8th Advanced in silico Drug Design workshop

2025

High-throughput
Molecular Dynamics
Workshop

Aleksandra Ivanova

PhD student

Palacky University

Supervisor: Dr. Pavel Polishchuk



' INSTITUTE OF MOLECULAR AND
‘ TRANSLATIONAL MEDICINE

1KE7: Ligand LS3

RCSB PDB  Deposit Visualize v Analyze » Doy ~ Lleam~ Mo Documentation ~  Car
=)
198,528 Structures from the PDB
7
<2 ~ 3D Structures @ Include CSM @
PROTEIN DATA BANK @ 1,000,361 Computed Structure
Models (CSM) Advanced Search | Browse Annotations. Help
5 T meenen )
T SPDEB foncr: WSS (§no G

mary 3D View Annotations

Experiment Sequence Genome Ligands Versions

Biological Assembly 1 @ 5

© 3D View: Structure | 1D-3D View |
Electron Density | Validation Report |
Ligand Interaction

Global Symmetry: Asymmetric - C1 @
Global Stoichiometry: Monomer - A1 @

Find Similar Assemblies

Macromolecules

I Display Files ~ [oJat

B 1KE7
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PDB DOI: 10.2210/pdb1KE7/pdb

Classification: TRANSFERASE
Organism(s): Homo sapiens

Expression System: Spodoptera frugiperda
Mutation(s): No @

Deposited: 2001-11-14 Released: 2002-05-14

Deposition Author(s): Bramson, H.N., Corona, J., Davis, S.T., Dickerson, S.H., Edelstein, M., Frye, S.V., Gampe, R.T.,
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Run MD simulation (100 ps):

download data from https://www.kfc.upol.cz/8add

mkdir 8add

unzip manually under Ubuntu/home/student/8add directory
cd 8add/MD _tutorial/

conda activate md
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Run MD simulation (100 ps):

run_md -p protein_H_HIS.pdb -/ ligand.mol --md_time 0.1 --nvt time 10 --npt_time 10 --ncpu 8 -d mdrun --device gpu

E] student@77-uc3002-pc31: ~/add7/MD_tutorial/files
$ cd add7/MD_tutorial/files/
$ conda activate md

ICDs were found. Either,

conda package pPO”ldlnD a OpenCL implementation (pocl, oclgrind, intel-compute-runtime, beignet) or
$ run_md -p protein_HIS.pdb -1 ligand.mol --md_time ©.1 --nvt_time 10 --npt_time 10 --ncpu 8 -d mdrun

22,455 - d1~tr1buted comm.tcp - ERROR - Could not set timeout ogZg . X
ecent : b Linux > Ubuntu > home > student > add7 » MD_tutorial > files > mdrun | log_protein_HIS_ligand__31-01-2024-09-23-54 - Notepad — [m} X
\on\e/<tudent/ ini v python3. te-packages/distribute T ~ e moitad Size File Edit Format View Help
( TCP_USER_TIMEOUT, timeout * 1000) ’ o e24-01-31 09:23:54 - root - INFO: Namespace(protein="/home/student/add7/MD_tutorial/MD_t
ailable md_files 2024-01-31 09:23:54 - root - INFO: Start protein preparation

- d1<tr‘1buted comm.tcp - ERROR - Could not set timeout c log_protein_HIS._ligand_31-01-2024-09-2...

2KB |2024-01-31 09:23:55 - root - INFO: Successfully finished protein preparation
call

0KB
5KB
KB

log_protein_HIS._ligand_31-01-2024-09-2...

ite-packages/distribute i
| streamd_bash_protein_HIS_ligand_31-01...

