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From idea to realisation: A computational microscope

  

All-atom
- all atoms present
- explicit solvent
- molecular dynamics

Coarse-grained
- beads grouping few atoms
- explicit/implicit solvent
- molecular dynamics
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From idea to realisation: A computational microscope

  

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.

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

~6B atoms

JCVI-syn3A cell 
(~ 1/10 of E. coli size)
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From idea to realisation: A computational microscope

  

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.

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

~60K proteins 

~500 ribosomes

~500kbp DNA

~1.3M lipids
~14M ions

~500M water

~6B atoms

JCVI-syn3A cell 
(~ 1/10 of E. coli size)

CG beads

~600M
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Gō-like Approach

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

Reparametrizing ϵ and stiffness constants (i.e. kr, kθ and kϕ) for protein-sugar complex [A1].

  

Polysaccharide 
6(Manose)

All-atom Coarse-Grained

What 
representation?

Cα 
(Gō-like model)

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

Reparametrizing ϵ and stiffness constants (i.e. kr, kθ and kϕ) for protein-sugar complex [A1].

  

Coarse-GrainedAll-atom 

PDB id: 1HDN

Energy 
scale ( )ϵ

Stiffness parameters
 (kr, kθ and kϕ)

r

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

  

Results 

Vi+1
CG =Vi + kBT ln[PCG(q)/Pref(q)], Pref(q) is the atomistic distribution

[1] Define, VCG(q)=kq(q-q0)2 and perform CG-MD

[2] Employ iterative Boltzmann Inversion method (Moore et al 2014)

[3] Get PCG(q) and improve the form of VCG(q) → finally get a converged kq

Molecular Stiffness
Sugar Protein

~1/5 

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

 [6] P. Souza et al. Nature Methods 18, 382-388 (2021)
[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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GōMartini Approach

  
 [6] P. Souza et al. Nature Methods 18, 382-388 (2021)

[1] S.J. Marrink et al. JPCB 111, 7812 (2007) [3] C.A. Lopez et al. JCTC 5, 3195 (2009) [5] A.B Poma et al. JCTC 13, 1366 (2017)
[2] L. Monticelli et al. JCTC 4, 819 (2008) [4] J.J. Uusitalo et al. JCTC 11, 3932 (2015)

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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[2] L. Monticelli et al. JCTC 4, 819 (2008) [4] J.J. Uusitalo et al. JCTC 11, 3932 (2015) [6] P. Souza et al. Nature Methods 18, 382 (2021)

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.   

[A5] R. Moreira, S.A. Weber, A.B. Poma. Molecules, 27(3), 976 (2022)
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GōMartini Approach

  

Mapping Scheme

4:1 2:1
water benzene

     Types 

Polar (P)
Non Polar (N)

Apolar (C)
Charged (Q)

Subtypes (HB)Subtypes (HB)
d = donor
a = acceptor
da = both 
0 = none

Degree of PolarityDegree of Polarity
1 (low) to 5 (high)

Type of CG particles 

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

ASN

TRP

PHEVAL

LYS

LYS

GLN

ASN
ASP P5

SP 1

4(SC  )2

C
  2

Q  d

C 3

P4
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Q  a

4(SC  )3

All-atom modelAll-atom model CG modelCG model

Martini Force-Field

U = Ubonded+∑
i<j

∑
j

qiqj

4πε0εrelrij
+

∑
i<j

∑
j

4εij

[(
σij
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)12

−
(
σij

rij

)6
]
+

NAT∑
i<j

4ϵ′

[(
σij

rij

)12

−
(
σij

rij

)6
]

Electrostatics between
charged (Q) particles is
mediated by Coulomb
interaction with explicit
sreening

Typical effective size of
particle σ ∼ 0.47nm (rings
bead 4.3Å) and the energy
strength ranges from
ε = 2− 5.6 kJ/mol.

