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High-Performance
Implemantation

GENESIS

Generalized-ansembla simulation system

Led by Dr. Yuji Sugita

 Developments: A User-Friendly, High-Performance CG MD Software.

C.Tan et al. JCP, 2020; PLoS Comput. Biol., 2022. J. Jung, C.Tan, Y. Sugita, in revision, 2024.

« Applications: A Comprehensive Exploration of the Regulation of LLPS.
C.Tan, A. Niitsu, Y. Sugita, JACS Au, 2023.



Liquid-Liquid Phase Separation (LLPS) in Biology
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Physics
What is LLPS? 85381

Olive oil with Balsamic Vinegar

Wikipedia, by Leon Brocard
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Brangwynne CP, Hyman AA, et al. 2009 Science
Banani et al. 2017 Nature Rev. Mol. Cell Biol.

Same thing, different names:
“droplet”, “condensate”, “granule”, “membraneless organelle”



Biological Problem: Condensation Regulation

= “Good” phase separation “Bad” phase separation A. Prasad et al. 2018, Front. Mol. Neurosci
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Question 1: What'’s the driving force of the passive regulation?
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Theoretical Frameworks of Biomolecular LLPS

“Stickers-and-spacers”

Falded prateins ~ ChOI et al. 2020 Annu Rev Biophys
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Banani et al. 2016 Cell

Clients are not always facilitators ruff et ar. 2021 PNAS

Most existing theories only talk about attractive interactions!

Question 2: What's the role of repulsive interactions
in the regulation of LLPS?
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Multi-scale Simulations of Biomolecular Systems

Task of MD: numerically solving Newton’s equations of motion all-atom mode! caarse-grainsd mode)

MX(t) = -VUX) + f(X, X)

Potential energy U(X) determines accruracy and efficiency.

Length

mesoscale

:{ ok

o M)

u:narse-gramed

computational speed l f

A. Kolinski et al. 2016, Chem. Rev.; S Takada et al. 2015 Accounts Chem. Res.
Choose a suitable model for target system

Liquid-Liquid Phase Separation
(LLPS)

* Length-scale: 0.1-10pm

* Time-scale: ms-s

*  Number of proteins: 103-10°

fs ps ns

Adapted from A. Kolinski et al. 2016, Chem. Reuv. C.D. Crowe et al. 2018, Interface Focus
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Popular Coarse-grained Models for Biomolecules

Residue-level coarse-graining: ~10 atoms / CG particle

- 1 bead / amino acid
* Protein: AICG2+ e o |

W. Li et al. 2014, PNAS.

* DNA: 3SPN.2C

G. Freeman et al. 2014, JCP.

* RNA: Go-like

N. Hori et al. 2012, JCTC.

3 beads / nucleotide: Phosphate, Sugar, Base
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Popular Coarse-grained Models for Biomolecules

S . Sequence Specificity

PI'Otel n DNA PWMcos Realized Coarse-Grained
PWMcos A GT = MD Simulations

C.Tan, S. Takada, 2018, JCTC. l?;'gi AL ‘

Complex Structure

P K e W
| [ "‘._
Consensus sequence Pseudo target sequence

m'-'i'_ ~2,000 particles
=P nucleosome

~500 particles

C.Tan, et al. 2016, JACS.

Thanks to:
~1,000 particles Shoji Takada

BT DNA

@ Kyoto Univ.

K. Kamagata et al. 2020, NAR; 2021, NAR. C.Tan, S. Takada, 2020, PNAS.

Giovanni Brandani
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HPS/KH Models for IDP

Model resolution and potential function

Dignon et al. 2018 PLoS Comput. Biol.

Calibration: Ryq

FUS WT and mutants
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Difficulties of Carrying out Coarse-grained MD

“Barriers” of running CG MD simulations

1. To combine different models
*  Protein model: by Takada-group@Kyoto U.
DNA model: by de Pablo-group@U. Chicago
+ IDP model: by Mittal-group@Texas A&M U.

2. To apply to large-scale simulations
«  Memory limit using atomic decomposition

+  Computational efficiency
* Robustness and accuracy

Part I: Implementation of CG Models

N & GENESI|S amw

Generslired-ensemble simulation systam

Jung et al. 2015 WIREs Comput. Mol. Sci.
Kobayashi et al. 2017 J. Comput. Chem.
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Implementation of CG Models in GENESIS . ... 202 riosconpu 5o

Information flow of CG Sim.
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Experimental data
atomic coordinates: |.pdb/.cif |

MD input

CG coordinates: |-4ro |

CG topology: | .top/.itp |

simulation control: | .inp

"ui”j-ll'_'l;l-li}-}-ll.t N
MD restart: | rst l

rmsd analysis, rg_analysis ...