TCD USER_ TIHEOUT timeaut * 1000)
ailabia streamd_bash_protein_HIS_ligand_31-01..
buted.comm.tcp - ERROR - Could not set timeout d 2024-01-31 09:24:36 - root - INFO: Start complex preparation
2024-01-31 09:24:38 - root - INFO: Successfully finished 1 complex preparation

2024-01-31 09:23:55 - root - INFO: Start ligand preparation
2024-01-31 09:24:34 - root - INFO: Successfully finished 1 ligand preparation

/envs/md/1ib/python3.9/site-packages/distributed
sock.sets 4 _TCP, TCD‘lJbER‘TII-lEOI_IT, timeout * 100 2024-01-31 09:24:40 - root - INFO: Start Equilibration steps
OSError: [Err 2] Protocol not available 2024-01-31 ©9:27:18 - root - INFO: Successfully finished 1 Equilibration step
9 122,480 - distributed.comm.tcp - ERROR - 1d not set timeout
ck (most recent call last) 2024-01-31 09:27:18 - root - INFO: Start Simulation step
/home udent/miniconda3/en md/1ib/python3.9/site-packag istributed 2024-01-31 ©9:39:12 - root - INFO: Simulation of 1 were successfully finished
sock.setsock pt(‘od'ﬂt SOL_TCP, TCP_USER_TIMEOUT, timeout * 1000) Finished: [‘/home/student/add7/MD_tutorial/MD_tutorial/mdrun/md_files/md_run/protein_HIS_
0SError: [Errno ol not available
2024-01-31 i . e IN e /127.0.0. 2024-01-31 ©9:39:14 - root - INFO: Start Analysis of the simulations
of md simulation of 1 were successfy 2024-01-31 ©9:39:22 - root - INFO: Analysis of md simulation of 1 were successfully finis
D_tutorial/mdrun/md_files/md_run/pr Finished: [‘/home/student/add7/MD_tutorial/MD_tutorial/mdrun/md_files/md_run/protein_HIS_

4
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Molecular dynamics

1.  MD simulations mimic the physical motions of
atoms present in the actual environment;

2. The atoms and molecules are allowed to interact
for a fixed period of time, giving a view of the

dynamic "evolution” of the system.

e to explore conformational space

e to explore biological process of
molecular recognition

e to investigate ligand pose stability

e to explore protein flexibility

e to estimate binding affinity of
protein-ligand (protein-protein)
complexes

a
*
4 e PNy 7 SRNG
{'\ T e ¢ i
< i % Y ¢
o i 7 1S -
2% o raY) %

i

w w
(=] 13

3 g
. L
E 20 . —3 > ':
" = >,
15 -
N =
5
e 1
. ¥
73A o
ga v PO R
el & Sty 6“"8’ § Gekny Edn | B
Fpitai g Sy iy -
\g?-o .?hq., bR L L CaY C;A%n
¥ % g G e -

Ons 3.5ns 7ns 14 ns 21ns 46.2ns

https://doi.org/10.1016/j.str.2017.02.009
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RMSD example 10ns 310K RMS fluctuation example 10ns 310K
\ap wy|
154 NN \/WA\M i {
What can be done by MD ;
t%1.0- %1-5' l’\ /
. . . 0.5 . '.\ /\\ l\
e To explore different conformations of protein | HIAVA VAN =g
o To investigate internal-flexibility of protein R .~/
o For practical use we select conformations from the most populated clusters of
conformations

Conformation can be
- for further molec

r docking study
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What can be done by MD

e To explore stability of ligand pose

RMSD example 10ns 310K

1EOU 2WEH
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0.0 2.5 5.0 7.5 10.00.0 2.5 5.0 7.5 10.0
Time, ns

Example of incorrect
protonation and pose:

x-ray

PDB: 2WEH

MD 10ns.

\@ffg ) Ligand goes out
IHEYA of the site

Carbonic Anhydrase
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What can be done by MD binding free energy.
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Valdés-Tresanco, M.S., Valdés-Tresanco, M.E., Valiente, P.A. and Moreno E. gmx_MMPBSA: A New Tool to Perform End-State Free Energy Calculations

with GROMACS. Journal of Chemical Theory and Computation, 2021 17 (10), 6281-6291. https://pubs.acs.org/doi/10.1021/acs.jctc.1c00645.

