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From idea to realisation: A computational microscope
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Quantum

- atoms, electrons and electron
clouds included

- explicit solvent
- quantum mechanics

All-atom

- all atoms present

- explicit solvent

- molecular dynamics

Coarse-grained
- beads grouping few atoms

B - explicit/implicit solvent

- molecular dynamics

Supra-coarse-grained
- interaction sites comprising
many atoms, protein parts
or proteins
- implicit solvent
- stochastic dynamics

Continuum

- materials as a continuous mass
- implicit solvent

- continuum mechanics
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From idea to realisation: A computational microscope

Theoretical and Computational

Recent Advances in Computational Modelling of Biomolecular

Complexes
Poblete S, Pantano S, Okazaki K-i, Liang Z, Kremer K and Poma AB* (2023), Editorial: Recent advances in

computational modelling of biomolecular complexes. Front. Chem. 11:120041

Overview  Articles *  Authors impac

@ Membrane Proteins
Cytosolic Proteins.

>~6B atoms

JCVI-syn3A cell
(~ 110 of E. coli size)

Stevens JA et al. (2023), Molecular dynamics simulation of an entire cell. Front. Chem. 11:1106495.
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From idea to realisation: A computational microscope

mistry > Theoretical and Computational .. > Research Topics >

Recent Advances in Computational Modelling of Biomolecular
Complexes

Poblete S, Pantano S, Okazaki K-i, Liang Z, Kremer K and Poma AB* (2023), Editorial: Recent advances in
computational modelling of biomolecular complexes. Front. Chem. 11:1200409.

Overview  Articles *  Authors impact

@ Membrane Proteins
Cylosolc Proteins
Chromosome

@ Ribosomes

@ etaboi

CG beads
~60K proteins

~500 ribosomes

~500kbp DNA
>~6B atoms

~1.3M lipids
~14M ions

~500M water

~600M

JCVI-syn3A cell
(~ 110 of E. coli size)

Stevens JA et al. (2023), Molecular dynamics simulation of an entire cell. Front. Chem. 11:1106495.
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Go-like Approach

Developed in collaboration with Prof. M. Cieplak (1950-2021) and Dr. M. Chwastyk at IFPAN.

\
vdW radius

V(r)/e

_2 1 1 1 1

PDB: 1L2Y

o Calculate atomic overlap between N,C and O atoms
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Go-like Approach

Developed in collaboration with Prof. M. Cieplak (1950-2021) and Dr. M. Chwastyk at IFPAN.

|
vdW radius |
\@ |
: 2 \
w {
b \
= \
N
> -~ |
O b
GLN
_2 I L L L L
3 4 5 6 7/ 8
PDB: 1L2Y r [A]
o Calculate atomic overlap between N,C and O atoms
o 0y calculated based on rmin = d(|Cf* — C%|) such 045 = Tmin/21/6
- 12 6 ) .
Unative = li\g)ﬁg;d(krv k(?vko)JFZﬁ?l 4¢ [(%) _ (%) ] and Upnon—native = Zi\i(;'\’ 4¢ (77:17,]"
o Determine contacts using OV and rCSU (See http://pomalab. ippt.pan.pl/GoContactMap ).
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Go-like Approach

Reparametrizing € and stiffness constants (i.e. k,, kg and kg) for protein-sugar complex [Al].

All-atom sl Coarse-Grained

Polysaccharide
6(Manose)

(Go-like model)
[A1] A. Poma et. al., J. Phys. Chem. B, 119(36), 12028-12041 (2015)
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Go-like Approach

Reparametrizing € and stiffness constants (i.e. k., kg and kg) for protein-sugar complex [Al].

