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Part 1: All atom simulations
» Term used for molecular WOW
q . ulati
ynamics simulations o~ o
* A description of model j\/\/\
complexity O

» Every atom of the chemical
structure is represented in the

model
* In contrast, coarse-grained X £ ’
method use “beads” of multiple NS o Q
atoms q {;/if — TV? i —
- Different computational /f&v 1 r)\*r TJE * fmf‘ O
requirements j r X F;t S o
atomistic mapping to coarse
structure coarse grain

grain structure



Part 1: Molecular dynamics

« Method used to simulate
movements of atoms in a
system

» A series of equations describing
a stepwise evolution of a

system — s
* Molecules are described by 4‘\‘ |

“force fields” of different
resolutions

« Allatom
« Coarse grain

 Tens to hundreds thousand
atoms and millions to billions
steps

XYz, XuYvh

Coordinates
//\} /\
dr; _ | Velocities
dt ' —
/{\ -
P \\
\\\
dv; F; |
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Part 1. Computational Example

* The old-system reruns show that for MD (on CPUSs),
the number of cores is not the only important part

« MPI/OpenMP decomposition
« Software preferences

* The inputs were too old for GPU

45
40
35
30
25
20
15
10

Simulation speed [ns/day]

GROMACS 4.5.4, GROMACS 4.6.1, GROMACS 4.5.5, GROMACS GROMACS

48 nodes, ???
MPI

Local cluster
(Olwe, 2015)

12 nodes 12 MPI 1 MPI process & 2024.4, 1 MPI  2024.4, 128 MPI
processes 128 OpenMP process & 128 threads & 1

threads OpenMP threads OpenMP thread

per tMPI thread

MetaCentrum Karolina CPU
(2017) (2025)

Na*/K* ATPase in water, 3 subunits (1500 residues), 530 lipids (DOPC),
UA forcefield, 314 000 atoms, 100 ns
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Part 1: Membranes, Membrane Proteins and HPC

* Increasing HPC computational power allows the
creation of larger systems

76 decanol 200 POPC 64 DPPC 1 BtuCD 114 DPPC 2 Cytocrome bc, 63 lipid species 1 OmpF trimer
52 decanoate  ~ 55 ps 15 ns 288 POPE 174 DOPC 878 POPC ~ 20000 lipids 150 PPPE
30 ps 15 ns 60 Chol 52 CLs 40 us 40 PVPG
9 us 100 us 10 PVCL2
69 Lps5
300 ns

1 986;1 994 1 994;2004 2004|—201 4 201 4|—2024

»

Pioneering Basic Multi-component Realistic

Marrink S. et al, Computational Modeling of Realistic Cell Membranes, 5
Chemical Reviews, 2019
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Part 1: Membranes, Membrane Proteins and HPC

* Increasing HPC computational power allows the
creation of larger systems

« The question changes from “What systems are we
able to build?” to “How should we set up the system to
efficiently make use of the computational capacities?”

76 decanol 200 POPC 64 DPPC 1 BtuCD 114 DPPC 2 Cytocrome bc, 63 lipid species 1 OmpF trimer
52 decanoate  ~55ps 15 ns 288 POPE 174 DOPC 878 POPC ~ 20000 lipids 150 PPPE
30 ps 15 ns 60 Chol 52 CLs 40 us 40 PVPG
9 us 100 us 10 PVCL2
69 Lps5
300 ns

1 986;1 994 1 994;2004 2004;201 4 201 4|—2024

>

Pioneering Basic Multi-component Realistic

Marrink S. et al, Computational Modeling of Realistic Cell Membranes, ¢
Chemical Reviews, 2019
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Part 2: Biological Membranes — where they are and how they behave

« Compartment walls
 Trafficking

« Metabolism

« Signalling

« Various composition and properties

Plasma membrane—l Nucleus

Endosomes — o

Endoplasmic reticulum

MBVs/LEs

Lipid droplets

Exosomes———e% o \0) 77

Golgi apparatus

Lysosomes

i “ ° Mitochondria
Lamellar bodies

Sarmento et al, The expanding organelle lipidomes: current knowledge and challenges,
Cellular and Molecular Life Sciences, 2023
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Part 2: A quick intro into phospholipids