MMPBSA.py: An Efficient Program for End-State Free Energy Calculations Bill R. Miller I, T. Dwight McGee Jr., Jason M. Swails, Nadine Homeyer, 8
Holger Gohlke, and Adrian E. Roitberg Journal of Chemical Theory and Computation 2012 8 (9), 3314-3321 DOI: 10.1021/ct300418h

MM-GBSA MM-GBSA

Yang T, Wu JC, Yan C, Wang Y, Luo R, Gonzales MB, Dalby KN, Ren P. Virtual screening using molecular simulations. Proteins. 2011 Jun;79(6):1940-51. doi:
10.1002/prot.23018. Epub 2011 Apr 12. PMID: 21491494; PMCID: PMC3092865.
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920 False False False False False True False

[ ] T |
GLN176A ' | I - - - I I-IIH‘II\II\III
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Bouysset, C., Fiorucci, S. ProLIF: a library to encode
molecular interactions as fingerprints. Trrzion | S 8 S 1 LT W 1T WHA T
J Cheminform 13’ 72 (2021 ) 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000

https://doi.org/10.1186/s13321-021-00548-6 e

Interactions HBAcceptor HBDonor
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Molecular Dynamics Simulation Process

Molecular Dynamics

|. Assign velocities to all atoms

Simulation 2. Calculate forces on all atoms

process is based on
Newton’s second law

3. Use Newton’s second law to
calculate acceleration on each atom

F =ma
4. Calculate velocities for the
t+ At next timestep
@t 4 At) 5. Use change of velocities to get

vt +At) coordinates for next timestep

6. Go to step 2.

10



Classical Molecular Dynamics

Preprocessing

Pre-simulation
steps

FAST. FLEXIBLE. FREE.

GROMACS

Structure Preparation

Force-field
Definitions of inter-atomic bonded and
non-bonded forces (ligand and protein)

Simulation box setup
box size/shape

Solvate system

add HOH molecules

Neutralize system
add Na+/Cl- ions
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Structure preparation

https://www.cgl.ucsf.edu/chimera/

O 8 httpsi//w

cql.ucsf.edu/chimers, B % L@ B =

people publicat

Visit s search

Guide to Volume Data

Release Notes

UCSF CHIMERA

an Extensible Molecular Modeling System
UCSF Chimera is a program for the interactive visualization and analysis of molecular structures and related data, including density maps, trajectories, and sequence alignments. It is available free of charge for
noncommercial use. Commercial users, please see Chimera commercial licensing

We encourage Chimera users to try ChimeraX for much better performance with large structures, as well s other major advantages and completely new features. ChimeraX includes a significant subset of Chimera
features (with more to come, see the missing features list) and is under active development. Users may choose to use both programs, and it s fine to have both installed.

Chimera is no longer under active development. and is only updated for critical maintenance. Chimera development was supported by a grant from the National Institutes of Health (P41-GM103311) that ended in
2018,

Download
What's New in Daly Bullds
Map of Download Locations

Related Databases and
Software
ing Chi
Contact Us

Recent Citations

imprinted
SoaImar SARS Cov g ormran:
5 Park 1] Pinto D et

I Science. 2
REHT

et al. Nature.
i Lo zan 3ss

Siet(7asey 180167

S I s
etal_Cell Res. 2022
Nov;32(11)982-994
Algorithmic design of 30

i hedra, Elonen
A, Natarajan AKX et al. ACS Nano.
2022 0c:
25:16(10):16608-16616.

Previously featured citations.

Feature Highlight

Pipes and Planks

The PipesandPlanks tool shows protein helices as “pipes" (cylinders) and strands as “planks" (rectangular boxes), with connectors for the intervening coil. Adjustable settings include pipe
radius, plank width, colors, and whether to include arrowheads to show chain N~C directionality (see image how.to).

|Gallery Sample

Peroxiredoxin Wreath
Peroxiredoxins are enzymes that help cels cope with stressors such as high levels of reactive oxygen species. The image shows a decameric peroxiredoxin from human red blood
cells (Protein Data Bank entry 1amy), styled as a holiday wrea

See also the RBVI holiday card gal

| Chimera Search

Go

Google™ Search

[News

September 27, 2022

etc) and RBVLhosted web
Services will be down for
mainisnance from fue,Sep 27
ough Wed, possibly
exlendmg T sep 35 Som

December 20, 2021

34 The RBVI wishes you a safe
2 happy holiey seasont
o See our 2021 cord and he

gallery of previous cards

- Gate s ess

December 17, 2021

Chimers producton reease 115
15 now avaliable. This will be the

Previous news.