All-atom Coarse-Grained

r 29
[a] i [yl [s

Stiffness parameters
(kr, ke and kg)

Energy
scale (€)
6-TRP

PDB id: 1HDN

[A1] A. Poma et. al., J. Phys. Chem. B, 119(36), 12028-12041 (2015)
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Go-like Approach

Results

[1] Define, Vce(q)=kq(g-do)? and perform CG-MD
[2] Employ iterative Boltzmann Inversion method (Moore et al 2014)

V*iee =V + KeT IN[Pca(Q)/Prer(a)], Pw(q) is the atomistic distribution
[3] Get Pcs(q) and improve the form of Vcs(q) — finally get a converged kq

Molecular Stiffness

Sugar Protein
se— ] 400

2 U=V 300} Bostrand a-helix B
cellohexaose 410 x 24 _ 200 P . - 2oty
mannohexaose 290 +22 [kealimoVA%] 100 > - N b =
amylohexaose 234 £ 18
cellohexaose'® 1008 + 32 0 © Bl — |
A eelilage 115.68 ~1/5 3001 B-strand oa~helix EB == |
OR cellulose 21931 kg 200
CE cellulose 368.10 [keal/mol/rad”] 100 - / 1
cellulose 179.92 o Bl —— |

L 150} B-strand 1

0 ky [keal/mol/rad?’ kw 100 1
cellohexaose 401 £ 34 [keal/mol/rad®] 50 2
mannohexaose 27.9 + 44 0 ke z

130 135 140 145 150 155 160

amylohexaose 171 £ 3.1 Residue number
cellohexaose™® 405 + 3.1
AM cellulose 127.53
OR cellulose 401.52
CE cellulose 51625
cellulose 212.00

Moore, T. C., et al. (2014). J. Chem. Phys. 140(22), 06B606_1
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GoMartini Approach

Biomolecular simulation is challenging because of the different biomolecules and multitude of
spatial and temporal scales involved. CG models replace atomistic detail with lower resolution
models and allow to reach large length and time scales.

J‘ :’ A& ¥
TF bonds
= Large number 3
of applications A3
however all
limited to =
native protein Q .
state

Membrane Transition DNA-protein
curvature 1p — 111, complex
2007 2008 2009 2015
/
t } —r f—t—,
MARTINI 2.0
[1] S.J. Marrink et al. JPCB 111, 7812 (2007) [3] C.A. Lopez et al. JCTC 5, 3195 (2009)
[2] L. Monticelli et al. JCTC 4, 819 (2008) [4] J.J. Uusitalo et al. JCTC 11, 3932 (2015)
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GoMartini Approach

Biomolecular simulation is challenging because of the different biomolecules and multitude of

spatial and temporal scales involved. CG models replace atomistic detail with lower resolution
models and allow to reach large length and time scales.

LiPiD' Jll PROTEIN? |l SUGAR’| [ DNA|
et

A Poma et al. JCTC, 2017

5 | Proteiniid

s

Thatmar o o Bicphys. . 201,
681446

C
P Souza e . Naure Comerun. 2020
wand

Large number
of applications

P "+ Allosteric via Mutations
i)
however all <
limited to £
native protein ’
Membrane Transition DNA-protein
curvature 1p — 111, complex
2007 2008 2009 ,/ 2015 o 2020 ‘
T T T 7 T T T T T >
MARTINI 2.0
[1] S.J. Marrink et al. JPCB 111, 7812 (2007)

[3] C.A. Lopez et al. JCTC 5, 3195 (2009)
[2] L. Monticelli et al. JCTC 4, 819 (2008)

[5] A.B Poma et al. JCTC 13, 1366 (2017)
[4] J.J. Uusitalo et al. JCTC 11, 3932 (2015)
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GoMartini Approach

Biomolecular simulation is challenging because of the different biomolecules and multitude of

spatial and temporal scales involved. CG models replace atomistic detail with lower resolution
models and allow to reach large length and time scales.
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[5] A.B Poma et al. JCTC 13, 1366 (2017)
[4] J.J. Uusitalo et al. JCTC 11, 3932 (2015)
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GoMartini Approach

Biomolecular simulation is challenging because of the different biomolecules and multitude of
spatial and temporal scales involved. CG models replace atomistic detail with lower resolution

models and allow to reach large length and time scales.

- Protein-lipid
\ s
¢l

¥ o . Tamar ot o By, . 2019,
T16.8) 1048

* Nanomechanics

o K|

Large number
of applications
however all
limited to

R Morera, . Bakr ot o Springer

proTEINS
A Poma et al. JCTC, 2017

NI

) GOMARTINI philosophy

« Protein-ligand

P Souza et o, Natr Comemun. 2020
mams

e e
NA | SUGAR

S Determine contact map (CM)
from PDB structure using vdW

*_ radii or dynamic CM via MD.
#  %Find optimal interaction
centres (P, C1',.)

