stick) complex. . . . .. ... ... ... .. 213

A.11 Selection of principal components (PCs) for structural clus-
tering of G-protein a subunit. (A) Ras domain (red) and a-H
domain(blue) of G-protein a subunit (B) Protein Cae RMSD change
corresponding to displacement of 1 standard deviation along a PC
from the mean state. (C) Cumulative population distribution along
top 5 PCs in 10 independent 100ns (total 1ps) long unbiased MD
simulations started from 10 different apo-state NMR conformations
(PDB: 5JS7)[11]. (D) Direction of residue displacement along top
3 PCs shown by blue arrows on protein average structure (in green
cartoon representation). (E) Evolution of distance between centre
of mass of Ras domain and a-H domain (dcoy) in ten 100 ns long
MD simulations. Values of dgom corresponding to crystal structures
1CIP and 3SN6 are also shown (dashed lines). . . . . ... ... ... 214

A.12 Analysis of apo-state cluster centres of G-protein o subunit
(A and B) Ca-RMSD matrix and TM-score matrix of a set of 9 cluster
centres identified using robust density-based clustering method[12]
and 10 apo-state NMR structures (PDB: 5JS7)[11] (C and D) Pair-
wise Ca-RMSD and TM-score of a set of 9 cluster centres. . . . . . . 215

A .13 Protein-ligand interface area (A) during the 1ns unrestrained NPT
equilibration simulation of AdK-Ap5A (—), RBP-RIP (—) and
BGT-UDP (—) protein-ligand complexes. Interface area (A) is cal-
culated using equation: A = (SAS A, otein+SAS Aligana—5SAS Acomples) /2,
where SASA is solvent-accesible surface area calculated with solvent
probe radius of 0.14 nm. . . . . . . ... ... 216
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B.1

B.2

C.1

C.2

C.3

(A) Visualization of 5iA residues colored by the maximum strength of
the harmonic spring among all residue-residue harmonic restraints in-

volving each residue, with a color scale ranging from blue (0kJ mol™' nm~2)

through green to red (1000kJmol 'nm~2). (B) Scatter plot illus-
trating the relationship between the strength of inferred harmonic
restraints (Dextra i) and the distance between residue pairs (dyj). (C)

Pearson correlation (p) between root mean squared fluctuations (RMSF)

of 5iA residues predicted by ENM with different cutoff radii (R..) and
those estimated from a 40 ns MD simulation. . . . . .. .. ... ..
(A) Blue arrows shows the direction of residue displacement for mo-
tion along Mode 1 (A), Mode 2 (B), and Mode 3 (C) on the 5iA
structure (surface representation). (D) A diagram featuring two dia-
metrically opposite 5iA units in cartoon representation to clarify the
definition of the progress variable { = R,, — Rg; 4 peptides are
marked in red, while the rest of the structure is shown in green. (E)
Change in the progress variable £, separately defined for analyzing the
release of 74, vg, and y¢ peptides, calculated for a fixed displacement
of 2A along the normal modes. . . . . .. . ... ... ... .....

(A) All-atomic configuration of DMPC lipid-bilayer (yellow) in water
environment (red), and (B) the corresponding coarse-grained config-
uration. . . ... Lo
An illustrative diagram of 2-dimensional simulation box (shaded blue)
and its 8 periodic images in direct contact (shaded white), alongwith
the transformation relationships to generate these images from the
coordinates of simulation box. . . . . . ... .00
DMPC bilayer ENM parameters and friction coefficients
along normal modes. (A) Pearson correlation (k) between RMSF
of lipid beads, averaged over all lipid molecules, calculated using MD
simulations (Eq. C.52) and the ENM (Eq. C.53), the latter at sev-
eral R. and ~vsg/vss, with 7gg/7ss = 107°. (B) Variation of x with
Yee/Vss, With ysg/7ss (= 1) and R, = 10A (-e=) or R, = 14 A (-o-).
(C) Static undulation spectra calculated using MD (0) and ENM for
Yss[Jmol ' nm~?] = 50 (o), 125 (v) and 500 (®), with vsg/vss = 1,
Yee/vss = 107°, and R, = 14 A. (D) Mass-weighted friction coeffi-
cients (@) along normal modes (I, for mode m with frequency w,y,;
Eq. C.9). 95% confidence interval is shown as grey-shaded region.
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