: : : _ : : | H
» Atypical biological lipid consists of head and tall /gf\/gi g\/g:
groups attached to a glycerol phosphate B e
OAm9 o) E,H ’é/\/\OH
= ] o
AA©6 0] PA PG
DHA®3 o) a OH OH
5 /§/\‘)k06 mgH
Tail Bl 2 s 'I%\o/ R, NHs
- 12-24 Clong g % e o =
- Hydrophobic R, I OPO&DOS@
- (Un)saturated ?
- The core of the Glycerol phosphate FlE2
membrane - Connects everything
- Very polar

Chol

Huster D, et al,Phospholipid Membranes as Chemically and Functionally Tunable Materials,

Advanced Materials, 2024
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A) Headgroup Asymmetry B) Asymmetry of C)

. . . Chain Unsaturation
Part 2: Lipids in the membranes egr000000000

« The variability of lipid heads and tails and

their combinations can lead to different ‘ ‘ ‘
local properties

© ©
 Lipid structures can take up several both leaflets ~ <==— Chol " saturated ' o i
lamellar or non-lamellar phases outer leaflet @ PC SM PC/SM PC/SM
unsaturated
p (65%/35%) (95%/5%) enriched depleted
PE PEp doublebonds 0 1 2 3 4 5 6
inner leaflet (10%/90%)  (5%/95%) outer leaflet 85 60 50 40 25 35 30 (%)
(0% /T(;O%) (g(y';‘g’s%) inner leaflet 15 40 50 60 75 65 70 (%)
D) Curvature E) Charge Asymmetry F) Protein Embedding
0H"00ne 000000000000 M
(6] @
Induced
curvature
® o0 o0 o o U
h hobi
® Zwitterionic Acidic ydr:;p:crc])blc

Huster D, et al,Phospholipid Membranes as Chemically and Functionally Tunable Materials,
Advanced Materials, 2024
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Part 2: Lipids in the membranes

« The variability of lipid heads and tails and
their combinations can lead to different
local properties

 Lipid structures can take up several
lamellar or non-lamellar phases

* Most common are liquid ordered

(Lo) and liquid disordered (Ld)
phases

lo Id
PC/SM PC/SM
enriched depleted

Huster D, et al,Phospholipid Membranes as Chemically and Functionally Tunable Materials,

Advanced Materials, 2024



Czech ce
Technol esearch
Institut

Part 2: Lipids in the membranes

« The variability of lipid heads and tails and
their combinations can lead to different
local properties

 Lipid structures can take up several
lamellar or non-lamellar phases

* Most common are liquid ordered (Lo) and
liquid disordered (Ld) phases

 Lipid nanoparticles can form hexagonal,
inverted hexagonal or cubic phases

D) Curvature
es
o21® ®oe

Huster D, et al,Phospholipid Membranes as Chemically and Functionally Tunable Materials,
Advanced Materials, 2024
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Part 1: Plasma Membrane

Plasma membrane
« The outer layer of the cell - Enriched in Chol, SM, GSL,
and saturated lipids.
-Presence of raft domains.
_ -High Chol/PL molar ratio.
* Asymmetrical -Specific Pls: PI(4,5)P..

Different lipids (heads and tails)
 Different charge

» Keeps the cell together and controls what
goes in and out

* Notable specialised lipids are
PIP inside (cell signalling)
Glycolipids outside (cell recognition)
« Sphingosines (stiffness)

« Largest ratio of cholesterol and
subsequent stiffness

Py

« Covered in proteins — about 50% by
mass

Alberts B, et al. Molecular Biology of the Cell. 4th edition. New York: Garland Science; 2002.
Membrane Proteins. Available from: https://www.ncbi.nlm.nih.gov/books/NBK26878/
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TLR3 catalytic
& TM domain
—-. (7C76)

Part 2: Plasma Membrane Proteins

TLR TLR

* Specific in their structure in comparison Blasma or
to soluble proteins in blood or cytoplasm endosomal

. : b
« Catalytic domain mem rane -

» Signalling domain ‘T_(w‘#w ;
 Transmembrane domain SV e ;
t" “/// |
« Recent rise in experimental methods ?‘i ¢ TIR3TM
allows for better capture (4 \ t ) domain
: : Mydd - )
« Many protein structures are still known as yddosome - 2 (BART)
fragments . e
" - ,3 /) TLR1TIR
. &) ~_ domain
IKK and MAPK Py ~.‘(;— (7NT7)
signaling signaling rile
Transcription Glycolysis
(NF-xB, AP-1) MAL/TIRAP

(3UB2)

Fitzgerald K. , et al. Toll-like Receptors and the Control of Immunity,
Cell, 2020
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Part 2: Plasma Membrane In Experiment