*Choose the right V(r) eg.
LI(12.6), LI(12,10),..

native protein Protocal 22
st “ HTune the energy scale based
Membrane Transiti DNA-proteis
curvature i i a2 on mechanical AFM experiment
2007 2008 2009 2015 , - 2018 2019 _
t 4 e eyt t t r—b>
MARTINI 2.0 MARTINI 3.0¢

[3] C.A. Lopez et al. JCTC 5, 3195 (2009)
[4] J.J. Uusitalo et al. JCTC 11, 3932 (2015)

[1] S.J. Marrink et al. JPCB 111, 7812 (2007)
[2] L. Monticelli et al. JCTC 4, 819 (2008)

[5] A.B Poma et al. JCTC 13, 1366 (2017)
[6] P. Souza et al. Nature Methods 18, 382 (2021)
[AS5] R. Moreira, S.A. Weber, A.B. Poma. Molecules, 27(3), 976 (2022)
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GoMartini Approach

Mapplng Scheme Type of CG particles

_ Types Subtypes (HB)
= donor
Polar (p) a = acceptor
Non Polar (N) da =both
Apolar (C)

water benzene Charged (Q) P(Ieu%?oes%f‘igPh;)Iarity

All-atom model CG model

Note: for ring-like structure is defined a new type called “S”.

19/54



GoMartini Approach

Mapplng Scheme Type of CG particles

_ Types Subtypes (HB)
= donor
Polar (p) a = acceptor
Non Polar (N) ga zﬁg‘n"e
Apolar (C)

wa{er benzene Charged (Q) ?&gﬁ)es(::igph;)larity

All-atom model CG model

Note: for ring-like structure is defined a new type called “S”.

Martini Force-Field

U = Uponded+
12 NAT 12 6
SN S | (22) - (22) | | (22) - (22)
k2
i<i 47r506r917‘” i<i g Tij Tij i<y Tij Tij
Electrostatics between Typical effective size of Go-like model defined
charged (Q) particles is particle o ~ 0.47nm (rings between C, atoms.
mediated by Coulomb bead 4.3A) and the energy
interaction with explicit strength ranges from
sreening e =2—5.6 kJ/mol.
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Biotechnological relevance of cellulose

Interconversion of Native Cellulose |

- Biofuels
Cellulose IB - BioPlastics
0.1 NaOH, at via

260-280°C enzymapic
Mercerization: degradation
- 18% NaOH - Films
Native Cellulose PSS Cellulosell B e
I((X/B) Regeneration iber prod.
- Acetates
- Wood I - ) - Esters
- Cf?t?on Liquid Amonia (NHs) (cosmetics,
- Linen Cellulose IIII hair care)
- Agro-waste
products
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Biotechnological relevance of cellulose

Interconversion of Native Cellulose |

- Biofuels
Cellulose IB - BioPlastics
0.1 NaOH, at via -
enzymatic

260-280°C t
degradation

Mercerization:
. o e
Native Cellulose [FII-C:NNSE Cellulosell Fiims
I((X/B) Regeneration - Fiber prod.
- Acet_ates
- Wood o ) (plastics)
- Cotton I Liquid Amonia (NHs) - Esters
- Linen Cellulose IIII (cosmetics,
- Agro-waste hair care)
products
- ete Computational Study (Bellesia et al.
J. Phys. Chem. B, 116 (28), pp 80318037, (2012)
3.0] pe
25| . L
e . ,
- e T
// AGusip~ 3 Cellulose III;
- limited to small
S conformational
Celluloselﬁ 00 01 02 03 04 05 06 07 08 09 10 MLS
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Molecular Structure of Cellulose |

Energetic and Structural Stability [A2]

[A2] Poma, A. B., Chwastyk, M., Cieplak, M. Cellulose, 23(3), 1573-159 (2016)
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CG Model of Cellulose

Energetic and Structural Stability [A2]

Explicit: all-atom

Chain 1 Chain 2

Intrachain HB ==
O3-H--- 05 43%
02-H--- 06 46%

Interchain HB ===
06-H- - - 03 14%

Intersheet HB m==m
C2-H---03 4%
C3-H---02 2%
Cl-H---06 3%
C5-H---01 2%

CG: IB with C4

Effective Lennard-Jones
coupling(g[kcal/mol])

kr(intrachain) 103
k6 364
ko 4

Interchain == 7.4
Intersheet ==== 23
Intersheet == 3.0

[A2] Poma, A. B., Chwastyk, M., Cieplak, M. Cellulose, 23(3), 1573-159 (2016)
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CG Model of Cellulose

