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A bit about TIFR-Mumbai: Location



A bit about TIFR: Institute

e A premier national institute (Est. 1945, Under Dept Atomic Energy)

e Graduate programs in Physics, Chemistry, Biology, Mathematics, and
Computer Science

e Major campuses all over India.
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Computational Chemistry @ TIFR Mumbai
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Substrate

Dynamical Metrics to Describe Proteins their
Interactions, and functions

Pushing Electrons through Molecules

Objectives
To develop fundamental principles which can enable technological breakthroughs




MD Simulations: A Computational Microscope

John Stone UIUC
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Aerosolized Cov2

2021

Still a qualitative tool!

* Force Fields

* Implementation of thermostat/barostats
« Polarizability

» Simulation timescales

» Estimations of protein dynamics

* Quantitative comparisions



Is MD a qualitative/quantitative tool?

Probabilty distribution P, (t) = constant
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Questions/objectives

» Is it possible to estimate equilibration along a biomolecular simulation trajectory?
» Local equilibration
« Single/Multiple trajectories
« Comparing protein dynamics, protein stability/flexibility and more.

» Is it possible to extract converged reaction coordinates for biomolecular
conformational transitions before equilibration?
* Locally converged reaction coordinates
« Single/Multiple Trajectories
« Better biased sampling schemes, thermodynamics and kinetics, and more.

Simulation Methods: Monte-Carlo for Model Potentials,
MD for solvated proteins (10-20 x 0.25-1us)




Protein Dynamics

Atomistic Molecular Dynamics (MD) + Principal Component Analysis (PCA)

Variance-Covariance matrix of atomic fluctuations from simulations
Cap = ((xg — (xa)) (xp — (xp)))
x= Cartesian coordinates of N atoms; a,b=1......3N;
Solve (C—ADE=0 toget:

Eigenvectors (Principal components)  &=(&,&,,...,.E3,)

Eigenvalues (variances) A=(A, Ay Agy)

3N-6

Uczvlczv(t) =Tr(C(t)) = Z A;(t)
i=1

Canonical Sampling Conditions

Explicit Solvent Cumulative Variance of Coordinate Fluctuations
-Can be applied to any subset of atoms Equipartition Kever = kpT >
-Can extract directional spring constants + (O cver)

Thermal Equilibrium



Assessing Equilibration in MD
D.E.Shaw et. al. JPC-B (2016)

RMSD

Ubiquitin (Ub)

N¢
N S. = z P;logP;
Bovine Pancreatic Trypsin Inhibitor “'¢ i=1

BPTI

I ——  Sawle & Ghosh JCTC (2016)



Cumulative Variance of Coordinate Fluctuations

(CVCF)
}Local Equilibria
Boltzmann Statistics!
koo (6) = kgT
P (otver®
Time (us) (0vcr(®)
Time (us) Time (us)

——  Paul, Koti, and RV JPC-B(2020)



CVCF: A metric to evaluate local equilibration
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CVCF and the energy landscape
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Dynamical Changes in Ub with Complexation
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Some SMFS Predictions for Ub

Paul & RV JCTC (2021)
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Questions/objectives

» Is it possible to estimate equilibration along a biomolecular simulation trajectory?
» Local equilibration
« Single/Multiple trajectories
« Comparing protein dynamics, protein stability/flexibility and more.

» Is it possible to extract converged reaction coordinates for biomolecular
conformational transitions before equilibration?
* Locally converged reaction coordinates
« Single/Multiple Trajectories
« Better biased sampling schemes, thermodynamics and kinetics, and more.




Biomolecular Conformational Transitions

>

Accurate descriptions to RCs are essential
for quantitative description of free
energy surface, which provides
information about thermodynamics and
kinetics associated with conformational
: : : changes.

R Tsi M TSz Mz s P >

Reaction Coordinate Biased Sampling methods can help

Free Energy

.... but with good reaction coordinates

Goal: Extract reaction coordinates from dimensionality reduction techniques: e.g PCA
- ]



The Mode Evolution Metric

Das & RV In-prep

Example: Time evolution of PCA in 2D system

Apem(t, dt) =

A BN=%

z At

\_/

[1— [&:(e — dt/2) - &t + de/2)]]

jbg/ =1
< E" > 3 2

Time tq Time 5

Expected character of the metric: 2. Scales

1

1. Detects the change in directions. In
case there is no change, the overall
7 value is zero.

by corresponding variance.

3. Summation over all modes.

Anrem

1 lo t3

Simulation Ienﬂth

Features:

Zero at equilibrium or no PC
change

Proportional to variance along
direction(s) of change.

Value ranges between zero and
total variance.



A Hypothesis:

Reaction coordinates of a system converges Das & RV In-prep
before the system reaches equilibrium.

Basis of hypothesis:

= Often in simulations, the system has rare
transitions to states separated by high energy
barrier.

= RC Emergence: RCs are encoded into
the system which may appear during transitions.

= Equilibrium: Requires multiple
transitions to build up Boltzmann statistics in both
states.



MC on Simple Model Potentials
Das & RV In-prep

1, 2.1 2
V(x,y)=§kxx +§kyy

ke /key = 2

MeM

= RCs converge well

before system
T 02 04 06 08 1
equilibrates. Stops (x 109
RC convergence steps 7 x 10°
Equilibration steps (range) (2.3-6.1) x 108
Equilibration steps (mean) 3.8 x 108
000000000



MC on Simple Model Potentials

V(x,y) =6X ((x —1)?x(x+1)2+3.7X% yz)

Traj. | Convergence | First visit to | Equilibration
No. (Steps) P (Steps) (Steps)

Das & RV In-prep

1 1.6 X 10° 11.5 x 10° 3.7 x 108
2 5.2 X 10° 5.2 X 10° 6.9 x 108
3 0.5 x 10° 0.6 X 10° 6.2 X 108
4 45 % 106 45 % 10° 3.0 x 108
5 2.1 x 106 4.7 x 10° 4.6 x 108
6 0.9 x 10° 1.0 x 10° 3.0 x 108
7 4.1 % 10° 4.1 % 10° 1.7 x 108
8 2.3 x 106 3.1 x 10° 5.3 X 108
9 0.9 x 10° 0.9 x 10° 6.7 X 108

1.9 x 10° 1.9 x 10° 5.1 x 108

m 2.4 % 10° 3.8 x 10° 4.6 x 108

= RCs converge well before system equilibrates.

= RCs converge during or before the system first

visits product state!
- 00000000000



Converged RCs for Metadynamics

Das & RV In-prep

— RC=p>

Slices along first PC

Modest speedup of 30x (not optimized!)
000000000



Application to Alanine DlpeptldeDaS & RV In-prep

The system equilibrates
~0.36 us (average).

All modes converge within
0.05- 0.2 us.




Application to ubiquitin bas & RV In-prep

PC1 PC 2 PC3

MeM

PC Mode

Time (us)



Questions/Objectives

» Is it possible to estimate equilibration along a biomolecular simulation trajectory?
» Local equilibration
« Single/Multiple trajectories
« Comparing protein dynamics, protein stability/flexibility and more.

» Is it possible to extract converged reaction coordinates for biomolecular
conformational transitions before equilibration?
* Locally converged reaction coordinates
« Single/Multiple Trajectories
« Better biased sampling schemes, thermodynamics and kinetics, and more.
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