Upcoming Events

About RBVI | Projects | People | Publications | Resources | Visit Us
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Protein and ligand preparation. In-house scripts

https://github.com/ci-lab-cz/docking-files/tree/main

s and Hs in mol

es. Manual revis

Add a blind docking site box for tubulir 5 mont

Docking preparation procedure

PDB_download
By script:
python scripts/get_pdb_fasta_mol_bypdbid.py -i 5tgz 5u09 -o P21554

it re[um5:|

P21554/

ligands_frompdb.smi (can use for pdb2mol script)
P21554/5tgz/

5tgz.pdb

5tgz.fasta

5tgz_ligands_frompdb.sdf
5tgz_ligands_frompdb.smi

ligands_list.log

or by PDB downloader

Target preparation

1) Open Chimera

2) Fetch PDBIDs (space as separator)

File — Fetch by ID

3) Select chosen chains (remove other chains)

Select menu

Select chain (if chains: Select — Selection mode — append) — Invert (all mo
Atoms/Bonds — delete

4) Align structures

Tools — Structure comparison — MatchMaker

ired for docking

n-ligand complexes prepared for docking in PDB nad PDBQT formats.

cribed in the document Target-prepare_desgn.docx . Please follow it if you contribute a

This is an optional step. It is required if at least one structure of the same prot . trie eergee e = w e . StTUCtUTes of an individual protein are aligned and a single grid box is used for all of them.

in prepared files. In such a case select the first structure from the prepared ones by alphabetic order

and use it as a reference to align a new one. This will simplify analysis of docking to different X-ray The repository is composed of directories for individual proteins, where every directory has the following structure:
Mnboh Faea O Pann -l a

13
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Protein preparation

1. Download structure from PDB (h

ttps://www.rcsb.org/) using PDBID

Download Files -> PDB Format

O B https://www.resb.org/structure/1KE7

RCSB PDB  Dep: ad ~ Leam ~ More Docum:

By @ L

tation ~  Careers

[ 198528 Siuctres from he POB
~ 3D Structures @
PROTEIN DATA BANK @ 1,000,361 Computed Structure
Models (CSM) Advanced Search

SPDB 200 WHE"

Include CSM @

Browse Annolatons Help.

aDView  Amoaons  Experiment  Sequence  Genome

Ligands Versions

-

2H-INDOL-2-ONE

PDB DOI: 10.2210/pdb1KE7/pdb
Classification: TRANSFERASE
Organismis): Homo sapiens

Expression System: Spodoptera frugiperda
Mutation(s): No @

Deposited: 2001-11-14 Released: 2002-05-14
Deposition Author(s): Bramson, H.N., Corona, J.,
Hassell, A H., Shewchuk, LM., Kuyper, LF.

Experimental Data Snapshot
© 3D View: Structure | 1D-3D View | Method: X-RAY DIFFRACTION

Electron Density | Validation Report | Resolution: 2.00 A
Ligand Interaction

R-Value Free: 0.235

Global Symmetry: Asymmetric - G1 @
Global Stoichiometry: Monomer - A1 @

Find Similar Assemblies

Biological assembly 1 assigned by authors.

Marramolacule Cantant

B Dispiay Fies - [RELS

FASTA Sequence

CYCLIN-DEPENDENT KINASE 2 (CDK2) COMPLEXED WIT
DIHYDRO-2-BENZOTHIEN-5-YL)AMINOJMETHYLENE}-5-(1 PDBxmmCIF Format

PDBXMMCIF Format (g2)

PDB Format
PDB Format (g2)

PDBML/XML Format (gz)

Structure Factors (CIF)
Davis, ST, Dickerson, S o1 ture Factors (CIF - g2)

WwPDB Va,ml Validation Full PDF I
Tanganon

Met
Clashscore M-

camachantion oo Bi000ICA Assembly 1 CIF -g2) ©

Sidechinoutrs .

o o mm Biological Assembly 1 (PDB - g2)
2 fo-fc Map (DSN6)

2lo-fc Map (DSN6)

Ligand Structure Qualit  yy.p, Gogffcients (MTZ format)

Worse 0 I — Betier

Ligand structure goodness of fit to experimental data

14


https://www.rcsb.org/

' INSTITUTE OF MOLECULAR AND
‘ TRANSLATIONAL MEDICINE

Protein preparation

2. Download sequence from PDB or from UniProt

O B https://www.rcsb.org/structure/1KE7

RCSB PDB  Deposit ~ Search ~ Visualize ~

PROTEIN DATA BANK (85 1,000,361 Computed Structure

Models (CSM)