Energetic and Structural Stability [A2]

Explicit: all-atom

Chain 1 Chain 2

Intrachain HB ===
O3-H--- 05 40%
02-H--- 06 43%
Interchain HB ==
06-H--- 03 12%

Intersheet HB mmm
C2-H---03 3%
C3-H---02 1%
Cl-H---06 2%
C5-H---01 1%

CG: la with C4

Effective Lennard-Jones

coupling(g[kcal/mol])
kr(intrachain) 102
k6 360
ko 4

Interchain == 7.3
Intersheet ==== 19
Intersheet == 2.5

[A2] Poma, A. B., Chwastyk, M., Cieplak, M. Cellulose, 23(3), 1573-159 (2016)
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CG Model of Cellulose
Coexisting (/) crystalline phases [A2]

.08
.06
.08
0.02

\ pure phase = Interface m pure phase /
- -
-

Io ‘e s Ip

[A2] Poma, A. B., Chwastyk, M., Cieplak, M. Cellulose, 23(3), 1573-159 (2016)
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CG Model of Cellulose
Coexisting (/) crystalline phases [A2]

o.08
0.06 |

[A2] Poma, A. B., Chwastyk, M., Cieplak, M. Cellulose, 23(3), 1573-159 (2016)
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CG Model of Cellulose
Coexisting (/) crystalline phases [A2]

008
.06 I

\ pure phase = Interface u pure phase /
- -

Slwm s Is

Ia

[A2] Poma, A. B., Chwastyk, M., Cieplak, M. Cellulose, 23(3), 1573-159 (2016)

Structural evidence that
IB phase is minima in free
energy, can we estimate the

difference in AF ?
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CG Model of Cellulose
Coexisting (/) crystalline phases [A2]

\ pure phase = Interface u pure
- -

Interface 13

"All-atom

35 37 39 11 13 15

Monomer Number

[A2] Poma, A. B., Chwastyk, M., Cieplak, M. Cellulose, 23(3), 1573-159 (2016)
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CG Model of Cellulose

Amorphous state during interconversion of lav —I3 at RT [A2]
Energy difference says that Ens <E,
Amorphous

+about 28 HB

Amorphous
! VTS,
1 <E> = -807.3¢

L\ bt 26041

t,,~2.3£0.21 \
\)
1
1
‘ 1

! VB> = -976.8¢  With Thermodynamics

Ly R B - 1368 Ae—[tegration we found that

< > = .8E
<Eg> = -1113.6&____1____ AF, - F, >1.5 keal/mol
~about 27 HB «
IB :e= 1 keal/mol, E,,~ § keal/mol

(in agreement with experiments
Goldberg et al.

J. Chem. Ther. 81:184-226 (2015,
[A2] Poma, A. B., Chwastyk, M., Cieplak, M. Cellulose, 23(3), 1573-159 (2016)

31/54



Molecular Insights into Self-assembly Process of Cellulose

Initial stage (t=0 ns)

Oligomer

Microfibril

[A4] Thu, T. T. M., Moreira, R. A., Weber, S. A., Poma, A. B. Int. J. Mol. Sci., 23(15), 8505 (2022)
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Molecular Insights into Self-assembly Process of Cellulose

Final stage

Oligomer

Atomic Fluctuations
20-mers

6-mers

RMSF (nm)

Y2 4 6 8 1012 1416

2 3 4
Residues Index Residues Index

[A4] Thu, T. T. M., Moreira, R. A., Weber, S. A., Poma, A. B. Int. J. Mol. Sci., 23(15), 8505 (2022)

5

20

(KJ/moly

Energetic Fluctuations

6-mers 20-mers

0

-100}

150

~ai der Wasls

30

2030 40 30 60 05
“Time (ns)

0 30 40
Time (ns)

Hydrogen bonds

30

OH-** O CoH* O OnH O CoH On
03-H---06 O2H---03 C2H---03
06H:--02 O6H---02 C1H---06
O2H:--06 O2H:--06 C5H---06
06-H---03 04H---06 C2H---04
O3H---06 C2H---04
O2H--04
O6H:--06
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Continuum Mechanics at the Nanoscale

AFM-indentation

Compliance curve
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Continuum Mechanics at the Nanoscale

Elastic Theory (Hertz 1882)

AFM-indentation

Applied for an elastic half-space,
homogeneous and frictionless
material.