« Asymmetry and the lipid variability makes
experimental study challenging

« More than 1000 lipid in a cell

» " Using enzymatic digestion, the
asymmetric distribution of ~400 lipid
species was defined for human RBC PMs
and compiled into a detailed model for
the compositions of PM leaflets.

o

)

Exoplasmic lipids (mol%

Cytoplasmic lipids (mol%)

o

Exoplasmic lipids (mol%)

Cytoplasmic lipids (mol%)

I

Il
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Unsaturations per lipid

Number of lipid
unsaturations

i e ]
=]
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Lipid unsaturation

PC exoplasmic
leaflet enrichment

GPL
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6
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|
==
|

PC PE PEp PI PS SM

PC PE PEp PI PS SM

Lorent JH, et al. Plasma membranes are asymmetric in lipid unsaturation, packing and
protein shape, Nature Chemical Biology, 2020

32:1;2
34:0;2
34:1;2
34:2;2
36:1;2
36:2;2
38:0;4
38:1;2
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40:2;2
42:1;2
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Part 2: Membranes in MD and HPC

* Increasing HPC computational power allows the
creation of larger systems

« The question changes from “What systems are we
able to build?” to “How should we set up the system to
efficiently make use of the computational capacities?”

76 decanol 200 POPC 64 DPPC 1 BtuCD 114 DPPC 2 Cytocrome bc, 63 lipid species 1 OmpF trimer
52 decanoate  ~ 55 ps 15 ns 288 POPE 174 DOPC 878 POPC ~ 20000 lipids 150 PPPE
30 ps 15 ns 60 Chol 52 CLs 40 us 40 PVPG
9 us 100 us 10 PVCL2
69 Lps5

300 ns

1 986;1 994 1 994;2004 2004|—201 4 201 4|—2024

Pioneering Basic Multi-component Realistic

Marrink S. et al, Computational Modeling of Realistic Cell Membranes, 15
Chemical Reviews, 2019
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Lipid nanoparticle Liposome a
F?l\ﬂ-\ %? 2 % b ?p f HydrophilécAPI
. : . . . cg&,m AW ) ;é\;,
Part 3: Our project and its motivation . ¢ ¢ B e
‘%Wﬁ @@@”&ﬁm e
» Lipid-based vesicles are increasingly used as delivery PEGySted lipid m"é‘?f @%@@Q’W ' Liid biayer
systems for a range of medical drugs ¢ 2 @%;}, M
) ) Cholesterol g@% ﬁ«%% 4 f AT K\’: Aqueous core
 Itis generally agreed that they enter the cell via %“% LA
endocytosis Helper lipid
» The mechanism of the entire pathway is not clear —
and it causes losses in cargo delivery process QHS;Z;
RN
« MD simulations can provide computational hypotheses ; a5
on the steps of this process &8 boc\\‘;w,
 To do that, we need to have a model of the <4 ,‘
membranes involved in the process U, Y  Endosomal’
: & . release
f mRNA
‘fg@) pDNA siRlNA
ﬁf %‘\%”

v_#/

Ribosome m RISC

Paloncyova et al, Computational Methods for Modelling Lipid-Mediated Active
Pharmaceutical Ingredient Delivery, Molecular Pharmaceutics, 2025
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a Outer PM leaflet < Inner PM leaflet

Part 3: Existing Plasma Membrane Models

 Different groups built plasma membrane models based on

. . . . . . . 18:1-18:2
different experiments in different resolutions with different S Pliso-2zd
approximations Sah?”tezhol WL T —

PS
« The most notable are re Pbc V.

« Lorent et al (2020 experiment) — all atom symmetric >60 lipid types

« MARTINI forcefield group (Ingolfsson et al, 2014, 2020) —
coarse grained (M2) asymmetric

« Subsequent simplifications

headgroups

« CHARMM-GUI group (Pogozheva et al, 2022) — all atom 3 ; —
asymmetric $ 2 il
+ Starts with the 60+ lipid MARTINI CG model £3 S
« Simplify the membrane in a different manner . =
et — spions > “w” 4 1 P
. - Dot 8 o8 =1
* Plasma membrane protein models frequently use a oo O | °3s S0
symmetric single-lipid (POPC) membrane ooy S }// ’

3 bacterial

0 10 20 30 %0 50
STEROL FRACTION (%)

Ingdlfson H. et al, Capturing Biologically Complex Tissue-Specific Membranes at

Different Levels of Compositional Complexity, The Journal of Physical Chemistry B, 2020 17

