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ChTx and ChTxM29!: the long-awaited twifst_

» Charybdotoxin (ChTx, a-KTx1.1) is a classic blocker of potassium channels (K,) -
from a scorpion Leiurus hebraeus venom W ST, N o

= Chlx — high-affinity selective K,,1.3 ligand, although a single M29] mutation | I
dramatically switches selectivity K,,1.3 = K,/1.2

. IC50 values, nM .
Toxin Sequence - Ref.
Kvl.l Kvl.2 Kvl.3 Kvl.6

Garcia et al., 1994;
Takacs et al., 2009
ChTx [M291] ZFTNVSCTTSKECWSVCQRLHNTSRGKCINKKCRCYS 2000 (3.1 %) 0.006 4.1 2000 (9.6 %) Gigolaev et al., 2022

ChTx ZFTNVSCTTSKECWSVCQRLHNTSRGKCMNKKCRCYS 1500 9 0.19 22

= This selectivity switch is likely of evolutionary origin:
¢ most a-KTx contain a KC[M/I]N motif
» M/l importance is proven by a mutagenesis
* Meél switch is caused by mutation of just third nucleotide in the codon

Gigolaev et al., 2022 — Kuzmenkov et'all, 2023



https://link.springer.com/article/10.1134/S002209302206031X
https://link.springer.com/article/10.1134/S002209302206031X
https://link.springer.com/article/10.1134/S002209302206031X
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https://doi.org/10.1016/j.toxicon.2023.107181
https://doi.org/10.1016/j.toxicon.2023.107181
https://doi.org/10.1016/j.toxicon.2023.107181
https://doi.org/10.1016/j.toxicon.2023.107181

“Vanilla” Molecular Dynamics (MD): £\

=  Models of complexes of ChTx and
ChTxM2?! with K,,1-3 channels

*  MDin a lipid membrane (500 ns)

*» |ntermolecular contacts analysis

= Calculation of solvent-accessible
surfaces

: “ Results: No agreement with experiments :-(
e ¥ Low contacts number in high-affinity

: complexes, and vice versa
Y &€ Low interaction areas in high-affinity
% complexes (or do not differ)
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Limongelli 2020

The problem of calculation of binding free energies
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= _7..which could be calculated from MD sj
= _..butit’s better to predefine path
Ca?* — H,C-COO- (collective variable)


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

0- Long timescale equilibrium
MD simulations
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3-Alchemical methods: FEP
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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

Harpole & Delemotte, 2018
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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.
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KOMY: MHe, Peter »

Dear Dr Chugunov,

There are some studies published on protein-protein interaction energies. You can find some ’ac

examples in research and review papers, DOI:10.3389/fmolb.2017.00087 and
DOI:10.1002/wecms. 1448, for example. || No=NaloiCToR G E1RiaNallglolTals W1 (1o [SER (o] =11 ]ely !
protein-protein systems typically have large uncertainties. Our studies of peptide-MHC systems
showed a difference of ~40 kcal/mol in the binding free energies from simulations differing only in
GERGNEIREGRERR For small molecule binding to proteins, we recommend an ensemble based
approach with 25 replicas and 4 ns production runs for the molecular systems with well defined
initial structures. When the initial structures are less reliable, longer simulations and/or more although as far as |
replicas will be needed. For protein-protein interaction, the interaction energies between the two
proteins from MMPBSA-based approaches will be larger than these in peptide-MHC systems we
have studied. Such studies will need much longer simulation times.

1 binding sites. However,
channels and their pore

If you want to study the binding affinity changes upon mutations in protein—protein interactions, naybe you authored a paper
alchemical approaches will be more suitable than the end-point methods as the uncertainties are

largely cancelled out in the former approaches. We have done a few such studies some years ago,

on peptide-MHCs binding with same TCR; good agreement was obtained between the calculations

and the experimental data.

Best regards,

Peter


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

Roéq et al., 2021

Umbrella Sampling (US-MD)
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https://doi.org/10.3390/ph14101062
https://doi.org/10.3390/ph14101062
https://doi.org/10.3390/ph14101062
https://doi.org/10.3390/ph14101062

PMF (binding energy) of two Charybdotoxin variants to Ky1.2 channel

E (kcal/mol)

US-MD: epic fail &
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Forced rotation MD: i}

B ryneot -

TBANDICAMIZO! - 8 x

.................

o T o e 6 e g S GROMACS allows for constant
- B speed rotation:

e Torque

e “Energy”

€ No true AG calculation



Rotational (?) energy, kJ/mol

Forced rotation MD: first hints on alternative

modes of binding

Energy averaged over 27 ChTx rotatory periods (200 ns MD)
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Rotation barriers for ChTx"t and
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Intermolecular contacts in ChTx-Ky1.2 over 27 rotatory periods (200 ns MD)
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Advanced Weight Histogram: do all paths lead to Rome?

pubs acs.0rg/ICTC

Do All Paths Lead to Rome? How Reliable is Umbrella Sampling
Along a Single Path?