AR @PDEB 20nwkeore [ 8500

Download Files -> Fasta Sequence

Anal

B %

Download ~ Leamn ~ More Documentation ~  Care

198,528 Structures from the PDB

~ 3D Structures @

Advanced Search | Browse Annotations

Structure Summary 3D View

Annotations

Experiment Sequence Genome Ligands Versions

ological Assembly 1 @

© 3D View: Structure | 1D-3D View |
Electron Density | Validation Report |
Ligand Interaction

Global Symmetry: Asymmetric - C1 €@
Global Stoichiometry: Monomer - A1 @

Find Similar Assemblies

Biological assembly 1 assigned by authors.

Coantant

1 KE7 I FASTA Sequence I
CYCLIN-DEPENDENT KINASE 2 (CDK2) COMPLEXI

DIHYDRO-2-BENZOTHIEN-5-YL)AMINOJMETHYLENE}-5-(1 PDBx/mmCIF Format
2H-INDOL-2-ONE Amm A ,

PDB DOI: 10.2210/pdb1KE7/pdb Structure Summary Structure Annotations Experiment Genome Ligands Versions
Classification: TRANSFERASE

Organism(s): Homo sapiens
Expression System: Spodoptera frugiperda

Mutation(s): No @ 1 KE7

Deposited: 2001-11-14 Released: 2002-05-14
Deposition Author(s): Bramson, H.N., Corona, J., Davis, S.

G b CYCLIN-DEPENDENT KINASE 2 (CDK2) COMPLEXED WITH 3-{[(2,2-DIOXIDO-1,3-DIHYDRO-2-BENZOTHIEN-5-YL)AMINOJMETHYLENE}-5-(1,3-OXAZOL-5-YL)-1,3-
DIHYDRO-2H-INDOL-2-ONE

Files v

Experimental Data Snapshot wwPDB
Method: X-RAY DIFFRACTION

Resolution: 2.00 A

R-Value Free: 0.235 ramsehi | A
R-Value Work: 0.191

Help
CHAIN

Cyclin-dependent kinase 2 - Homo sapiens @ Explore Sequence Annotations in 3D

sia
r T T T T T T T T T T T T T T
0 20 0 50 80 00 20 140 160 180 200 220 240 280
CHAIN A
UNIPROT P24941
Ligand SECONDARY STRUCTURE — . I 1 I I N e e
| unwopeLeD | ] |
Worse 0 I E— T 1 Gotier

Ligand structure goodness of fit to experimental data
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\ TR M v Select atoms [v Choose in Model Panel |v Hide others
Model| GA341] zDOPE
1 - #F11 1.00 -1.52
Protein preparation e o
#14 1.00 -1.55
#5 1.00 -1.61
o e select the model with
. - #18 1.00 -1.52
3. Open Fasta and PDB in Chimera o the lowest zDOPE
. o Sii2 106 _1.44
a. Fill missing loops by Modeller #14 1,00 _1.e0
#.15 1.00 -1.49

Tools -> Sequence -> Sequence

Sequence -> Structure -> Modeller (loops/refinement)

Model Loops / Refine Structure - 0O X
¢~ active region
File Select Actions Presets Tools Favorites Holp

¢ Chimera selection region

Modelremodst

Fie Edi Sicire Headers Numberings Tree Info Prefeences. & non-terminal missing structure

KE7_1(Chain A GKVEKGEGTYGVVYKARNKLTGEVVALKK I ALDTETEGVPSTATR o 1ke7.pdb (#0) — |

1KET_1(Ch: sapiens (9606)E | SLLKELNHPN | VKLLDV IHTENKLYLVFEFLHQDLKKFMDASALTGIP  all missing

1KE7.1|Chain A sapiens (9606) L P L | KSYLFQLLQGLAFCHSHRVLHRDLKPONLL INTEGA | KLADFGLAR Allow this many residues adjacent

1KE7_1IChain A.. sapiens (9606) AF[GVPVRTYTHEV VT LWYRAPE | LLGCKYYSTAVD IWSLGC | FAEMVTRR to missing regions to move: 1N s