Pogozheva I. et al, Comparative Molecular Dynamics Simulation Studies of Realistic Eukaryotic,
Prokaryotic, and Archaeal Membranes, Journal of Chemical Information and Modeling, 2022
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Part 3: Our membranes - complex mimics |13 PMm11 A8
Soen Qo 0266 astne oo LO%e . \
ECEaW T o S P P& TR

S P, ae? o 2o RO BRI @, . W c¢ ; :
K SIREIHS SELCH TN oo e e
295 0.0 308 13 38.5 0.9 18.6
243 176 14 135 2.7 40.5 1.9 18.2 8
35.8 50 214 3.8 34.0 0.8 17.8
173 253 10.7 10.0 53 30.0 1.3 11 17.7 H
370 8.0 240 31.0 0.9 17.6 g

214 215 10.8 16.1 2.2 28.0 1.4 17.8
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Part 3: Our membranes - simple membranes
POPC_PSM_CHL POPC_CHL

RS P el $00uafe i sSoRa g

EYe g bl 0. 59 % 4 409 5 sn W )04 P¢ ‘k,\»( > o
RRVFLY 82‘%5&“%%‘ o Pt Lo g&g“ggg% ERF

33.3 33.3 333 0.5 17 3
66.6 33.3 0.5 17 2
100.0 0.5 17 1
80.0 20.0 0 14 2
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Part 3: Our protein (and one more membrane)

TLR TLR
L4 TRI_Z pl’OteIn Plasma or W
endosomal
« Immune response protein — thought to react to stimuli ™™ = C&» — gj\
O

by moving between liquid ordered and liquid
disordered cell membrane patches

 Transmembrane segment with two helices

Myddosome <

« Experimentally measured in a lipid bicelle
« Seventh membrane model L

IKK and MAPK
signaling

Transcription

“Jb‘ég ; “% t& (NF-xB, AP-1)

Glycolysis

DMPC_DMPG JM helix

(%8 & N, (/}(E&L R = 405 QL
FRPE e

—/



Part 3: Simulation setup and methodology
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CHARMM-GUI / CHARMM36+TIP3P forcefield
Roughly 300 lipids
200 ns of membrane only simulation

1000 ns of membrane-protein simulation
5 replicas

310 K/318 K

Karolina CPU
GROMACS (2018.1, 2024.1)
128 MPI process, 1 OpenMP threads
About 77 ns/day

LUMI-C
GROMACS (2024.0)
32 MPI processes, 4 OpenMP threads
About 78 ns/day
(40 ns/day with 1 MPI process, 128 OpenMP threads)

Different setup for a similar system
Membrane with 700 lipids

Karolina GPU
AMBER 22
104 ns/day

LUMI-G
AMBER 24
91 ns/day

Analysis tools
« GROMACS tools in an interactive job
* Python (jupyter notebook)

= MDAnalysis, LiPyphilic and about 20
dependencies)
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Part 4: Results PM Mimics 118 PMm11 A8
M S O @ ) o »
 Three membrane models @MQ&&W MMMQ‘“ m%ﬁ@&%&%ﬂ
* Asymmetric
« 8-18lipids

» Different head and tail properties

« All include cholesterol ”fb ‘%6’5 AL U S & oBMICRE® B CF ¥ R Wy 20 g TP
K SIREIHS SELCH TN oo e e

» All include some sphingosines

Mass density Charge density
E 3 Extraielﬁlar’/—’/ — 3
: 229~ == -2
System Membrane thickness [nm] 514Q \/’ |, — L18
R - Lo Pm11
o <
L18 4.25+0.03 = 11 / < -1 A8
8 2 ] \_7 ,/7/ B 2
Pmi1 4.23+0.03 .‘gj 3 9 Intracellular o \ - 3
A8 4,19+ 0.04 I | T | | | T T
1 08 06 04 0.2 -0.001 O 0.001 0.002

g-cm™3 e-mol-cm™3
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Part 4: Simple membranes

* Three simple models
- POPC
- POPC+CHL
« POPC+CHL+PSM

- DMPC_DMPG

Membrane

System thickness [nm]

POPC_PSM_CHL |4.31+0.03

POPC_CHL 4.20+0.03
POPC 3.88 + 0.04
DMPC_DMPG | 3.59+0.08

Mass density Charge density

= Extracellular
s 3 3
£ 21 -2 DMPC_DMPG
g 1A -1 POPC_PSM_CHL
g 9] "0 POPC_CHL
2 1] [ 1 — porc
©
% 3 lul .
g 3 4 Intracellular ﬁ 3

