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Introduction to rare event kinetics
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Action of a therapeutic drug is more correlated
with residence time (kinetics) than free energy

Applying biasing force distorts the natural
dynamics and kinetic properties

Guo et al. Br. J. Pharmacol. (2012), Copland et al. Nat. Rev. Drug. Disc. (2006), Laio & Parrinello PNAS, (2002),Tiwary and Parrinello PRL (2014)



Biased Conformational Flooding approach

FIG. 2. “Conformational flooding” lowers free energy bar-
riers of CT’s and thus should accelerate the transitions. The

Grubmuller, PRE, September 1995



How to calculate rate constant from flooding?

Biased Transition 7 Z({

Assumptions
e Transition state unaffected by flooding bias
® Transmission coefficient Kk is not affected by

flooding

Tif — <eXp(ﬁvf(R))>U+vf

CV (s)

Average computed over initial state basin

Tiwary and Parrinello, PRL (2013), McCarty et al. PRL (2015), Ray and Parrinello, JCTC (2023)



CV based approach: Infrequent metadynamics

PACE (large value)

e Metadynamics with higher PACE (low
frequency of Gaussian bias deposition)

e “Hope” that no bias will be deposited on
TS which is short-lived

Tiwary and Parrinello PRL 2013, Salvalaglio et al. JCTC 2014

And a large body of literature in biology, material and chemical
systems



Kinetics from Metadynamics: Principles, Applications, and Outlook
Dhiman Ray* and Michele Parrinello™
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Ligand binding

‘Table 1. Summary of Ligand Unbinding Kinetics (k,;) Computed Using Infrequent Metadynamics and Related Approaches
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Other biological processes

‘Table 2. Summary of Studies Involving Metadynamics Based Methods to Study the Kinetics of Biological Processes Other than Ligand Receptor Binding
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Chemistry and Materials

‘Table 3. Summary of the Application of Metadynamics Based Methods in Studying the Kinetics of Chemical Reactions and Material Processes
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CV based approach: Infrequent metadynamics

PACE (large value)

e Metadynamics with higher PACE (low
frequency of Gaussian bias deposition)

e “Hope” that no bias will be deposited on
TS which is short-lived

Tiwary and Parrinello PRL 2013, Salvalaglio et al. JCTC 2014
And a large body of literature in biology, material and chemical

systems

® Less control on bias deposition

e Very slow progress due to less biasing



OPES flooding

® Using OPES to bias and fill the initial
state basin (I)

e Explicit BARRIER (AE) parameter
limits bias deposition

e Explicit excluded region (X_ ) to
avoid biasing TS

FES

® Trajectory stopped after successful
transition (I to F)

e More control over “where” and
“how much” to bias

>

Ccv
OPES: Invernizzi, M., & Parrinello, M. JPC Lett (2020)
OPES Flooding: Ray, D., Ansari, N., Rizzi, V., Invernizzi, M., & Parrinello, M. JCTC (2022)



Practical Rare Events involve barrier crossing and diffusion

Barrier

crossing Diffusion
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Practical Rare Events involve barrier crossing and diffusion

Often we know only the
structure of the initial state
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Limitation of OPES flooding (biased Enhanced Sampling)

No bias

>

Free Energy

CV

OPES-Flooding setup



Limitation of OPES flooding (biased Enhanced Sampling)

No bias

>

Free Energy

>

CV

No mechanism of accelerating the dynamics
beyond the initial state minimum



Limitation of OPES flooding (biased Enhanced Sampling)

A No bias

Free Energy
p
o)
<O

CV
But then we need to know the precise free energy surface

1. Computationally expensive. 2. We only want the kinetics



Limitation of OPES flooding (biased Enhanced Sampling)

fast

T

U

Biased Enhanced Sampling
(e.g. OPES-Flooding)

"4 Crossing Steep Barrier

Y Exploring Diffusion in Rugged Free
Energy Landscape

(4 X Kinetics (sometime but difficult)



Weighted Ensemble Method

| |
4 Target First iteration
'; State Second iteration
© Third iteration
[
T > 1/18
<)
S
2 13 1/6
oo
: N
e 16
1/3 Initial

Progress Coordinate 1

Trajectories are split or merged upon crossing into a new bin with weights adjusted

Huber & Kim, JCP (1996), Zhang et al. JCP (2010), Figure: Chong and Zuckerman, ChemRxiv (2025)



Weighted Ensemble is less efficient in steep barrier crossing

Unbiased Path Sampling
(e.g. Weighted Ensemble)

slow X Crossing Steep Barrier
f\‘ fast
o ("4 Exploring Rugged Free Energy
U Landscape
~ 4 Y Kinetics




Solution: Integrated Sampling

OPES Flooding

Excluded Region
No bias

Cv

Progress Coordinate 2

>

Weighted Ensemble
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First iteration
Second iteration
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Solution: Integrated Sampling