Noora Aho,* Gerrit Groenhof,* and Pavel Buslaev*

Cite This: J. Chem. Theory Comput. 2024, 20, 6674-6686 I: I Read Online

ACCESS | il Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: Molecular d ics (MD) simulations are widely
applied to estimate absolute binding free energies of protein—
ligand and protein—protein complexes. A routinely used method
for binding free energy calculations with MD is umbrella sampling
(US), which calculates the potential of mean force (PMF) along a
single reaction coordinate. Surprisingly, in spite of its widespread
use, few validation studies have focused on the convergence of the
free energy computed along a single path for specific cases, not
ddressing the ducibility of such calculations in general. In
this work, we therefore investigate the reproducibility and
convergence of US along a stmdard dmance based reaction
mmdmale for various p p and ligand 1d reaction coordinate
foll ly used guideli fur the semp
We show that repeating the complete US workflow can lead to differences of 2—20 kcal /mol in computed bmdmg free energies. We
attribute those di ies to small diffe in the binding path ‘While these diffe are ul idable in the d
US protocal, the popularity of the latter could hint at a lack of awareness of such reproducibility problems. To test if the convergence
of PMF profiles can be improved if multiple path are sampled simul ly, we performed additional simulations with an
adaphve ‘biasing medmd here the accelerated weight histogram (AWH) approach. Indeed, the PMFs obtained from AHW
are and ducible for the systems tested. To the best of our knowledge, our work is the first to attempt a
systematic assessment of the pitfalls in one the most widely used protacols for computing binding affinities. We anticipate therefore
that our results will provide an incentive for a critical reassessment of the validity of PMFs computed with US, and make a strong
case to further benchmark the performance of adaptive-biasing methods for computing binding affinities.

PMF

" umbrella

sampling _|

AWH




AWH is one of enhanced sampling methods

B3 pymoL www! BANDICAMYcom L/
Wiz

e Do not require for manual
“‘windows” selection

e Supports “multiwalkers”

e Dynamic update of biasing
function

e Two-stage biasing
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PMF, kj/mol

AWH: where is reproducibility? ()

Wildtype Barnase-Barstar PMF, both Single and Multiple (4) walkers
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PMF, kJ/mol

AWH: barnase/barstar mutations £\

Barnase-Barstar PMF profiles, both wildtype and mutant (3)
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= \Wildtype Barnase-Barstar mean PMF
Bamnase®®*_Barstar mean PMF

= BamaseR?#+H102A_Barstar mean PMF

= Bamase"t-Barstar?3?* mean PMF

T
2.4 2.6 2.8 3.0 3.2
RC, nm

Table V: Dissociation Coefficients of Barnase—Barstar Complexes®

AG AAG
barnase barstar K3 (M) (keal/mol)  (kcal/mol)

wild-type wild-type 6 X 10714 18.0 0.0
wild-type C40,82A 2X 1013 17.3 -0.7
R39K wild-type 4 x 1012 15.6 -2.4
R59K C40,82A 2.5x 10118 14.3 -3.7
RS%A wild-type 1.5X 10-108 133 —4.7
RS59A C40,82A 1.7x109¢ 12.0 ~6.0
H102Q wild-type 1.3 X 10-10 13.5 4.5
102Q C40,82A 1.7 X107 12.0 —6.0
102D wild-type 1.3 X 10710 13.5 —4.5
102G wild-type 6 X 109 11.2 —-6.8
H102A wild-type 7 X 109 11.1 6.9
Hl1o02L wild-type 2.5 % 108 10.4 -71.6
H102Q,R59K  wild-type 7 X 10-° 11.1 ~-6.9
H102Q,R59A  wild-type 8.7 -9.3