The theory predicts:
4Y* RI/ZhS/Z
= f

With Y as the elastic modulus
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nature

The breakdown of continuum models for
mechanical contacts
‘Binquan Luan & Mark 0. Robbins &

Hoture 435,25-532 (16 June 2005)  Download Ctaton ¢

Abstract

Forces acting within the area of atomic contact between surfaces play a
‘Gentral role in friction and adhesion. Such forces are traditionally
calculated using continuum contact mechanics', which is known to
break down as the contact radius approaches atomic dimensions. Yet
ontact mechanics is being applied at ever smaller lengths, driven by

Continuum Mechanics at the Nanoscale

Friction laws at the nanoscale
-

i Mo, Kein . Turner kzabela Seufarska

Nature 487,1116-1119 (26 February 2009)  Download Citation &

Abstract

Macroscopic laws of friction do not generally apply to nanoscale
nanoscale friction experiments*57, We demonstrate that the
breakdown of continuum mechanics can be understood as a result of

the rough (multi-asperity) nature of the contact, and show that

roughness theories** of friction can be applied at the nanoscale.
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Continuum Mechanics at the Nanoscale

e

Letter | Published: 26 Febuary 2009

Friction laws at the nanoscale

The breakdown of continuum models for Yifei Mo, Kevin T Turmer klzabela Szlufarska @
mechanical contacts Noture 457, 1116-1119 (26 February 2009)  Download Citation &
inguan Luan & rko, Robins @
Noture 435,929-532 (16 June 2005) | Download Citation & Abstract
Macroscopic laws of friction do not generally apply to nanoscale
Abstract

nanoscale friction experiments* 557, We demonstrate that the
breakdown of continuum mechanics can be understood as a result of
the rough sperity) nature of the contact, and show that

roughness theories®" " of friction can be applied at the nanoscale.

Forces acting within the area of atomic contact between surfaces play a

Gentral role in friction and adhesion. Such forces

calculated using continuum contact mechanics', which is known to

the contact di Yet

contact mechanics is being applied at ever smaller lengths, driven by

/' — Indenter: far from

AFM tip = i
F spherical geometry,
=~ =\ roughness,..

Sample: highly
inhomogeneous,
s, amorphous,

Nanoindentation of bacteriophage capsid. Taken from
WH. Roos et a:. Gell Mol. Life Sci.64. 1484. 2007
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Continuum Mechanics at the Nanoscale

e

- Friction laws at the nanoscale
The breakdown of continuum models for e Mo, Kein T Tumer &zabel Slfasia ®
mechanical contacts ‘Noture 457, 1116-1119 (26 February 2009) | Download Citation &
Sinquan Luan &k, Robins

Noture 435,929-532 (16 June 2005) | Download Citation & Abstract

Macroscopic laws of friction do not generally apply to nanoscale

Abstract 567
nanoscale friction experiments* 557, We demonstrate that the
breakdown of continuum mechanics can be understood as a result of

Forces acting within the area of atomic contact between surfaces play a
the rough sperity) nature of the contact, and show that
Gentral role in friction and adhesion. Such forces y o theoriect 0 [P— :
calculated using continuum contact mechanics', which is known to roughness theories o friction can be applied at the nanoscale.
the contact di Yet

contact mechanics s being applied at ever seale lengls, driven by
AFM tip/ R T Indenter: far from ‘
* F spherical geometry,
= A roughness,.. Design computer simulation

Aims
Sample: highly . .
inhomogeneous, Validate the continuum model

impurities, amorphous,

Ideal Experimental conditions

Nanoindentation of bacteriophage capsid. Taken from
WH. Roos et a:. Gell Mol. Life Sci.64. 1484. 2007
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Nanomechanics of Amyloid Fibrils

length > ~pm

length > ~500nm
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Nanomechanics of Amyloid Fibrils

length > ~500nm

|Aggregati0n rate: Tp> erpJ
42 40

C) 140 residues

AB. (P8 i 2LMO)

==

a-syn (PDB id: 2NOA)

-

>

|

(W
i

i
4

0

41/54



Nanomechanics of S-Amyloid Fibrils

Kouza M. et al. (J. Chem. Phys. 148, 215106 (2018)) proposed that in AQ:

“The higher the mechanical stability the faster the fibril formation takes places”.