Time series of RMSD, Rg...

Freparation

Simulation

File preparation example

r= o E
-lErmimus

genesls_cg_tool/src/aa_Z_cg.]l PROLl.pab

ls

GENESIS-cg-tool: (in Julia)
= hittps: Y Ethub, comy fenesls-release-r-cos/ denesks e tood
Online wiki:

= httpsSgthub oomy feness-release-r-oo5/ genesis_of tool wilki

GENESIS source code + manual;

NEAES: S wrww. T-008, M ken, Jpylabs/ obrt/ genesis-version-2-0y

Tutorials:

= https:fr-ces riken jo/labs/cbrt/tulorial R0/
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Improve Computational Efficiency in CG Simulations

Applications

Neighbor list design
Cell-linked lists O(N*) > O(N)

,_
i
|
1
|

Pseudo code for assigning
electrostatic pairlist:

for a in all charged particles:

the cell contains a

1
for G in C
for o 1n LayetCp):

i ria,

b} <= rp 4le:

add b to a's neighborlist

Dr. Jaewoon Jung

- Paralledization of randorm-numiber generatian
- SIMD cperations in nor-bondad potentials

C.Tan et al. 2022, PLoS Comput. Biol.

Memory and CPU benchmark
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Popular Coarse-grained Models for Biomolecules

Tsuboyama et al. 2020 PLoS Biol.
GST Harol 1

G5T Herod
.
HTTQ103-GFP S
& &
G5T FHarnd s

Part ll: Application of GENESIS MD to HERO11

on supercomputers (Fugaku, Hokusai BW)




C.Tan, A. Niitsu, Y. Sugita, JACS Au, 2023.

Testify Hero11 a-helices Stability using Atomistic MD

Hero11-WT by AlphaFold2

Jumper et al. 2021 Nature

AF Database ID: Q9UNZ5

afl: 17-2§
a2: 38-72

EEREERESRE &

IDR propensity by [UPred3, fIDPnn, PONDR

1.0
f————— N
0.8 I : Dr. Ai Niitsu
| S i L /
. )
5 AF-Predicted a-helix
&
Erdos et al. 2021 Nucleic Acids Res. can be unstab!e
o Hu et al. 2021 Nature Commun. ° Convergence N
Peng et al. 2006 BMC Bioinfo. atomlstlc MD takes
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All-atom MD simulations: CHARMM36m Force Field Huang et al. 2017 Nature Methods
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CG Modeling of Hero11 and TDP-43

ST Anaajouwog o w7

CG Models:

MAQGORKFOAHKPAKSKTAAAASEKNRGPRKGGRYIAPKKARYVOQOKLE
KNLEVGIRKKIEHDVVMKASSSLPKKLALLKAPAKKKGAAAATSSKTPS

C.Tan, A. Niitsu, Y. Sugita, JACS Au, 2023.

EPKHNSNRQLERSGRFGGNPGGFGNQGGFGNSRGGGAGLGNNOGSNMGGG
MNFGAFSIN GMMGMLASQONQSGPSGNNONQGNMO
REPNQAFGSGNNSYSGSNSGAAIGWGSASNAGSGSGFNGGFGSSMDSKSS
GWGM
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s

IDR: HPS
(main contributors for LLPS)
Dignon et al. 2018 PLoS Comput Biol.

resgue ind%x

folded domains: AICG2+

(maintain a-helical structure)
Li et al. 2014 PNAS
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resicle index

Hero11-WT-noa




Homotypic Condensatlon of TDP-43
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100 TDP-43
180x180x3000A3
T=250~350K
IC=150mM

TDP-43 wi @

C.Tan, A. Niitsu, Y. Sugita, JACS Au, 2023.
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Chou et al. 2006 J. Phys. Chem. Lett.