£CTk MHOMO BEOMPOCOE HA KOTOPEIE Y MEHA HET OTERTOE, W MOKa 3TUX
OTBETOB Y MEHSA HET, A He 3Ha PABVNEHO HYXHO Beno Bkl
MOJEeNUMPOBaTE TAKORA KOMMNeKC. ECNW CTRYKTYPHEIE M2MEHEHNA
MUHUMANEHEL, TO A Bkl MOASNMPOEAN € NOMOLLEHD MXUMAK,
noTomMy 4To oHa BygeT BelCTpes W TOUHEeE BCEro oCTansHoro. ECii
NMpoBaTe PMF, TO HYXHO OMeHb XOpOLLO pa3obpaTteca C Tem
e E3aMOAeACTENA OLIEAOT Ha PP M HACKONLKO XOpOoLWOo
Hble OTKPEITEE CUN0ELIE NOAA WX oNWceIBakoT (charmm u
BCErO HE OYeHb XOPOoLWW AN SoNBLUWHCTES
anMogeicTenii). Janslue 8 Bbl JOAro Mmogennpoean Benk
OTAENEHO

cTo BOW / A

e chenansXoTen Bkl CAenaTe. |_|C|3TCII‘J|‘J"
HUTC-TO HE CXOANTCA C
BHO, A AYyMarD, 4TO noboe
EHWE - MEl NpeAckKa3tiBaeM KONNYeTeEeHHD
A0OCTaTOYHC NAOXD

B 06Lem MOE MHEHWE - 3TO 40 CUX MOP He ABNAETCA NPOCTOA
6iN0 Bl Hennoxo ecin Bl y NK4ell 3To MHeHkre Beino

assumption that Ky
btained directly by

Hartley, 1993



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

Alchemical transformations Wild Type (WT) Mutant (Mut)

Molecular alchemy allows to transform one <} g:
molecule (part) into anotherinMDor 2 & ~
“annihilate” them @

= At the same time, energy is measured

WT Mut

. G .
. . . F Id F |d
= Transformation is guided by A: 0—1 o e

° =
Q g AGMutation o
. 2 L Unfolded N
AAGMutation | .. could be calculated: qg 5 4
1. by folding modelind (extensive) -} W =
2. More easily: comparing AGMutation_ ., and AGMutation .  ted %
Q
Mutation — Mut WT ion _ ; ®
Thermodynamics and statphysics say: this is the same! AAG F.,Lid?n';,’” - AGFOLfding AG Folding AGrotfzaetc',on AGS,L,':;EZZ O


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

Techniques of nhon-equilibrium alchemy

The work done is no less than the free energy change
between the initial and final states.

(W (1)) > AG

This work could be computed as the transformation goes
forward (Ag_,)
and backward (A\;_,)

W) A=1 BH(:E,B,A) o
(r) = A =5

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

Y-V

Serine pmx generated hybrid
amino acid

Glutamic acid

0 10 20 30 40 50

# Snapshot



Alchemy: M—I without dissociation modeli

Wild Type (WT) Mutant (Mut)
AGH "
%
©
c
3 WT Mut
8 AGBinding | AGBinding
-8 Mutati
utation
8 AGUnbound
o] N
C b
- MD Experiment
(kcal/mol) (kcal/mol)
MD 5 ns
) . . -0,04 -4,33
Mutation — Mut wT Mutat Mutat ’ ’
AAG Bi;ldiiglon - AGBirL:ding - AG Binding —_ AG Urlmjbgurlw?in - AGBO:;:, on MD 7 ns -0,05




\X/ell-Tem pered Metadynamics (WTM D) “Metadynamics is a dynamics in the

space of the CVs” [Parrinello 2006]

1. Initiation _
Potential
Position of energy =
the system surface 3
(PES) L
_ _ collective variable (CV) <
2. Simulation ~
3
, i 3
F R x(1) s i
Yol 1 4 8 o ——~ 0 400 800 1200
S “”r‘s.,:__."t Number of Gaussians Deposited
Bias potential from Original PES WTMD reduces hills height in a

metadynamics .
well-sampled regions
Metadynamics adds “hills” to the potential energy surface



Time: O ns

. Calculation details:
WTM D. KV_AOA218QXC2 =  B-walker WTMD
» 1-2 us each trajectory
= 1 month on 2xGPU node
= Additional restraints:
= @: 90° window
= Tilt: 15° window

= RMSD of toxin
= XY restraint
= Funnel potential

QosY A
VS



AG, kJ/Mol

Convergence: 1+ us needed

WTMD: realistic AAG
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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 (Al-based method to search optimal CVs)
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