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A long, hard road to physically correct 
calculation of protein–protein 
binding free energies



ChTx and ChTxM29I: the long-awaited twist
▪ Charybdotoxin (ChTx, α-KTx1.1) is a classic blocker of potassium channels (Kv)

from a scorpion Leiurus hebraeus venom
▪ ChTx — high-affinity selective KV1.3 ligand, although a single M29I mutation 

dramatically switches selectivity KV1.3 → KV1.2

▪ This selectivity switch is likely of evolutionary origin:
• most α-KTx contain a KC[M/I]N motif
• M/I importance is proven by a mutagenesis
• M I switch is caused by mutation of just third nucleotide in the codon G
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What was done:
▪ Models of complexes of ChTx and

ChTxM29I with KV1–3 channels
▪ MD in a lipid membrane (500 ns)
▪ Intermolecular contacts analysis
▪ Calculation of solvent-accessible 

surfaces

Results: No agreement with experiments :-(
Low contacts number in high-affinity 
complexes, and vice versa
Low interaction areas in high-affinity 
complexes (or do not differ)

“Vanilla” Molecular Dynamics (MD): 



The problem of calculation of binding free energies
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(where C�� — standard concentration 1 M)

https://doi.org/10.1002/wcms.1455


Free energy is a function of 
probabilities and paths…
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Ca2+ – H3C-COO−

▪ …which could be calculated from MD simulations…

▪ …but it’s better to predefine path

(collective variable)

https://physicsworld.com/a/richard-feynman-from-a-to-z/


Problems of
Molecular Dynamics
▪ Physical inaccuracy (force fields)
▪ Lack of sampling and computing power
▪ Complicated analysis

Existing approaches:

▪ “Vanilla” MD
▪ Replica exchange
▪ Modeling of transition paths
▪ “Collective variable” (CV) methods:

▪ Umbrella sampling
▪ Metadynamics
▪ Adaptive weight histogram

▪ Alchemical transformations
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British chemist, Honorary Professor of Computer Science, Director of the Centre for Computational Science 
and Associate Director of the Advanced Research Computing Centre at University College London.

Coveney is all about the ensemble approach

https://www.perplexity.ai/search/glavnye-nauchnye-dostizheniia-1HvxWb3wQl2EvEc.puaAMA


Umbrella Sampling (US-MD)
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US-MD: epic fail

WT: −72.6 kCal/M

Mutant: −56 kCal/M

Convergence study 
did not help



Forced rotation MD: 

GROMACS allows for constant 
speed rotation:

● Torque
● “Energy”

No true ΔG calculation



Forced rotation MD: first hints on alternative 
modes of binding

Rotation barriers for ChTxwt and

freedom for ChTxM29I?

Interactions look different 

but who knows… 



Advanced Weight Histogram: do all paths lead to Rome?



AWH is one of enhanced sampling methods

● Do not require for manual 

“windows” selection

● Supports “multiwalkers”

● Dynamic update of biasing

function

● Two-stage biasing

● More adaptive compared to US



AWH: where is reproducibility?
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AWH: barnase/barstar mutations 

https://pubs.acs.org/doi/abs/10.1021/bi00074a008
https://pubs.acs.org/doi/abs/10.1021/bi00074a008


Alchemical transformations
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Molecular alchemy allows to transform one 
molecule (part) into another in MD or 
“annihilate” them
▪ At the same time, energy is measured
▪ Transformation is guided by λ: 0→1

ΔΔGMutation
Folding could be calculated:

1. by folding modelind (extensive)
2. More easily: comparing ΔGMutation

Folded and ΔGMutation
Unfolded

Thermodynamics and statphysics say: this is the same!

https://pubs.acs.org/doi/10.1021/acs.jcim.6b00498
https://pubs.acs.org/doi/10.1021/acs.jcim.6b00498


The work done is no less than the free energy change 

between the initial and final states.

This work could be computed as the transformation goes 
forward (λ0→1)
and backward (λ1→0)

H — system Hamiltonian, x — phase coordinates,  v — velocities,
λ — transformation parameter

Techniques of non-equilibrium alchemy
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Alchemy: M→I without dissociation modeling



Well-Tempered Metadynamics (WTMD)

Metadynamics adds “hills” to the potential energy surface

WTMD reduces hills height in a 
well-sampled regions

“Metadynamics is a dynamics in the 

space of the CVs” [Parrinello 2006]



WTMD: Kv–A0A218QXC2 Calculation details:

▪ 6-walker WTMD

▪ 1–2 μs each trajectory

▪ 1 month on 2×GPU node

▪ Additional restraints:
▪ φ: 90° window

▪ Tilt: 15° window

▪ RMSD of toxin

▪ XY restraint

▪ Funnel potential



WTMD: realistic ΔΔG 

Convergence: 1+ μs needed



Conclusions

▪ Protein–protein interactions are hard to compute, but there are emerging physics-based methods 

▪ Ensemble approach is critical for correct results

▪ Alchemical transformation: when complex does not change structure

▪ SOTA: well-tempered metadynamics
▪ But: long, hard & expensive

▪ Convergence is a key hurdle

▪ Emerging methods: 
▪ OneOpes (a Combined Enhanced Sampling Method to Rule Them All)

▪ DeepTICA (AI-based method to search optimal CVs)
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