Homotypic Condensation of Hero11 WT-a and WT-noa

« 100 Hero11-WT-a T, K 295K
| 180X180%2000A° Hero11: low critical temperature
e 1C=150mM C.Tan, A. Niitsu, Y. Sugita, JACS Au, 2023.
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Heterotypic Condensation of TDP-43 + Hero11-no-a

C.Tan, A. Niitsu, Y. Sugita, JACS Au, 2023.
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Structure, dynamics, interaction of Hero11-no-a
and TDP-43 iI‘I two phases C.Tan, A. Niitsu, Y. Sugita, JACS Au, 2023.
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Effects of a-helical secondary structure in Hero11

A TDF’ 43 + Hero11-WT- nqci

A - . W
. . 4; ..'_T:E r,' 1;:1 .r l&_ .'I i ,b‘:l  a "-'f:. h..,' R 3 ".-':-' l" s "} '-l:: b L
L ) L,..-.:-u - =y -" | il W ¥ - & n:-_: .-I‘.‘""l i '}}r.h" . :
“ - ¥ - C.Tan, A. Niitsu, Y. Sugita, JACS Au, 2023.

TDP-43 + Hert::11 -WT-a
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Distribution of Hero11:
= o+ a-helical model:
= 2 interial of condensate
p— e ™
? o  * IDP model:
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- A
[:]. i
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D =
2 20 =
10-
0 Surface electrostatics & fusion propensity

Welsh et al. 2022 Nano Lett.
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Summary: Hero11’s LLPS-Regulation Mechanisms

C.Tan, A. Niitsu, Y. Suaita, JACS Au, 2023.
TDP-43-LCD changes in dense phase:

. . " ' o+ .
reduced inter-chain contacts, faster diffusion $ \ + LA .
o 3 : + AR 0 b
0 e ol B RN A
1‘ ST 1 '__i.-..l' Fa LA il f [ 'r 7
R P il e SThEHEE A ) ~ e . 1
=T ?_ ) =% J:I _1;:__ + i A o - .,‘i'_.-_ A lt o
e S R . - T T i
4 n ) { ' Pt et il 5 = u_ I:_" -.I'J: ' + + . A " T *
I, Y A 7 ToERl ]\ S W
sl gl L i - 2 magn SR P.E
_ o VAP e, o8 | g O + :
— - J (] # g R "
by h Y e M el -
) Pt mf}..h +
. = possible effects of surface charge:
TDP-43-LCD changes in dilute phase: decelerated droplet fusion?
increased inter-chain contacts, larger variance of Rg Welsh et al. 2022 Nano Lett.

Remaining Question:
How to verify mechanism no. 3?
« We need a more powerful tool!
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Improve Computational Efficiency in CG Simulations

GENESIS

Generalized-ensemble simulation system

P SR ‘Beusecn

ATDYN

Atomic decomposition dynamics

Dynamic domain
decomposition scheme
to address the

nonuniform distribution  -sasied

. _=EI x.“l_ﬂ?éte;:-s

E_I._: "J

SPDYN

Spatial decomposition dynamics

(z-x),

(x-1),

CG molecular dynamics

[ CGDYN J

Dr. Jaewoon Jung

Jung, Tan, & Sugita, bioRxiv, 2023
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CG MD of Droplets Going to Ultra-Large Scales

Nchain = 16,657
« 2087Ax2067Ax2077A  _awe

Component: TDP-43-LCD
Nchain = 1,000
« 1000Ax1000Ax1500A
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Jung, Tan, & Sugita, bioRxiv, 2023
Simulations carried out on Fugaku
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CG MD of Droplets Going to Ultra-Large Scales
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Developments of CG in GENESIS * Regulation of biomolecular condensation
User-friendly high-performance simulation tool High-charged IDPs and their interactions regulate LLPS

: N

il \ f'-,

C.Tan et al. PLoS Comput. Biol., 2022. C.Tan, A. Niitsu, Y. Sugita, JACS Au, 2023.



Reconstruction of Atomistic Models from
CG Simulations with GENESIS S

[ CG simulated structure | -

g
Many tools;: PULCHRA, “ _teconstruction e
BBQ, PD2, SCWRL... ;&

'reconstructed all-atom structure in vacuum — *™

solving struclural problems

1 ; dl!i-&ﬁliﬁﬂﬂ"'l"ﬂl"ll t/
- — »
Mori et al. JCIM (2021) b 3 : L

soivation, lonization, energy minimization..

_ solvated all-atom structure

C. Tan, Y. Sugita, in preparation



All-atom S|mulat|ons of TDP43-Hero11 Condensates

: Cor_-n'pos-itiéh: .
© > 100 TDP43 -
; | whce A7 tHero1:

. ~+ 563,247 waters
Mowe Iength ~1 94 us . i g e ks . T 1,756 Na-
_ Box size: 180A x 180A 600A R R I g N N W b Ao

i

e

TDP43 shown W|th PBC images
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