Gō-like model defined
between Cα atoms.
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Biotechnological relevance of cellulose

  

 I( /α β) Cellulose II

Cellulose IIII

Mercerization: 
18% NaOH

Liquid Amonia (NH3)

Regeneration

  Interconversion of Native Cellulose IInterconversion of Native Cellulose I
Cellulose Iβ

0.1 NaOH, at 
260-280  C○

Native Cellulose
- Wood
- Cotton
- Linen
- Agro-waste         
   products

- Films
- Fiber prod.
- Acetates 
- Esters 
(cosmetics,
hair care)

- Biofuels
- BioPlastics 

via          
   enzymatic   
 degradation
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 I( /α β) Cellulose II

Cellulose IIII

Mercerization: 
18% NaOH

Liquid Amonia (NH3)

Regeneration

  Interconversion of Native Cellulose IInterconversion of Native Cellulose I
Cellulose Iβ

0.1 NaOH, at 
260-280  C○

Native Cellulose
- Wood
- Cotton
- Linen
- Agro-waste         
   products
- etc

  0.0   0.1    0.2    0.3    0.4    0.5    0.6   0.7    0.8   0.9    1.0

3.0

2.5

2.0

1.5

1.0

0.5

0.0

   ∆G 
(Kcal/mol)

Cellulose Iβ

Cellulose IIII ∆GIII->Iβ~ 3 

Computational Study (Bellesia et al. 
J. Phys. Chem. B, 116 (28), pp 8031–8037, (2012)

- limited to small 
conformational 
changes

- Films
- Fiber prod.
- Acetates 
(plastics)
- Esters 
(cosmetics,
hair care)

- Biofuels
- BioPlastics 

via          
   enzymatic   
 degradation
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Molecular Structure of Cellulose I

Energetic and Structural Stability [A2]

  

c-axis

Iβ:= Monoclinic (α ≠ 90 ) Iα:= Triclinic (α,β,γ≠90 )

[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 CG: Iβ with C4

   Intrachain HB
  O3-H· · · O5   43%
  O2-H· · · O6   46%

   Interchain HB
 O6-H· · · O3   14%

  Intersheet HB
C2-H· · · O3   4%
C3-H· · · O2   2%
C1-H· · · O6   3%
C5-H· · · O1   2%

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

kr(intrachain) 103
kθ 364
kφ 4
Interchain  7.4
Intersheet  2.3
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 CG: Iα with C4

   Intrachain HB
  O3-H· · · O5   40%
  O2-H· · · O6   43%

   Interchain HB
 O6-H· · · O3   12%

  Intersheet HB
C2-H· · · O3   3%
C3-H· · · O2   1%
C1-H· · · O6   2%
C5-H· · · O1   1%

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

kr(intrachain) 102
kθ 360
kφ 4
Interchain  7.3
Intersheet  1.9
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 I(α/β) crystalline phases [A2]

  

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

Coexisting I(α/β) crystalline phases [A2]

  

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

difference in ΔF ?

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

Coexisting I(α/β) crystalline phases [A2]

  

All-atom

All-atom

[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 Iα →Iβ at RT [A2]

  

Amorphous 

Amorphous

Energy difference says that  E
Iβ
 < E

Iα

~about 27 HB

:ε= 1 kcal/mol, E  ~ 5 kcal/mol hb

~about 28 HB

With Thermodynamics 
Integration we found that  
ΔF

Iβ
- F

Iα
>1.5 kcal/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)
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Molecular Insights into Self-assembly Process of Cellulose

  

Final stage (t>t0)

Initial stage (t0=0 ns)

[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

Atomic Fluctuations
6-mers 20-mers

Energetic Fluctuations

6-mers 20-mers

20-mers
 OnH  O⋯ m  CnH  O⋯ m

O2H O3⋯ C2H O3⋯

O6H O2⋯ C1H O6⋯

O2H O6⋯ C5H O6⋯

O4H O6⋯ C2H O4⋯

O3H O6⋯ C2H O4⋯

O2H O4⋯

O6H O6 ⋯

Hydrogen bonds

6-mers
 OnH  O⋯ m  CnH  O⋯ m

O3-H O6⋯

O6H O2⋯

O2H O6⋯

O6-H O3⋯

[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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Continuum Mechanics at the Nanoscale

  

AFM-indentation

Compliance curve

h

δz

z
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Continuum Mechanics at the Nanoscale

  

AFM-indentation Elastic Theory (Hertz 1882) 

Compliance curve

With Y as the elastic modulus

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

The theory predicts:                     

h

δz

z
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Continuum Mechanics at the Nanoscale
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Continuum Mechanics at the Nanoscale

Nanoindentation of bacteriophage capsid. Taken from 
W.H. Roos  et a;, Cell Mol. Life Sci.64, 1484, 2007.