1 08 06 04 0.2 -0.001 O 0.001 0.002

g-cm™3 e-mol-cm™3
POPC_PSM_CHL POPC CHL
- POPC DMPC_DMPG




Part 4: Membrane behaviour

* Properties of our membrane models do not primarily
depend on the fine details of composition

« The main feature guiding the properties is the
presence or absence of cholesterol and the
subsequent phase

« Liquid ordered and disordered membranes are
significantly different in their properties

|

e
}5 i

i

4.6

4.4 -

Membrane thickness

24
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Part 4: Results Case 1

* The protein conformation remains similar to the starting

structure
)
It flexes within the membrane ‘) 3
* |t transiently straightens or tilts in the membrane &

&
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Part 4: Results Case 2

* The protein conformation changes from the starting

structure [\
* |t flexes within the membrane ]
* It transiently unwinds at the JM helix 6‘;
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Part 4: TM-JM angle ranges

TMTilt | TM_JM
System [°] Angle [°]
L18 14+8 115+11
Pm1l 14+7 110+11
A8 21+7 120+15
POPC_PSM_CHL

8+4 119+12
POPC_CHL 18+7 115+10
POPC 38+10 124+13
DMPC_DMPG 49+19 16449

TM_JM angle [°]

175 A . . 175
lorent PMm A8
7" 50 A . . - 150
[ £3%
5 125 4 - § 8% - 125
& - 80% @ s ~
‘k J TM tilt A & 8% ": A ¢
TM_JMangle ¢ 100 1 & A B - ‘gﬁ - 100
& < o
‘T\‘f’ 75 = /J_Q._q—;j 7 /_L_{Af - /'1: v«r —75
175 T4 - - 175
6% POPC_PSM_CHL POPC_CHL POPC
150 A > 1 . - 150
(v\}
125 & - Ly A ] . AB8% - 125
g 2% 4 [7 < $
Pasd A < § ?’
100 A 1 § S 14 & 100
t" & s?
75 - 1 e $ @ ¢ - 75
DMPC_DMPG 7558 D . §
O O O O O o o O O O o o O O O O O o O O O O O o
N < O 0O o N < © 0O O N < © 00 o N < © 0O o
i L} ~ ~
TM tilt [°]
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Part 4: Three major conformations

* Hockey stick (starting structure)
e Stretched

* Unwound — a group word for a range of options

A 1,
e Argd87
™ @ F
‘] ) )
‘/
A} h
£ (S “}A|a380
TS [ < )
IS )

Hockey-stick Stretched Unwound

£ Arg587i¢— &
£ O ) 7
lJ.f o i &7 Ar9587’x ]
/4 £+ Alas89 & ‘ ¥
=) v ' v &
& £ @~ «§° € 7 1ia589
A~ ‘ Jd -
v ¢
£ Cys609 (@Y
<3 \ ‘ J

Lys619 Leumé"‘;' Val607

4 Leu61d _ﬂ/\‘{.’ 5




Part 4: Protein in membrane — liquid ordered phase
POPC_PSM_CHL [

UL LRTTT L CTH AR A 4

\ ,
[S
DA &

— {

| | 5
111 T | &
I |||||\||\|\ \I\III T
0 250 500 750 1000
Simulation time [ns]

Y 4
4
g &
&‘” ] %7
IS i g ot 0 250 500 750 1000 _ b
Simulation time [ns] Hockey-stick Stretched Unwound W“
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Part 4: Protein in membrane — liquid disordered phase

POPC

DMPC_DMPG

- SR | ]|

(’s rs ||

f- T T
g 2 0 250 500 750 1000
Simulation time [ns]

/ 2
e

[ , | P,

Hockey-stick Stretched Unwound EBAS
)W
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Summary
« Cholesterol content and subsequent é
membrane phase play major role in >
membrane properties :7
« More so than the precise lipid composition ‘»‘77
* Liquid ordered membranes retain TLR2m “7
In its experimental conformation &’
anis i /a
€
"4
‘ v
$
[ 04
-4



Conclusions

* Models of plasma membrane proteins should contain cholesterol

» Unless specific lipid interaction are expected, very simple model
IS sufficient to capture phase-related properties

« Multiple replicas show (lack of) statistical significance



CATRIN

Czech Advance d
Technology Research
Institute

Thank you for your attention!
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