Diffusion: lesf:JOS‘lsn:
] slow B Barrier B
Barr!er crossing:
crossing: fat
slow F—\

Unbiased Enhanced
Simulation Sampling
(OPES-flooding)
Diffusion: v Dif;:ziton:
Barrier fast B Barrier ot B
crossing: //\{:g/ crofzzltng‘ N /}./_:~§:\/v
slow
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Path Sampling Integrated
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Ray D. J Chem Phys (2024)



Tracing and Rescaling successful transitions
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Results: Gas Phase Alanine Dipeptide
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Results: Chignolin Unfolding
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Ray D. J Chem Phys (2024)




Unfolding time (us)
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Results: Chignolin Unfolding

IS meanzxerror —— IS trial 3
—— IS trial 1 ---- Unbiased Reference
—— IS trial 2

200 300 400 500 600 700 800 900 1000
Ilterations

Method Unfolding time Simulation
(us) time
OPES-flooding 6.3 825 ns
(15 transitions)
Integrated Sampling 1.8 460 ns
(1000 iterations)
Infrequent 33.7 237 ns
Metadynamics
(20 transitions)
Reference (DE 2.2 > 100 us

Shaw)

Ray D. J Chem Phys (2024)




Free Energ

Results: Chignolin Unfolding

00 02 04 06 08 10 12 14 16
HLDA CV

Shaw)

Method Unfolding time Simulation
(us) time
OPES-flooding 6.3 825 ns
(15 transitions)
Integrated Sampling 1.8 460 ns
(1000 iterations)
Infrequent 33.7 237 ns
Metadynamics
(20 transitions)
Reference (DE 2.2 > 100 us

Ray D. J Chem Phys (2024)




Results: Ligand Receptor (Host-Guest) Unbinding

0 FES (kcal mol™)
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Deep LDA Water CV
Rizzi et al. Nat. Comm. 2021



ul
o

Free Energy (kJ/mol)

o

N
o

W
o

N
o

=
o

Results: Ligand Receptor (Host-Guest) Unbinding
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Method Residence time Simulation
(us) time
: i Ray D.
OPES-flooding (30 transitions 0.8-1.8 500 ns
9 ( ) J Chem Phys
. . . (2024)
Integrated Sampling (200 iterations) 1.0 +/- 0.7 ~90 ns




Results: Ligand Receptor (Host-Guest) Unbinding

N 1.0-

No bias

Bias

—05 00 0.5
Deep LDA CV

1.0

Highest weight path follows
the minimum free energy
pathway along the z vs water
CV space.

Water role is captured without
explicitly defining it in the
progress coordinate.
(Suboptimal CV)

Ray D. J Chem Phys (2024)



Realistic Application: HSP90 Protein Conformational Transition

Dr. Sompriya
Chatterjee

Henot F. et al.; Nat. Comm
2022

Chatterjee S. and Ray D.
JCTC 2025

Chatterjee S. and Ray D.
under preparation
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Conclusions

Integrated Sampling (i.e. WE +
OPES-flooding) can efficiently —

calculate kinetics in systems involving ~ cossins ,;4%1/ °
both barrier crossing and diffusion.

Choice of CV not very critical.
Integrated
Sampling

We can deposit bias conservatively
without loss of efficiency

Drive transitions through minimum
energy pathways

Ray D. J Chem Phys (2024)



Open Source Implementation
A

o WESTPAK

PLUMED Bogetti, Anthony T., Jeremy M. G. Leung, John D.
Russo, She Zhang, Jeff P. Thompson, Ali S.
Saglam, Dhiman Ray, et al. 2023. “A Suite of

The PLUMED consortium. Promoting Tutorials for the WESTPA 2.0 Rare-Events
transparency and reproducibility in Sampling Software [Article v2.0]". Living Journal of
enhanced molecular simulations, Nat. Computational Molecular Science 5 (1)

Methods 16, 670 (2019)

plumiD ~ Name Category Keywords Contributor
OPES Flooding, Weighted
" Integrating Path Sampling Ensemble, Metadynamics,
24.022 with Enhanced Sampling for methods Kinetics, Infrequent Dhiman Ray
P LU M E D'N EST Rare-event Kinetics Metadynamics, Integrated
Sampling

The public repository of the PLUMED consortium
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Future Direction

Calculating Free Energy landscape using combined WE and OPES.
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Future Direction

1. Calculating Free Energy landscape using combined WE and OPES.

2. Solving the trajectory correlation problem

Very high number of transitions

cycle 5 w
O | Tteration | Trial 1 | Trial 2 | Trial 3
> 100 0 115 64
oy d E 200 30 347 | 235
I 300 120 612 398
E | 400 313 826 554
e 3 500 517 | 1058 | 711
= | 600 726 1232 884
— me 1 700 958 1404 | 1013
800 1162 | 1515 | 1109
900 1359 | 1630 | 1265
20 () O 1000 | 1479 | 1770 | 1382

D

Ray, JCP (2024), Bose et al. JCTC (2025)
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