© Can we capture energetic
“% difference between AB49 and
pe § APy within the CG model?
a @ Can we validate the
om0 mechanical stabiity and
Pl fibrils formation correlation

within the CG model?

£00°600 8001000 1200 T400 7600 T800'2000
Force (kJ/molinm)

All-atom simulation of unbinding forces. Histograms clearly
show that the force peak moves toward higher values for A2
compared with AB4¢ (Taken from Kouza et al.)
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Nanomechanics of $-Amyloid Fibrils

We have explore five A3 and one a-syn fibrils in the CG model [A3]

Elastic moduli

Tensile (Y,)/PDBid___ Symmetry __ ABs Abi asyn
2LMO 2fold  1.6+0.1
2MJ4 3fold 3101
2MVX 2fold  15+0.1
50QV 2-fold 20402
2NAO 2-fold 27402
2NOA - 23402
Avg (GPa) - 20 24 23
Exp - —— - ——
Shear (S)/PDB id
2LMO 2fold  06+03
2MJ4 3fold  12+£02
2MVX 2fold  0.4+0.1
50QV 2-fold 13402
2NAO 2-fold 18401
2NOA - 0.7+0.2
Avg (GPa) - 07 2.2 23
Exp - 0.1=0.02 - —
Tndentation (Y1)/PDB id
2LMO 2fold  3.0+01
M4 3fold  6.0+0.2
2MVX 2fold  5.0+0.1
50QV 2-fold 70£03
2NAO 2-fold 16.0 0.4
2NOA - 13.0 0.1
Left side shows tensile, middle panel shearing, and right panel Avg (GPa) 11.0 13.0

32408 22406

indentation processes. Exp -
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Nanomechanics of $-Amyloid Fibrils

We have explore five A3 and one a-syn fibrils in the CG model [A3]
Elastic moduli

a)
Tensile (Y1)/PDB id__ Symmetry __ ABu Abn a-syn
2fold 16401
2MJ4 3fold 31401
2MVX 2fold 15401
50QV 2-fold 20402
2NAO 2-fold 27402
2NOA - 23402
Avg (GPa) = 20 24 23
Exp - — — —
Shear (S)/PDB id
2LMO 2fold  06%03
M4 3old 12402
2MVX 2fold 04401
50QV 2-fold 13402
2NAO 2-fold 18401
2N0A - 0.7402
Avg (GPa) = 07 22 23
Exp - 012002 —— —
Tndentation (Y1)/PDB id
2LNO 2fold  30%01
M4 3old 60402
2MVX 2fold  5.0%0.1
50QV 2-fold 70+0.3
2NAO 2-fold 16004
2N0A - 13.0+0.1
Left side shows tensile, middle panel shearing, and right panel
Exp - = 32408 22%06

indentation processes.

We found by simulations that Af42 is mechanically more stable than AB4o and BA fibrils
present a mechanical anisotropy.

[A3] A. Poma, et. al., Phys. Chem. Chem. Phys. 19, 28195 (2017)
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Summary

@ Biomolecular simulation is now feasible at large length and time scales quite
close to in vitro cell experiments. Certainly it will serve as the computational
microscope to observe biophysical responses in complex systems under
non-equilibirum conditions (e.g. mechanical or thermal induced processes).

@ The GoMartini approach is a very powerful tool for the simulation of large
conformational changes in biomolecular complexes.

© Biomechanics of biological fibrils at the nanoscale can be studied by the
coarse-grained MD simulations.

@ We showed that in fibrils composed by SA exists a high degree of anysotropy

in terms of the elastic moduli (i.e. Tensile vs indentational) and it depends
on the direction of deformation.
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GoMARTINI applications for biomolecular

1z

GoMartini pathways
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GoMARTINI applications for biomolecular complex

GoMartini pathways
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