Indenter: far from 
spherical geometry, 

roughness,..

Sample: highly 
inhomogeneous, 

impurities, amorphous,
…
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Continuum Mechanics at the Nanoscale

Nanoindentation of bacteriophage capsid. Taken from 
W.H. Roos  et a;, Cell Mol. Life Sci.64, 1484, 2007.

Indenter: far from 
spherical geometry, 

roughness,..

Sample: highly 
inhomogeneous, 

impurities, amorphous,
…

What if?

Design computer simulation

Validate the continuum model

Aims

Ideal Experimental conditions
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Nanomechanics of Amyloid Fibrils

  

Aβ fibril

length > ~500nm

length > ~μm Fibril axis
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Nanomechanics of Amyloid Fibrils

  

Aβ fibril

length > ~500nm

length > ~μm Fibril axis

IA
42

  

a) b) c)

z

1nm

Aβ
40 

(PDB id: 2M4J)Aβ
40 

(PDB id: 2LMO) α-syn
 
(PDB id: 2N0A)

140 residues

Aggregation rate: τ
Aβ 

> 2τ
Aβ

42              40
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Nanomechanics of β-Amyloid Fibrils

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

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

All-atom simulation of unbinding forces. Histograms clearly
show that the force peak moves toward higher values for Aβ42
compared with Aβ40 (Taken from Kouza et al.)

1 Can we capture energetic
difference between Aβ40 and
Aβ42 within the CG model?

2 Can we validate the
mechanical stabiity and
fibrils formation correlation
within the CG model?

42 / 54



Nanomechanics of β-Amyloid Fibrils

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

  

a)

b)

c)

Left side shows tensile, middle panel shearing, and right panel
indentation processes.

Elastic moduli
Tensile (YL)/PDB id Symmetry Aβ40 Aβ42 α-syn

2LMO 2-fold 1.6± 0.1
2MJ4 3-fold 3.1± 0.1
2MVX 2-fold 1.5± 0.1
5OQV 2-fold 2.0± 0.2
2NAO 2-fold 2.7± 0.2
2N0A – 2.3± 0.2

Avg (GPa) – 2.0 2.4 2.3
Exp – −− −− −−

Shear (S)/PDB id

2LMO 2-fold 0.6± 0.3
2MJ4 3-fold 1.2± 0.2
2MVX 2-fold 0.4± 0.1
5OQV 2-fold 1.3± 0.2
2NAO 2-fold 1.8± 0.1
2N0A – 0.7± 0.2

Avg (GPa) – 0.7 2.2 2.3
Exp – 0.1± 0.02 −− −−

Indentation (YT)/PDB id

2LMO 2-fold 3.0± 0.1
2MJ4 3-fold 6.0± 0.2
2MVX 2-fold 5.0± 0.1
5OQV 2-fold 7.0± 0.3
2NAO 2-fold 16.0± 0.4
2N0A – 13.0± 0.1

Avg (GPa) – 5.0 11.0 13.0
Exp – −− 3.2± 0.8 2.2± 0.6

We found by simulations that Aβ42 is mechanically more stable than Aβ40 and βA fibrils
present a mechanical anisotropy.

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

1 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).

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

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

4 We showed that in fibrils composed by βA 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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GōMARTINI applications for biomolecular complex

  

GōMartini pathways

Anticalin center-of-mass

[11] Z. Liu, R. Moreira, A. Dujmović, H. Liu, B. Yang, A. B. Poma, and M. A. Nash, Nano Letters 22(1), 179 (2021).

48 / 54
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