1IKE7_1|Chain A... sapiens (9606) AL F PGDSE | DQLFR | FRTLGTPDEVVWPGVTSMPDYKPSF PKWARQDF SK ¥

1KE7_1[Chain AL saplens (9606) V VP P LDEDGRS L L SOMLHYDPNKR | SAKAALAHPFFQDVTKPVPHLRL Number of models to genefate:l]ﬂ |

Loop modeling protocol: standard —
_Out | tido | oo | Run Modeller using: web service |
Modeller license key:|™********* |
Temporary folder location (optional):] Browse

Publications using Modeller results should cite:
A. Sali and T. L. Blundell.

Comparative protein modelling by satisfaction of spatial restraints. Lm
J. Mol. Biol. 234, 779-815, 1993. -

OK Appl Modeller H P. Cl Hel
ppy| eromeage| ose| eplﬁ
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Protein preparation

3. Open Fasta and PDB in Chimera

b. Dock Prepare

Structure Editing -> Dock Prep

Dock Prep =

Molecules to prep:

1ke7.pdb (#0)

For chosen molecules, do the following:

[v Delete solvent
[~ Delete non-complexed ions
v If alternate locations, keep only highest occupancy
v selenomethionine (MSE) to methionine (MET)
_ v bromo-UMP (5BU) to UMP (U)
" v methylselenyl-dUMP (UMS) to UMP (U)
v methylselenyl-dCMP (CSL) to CMP (C)
v Incomplete side chains: Replace using Dunbrack 2010 rotamer library —

v Add hydrogens
[~ Add charges
[~ Write Mol2 file
Publications using Dunbrack 2010 rotamers should cite:

Shapovalov, M.S., and Dunbrack, R.L., Jr. (2011)
A Smoothed Backbone-Dependent Rotamer Library for Proteins

Derived from Adaptive Kernel Density Estimates and Regressions Wl
Structure, 19, 844-858. >

OK [ Cancel | Help |

17
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Protein preparation

3. Open Fasta and PDB in Chimera

c. Write protein, ligands, cofactors objects
into separate files

Select -> Residue -> choose ligand or cofactor name

Select -> Structure -> protein

18
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AMBER Histidine residues

P rote i n p re p a rati O n Histidine (115 in normal pdb files) is really one of three possible residues:

HID: Histidine with hydrogen on the delta nitrogen
HIE: Histidine with hydrogen on the epsilon nitrogen

HIP: Histidine with hydrogens on both nitrogens; this is positively charged.

4 . ASS | g n n O n -Sta n d a rd Am be r reS n a m eS I It is up to the user to inspect the environment of each histidine and identify the type that is appropriate. I

pdb4amber -i protein_H.pdb -o protein_ H_ HIS.pdb

e Histidine (HID, HIE, HIP)
Can be protonated at different nitrogen atoms in its
imidazole ring.
e Aspartate (ASP, ASH) Check visually active site

Can be neutral (ASP) or negatively charged (ASH)
based on the protonation of the carboxyl group.

e  Glutamate (GLU, GLH)
Behaves similarly to aspartate with its carboxyl groups.

e Lysine (LYS, LYN)
Can be protonated or neutral depending on the nitrogen
atom in the side chain amine group.

e Cysteine (CYS, CYX)
Cysteines involved in disulfide bridges have a special
Amber resname (CYX) 19

HIE84
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Protein / Ligand preparation

Input Files for MD:
protein_H _HIS.pdb

- no missing non-terminal atoms/residues

- removed non-protein organic molecules

- added all hydrogens

- set non-standard protonation states of residues
- set CYX (Cysteines forming disulfide bridges)

ligand.mol

- correct coordinates

- correct tautomerization

- protonated at 7.4 pH / 3d-structure-based protonation (e.g. Chimera) / or user manual
protonation (added all hydrogens)

20
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Ligand preparation

3D-structure-based
) protonation
Carbonic Anhydrase

s}
Il
HN—S==0

Cl

atpH (7.4
Take major tautomeric form
[[] Keep explicit hydrogens

E] Cancel Restore Default§

2WEH

pH-based protonation
(pH 7.4)

2-CHLOROBENZENESULFONAMIDE

23 Major Microspecies

HN—S=—=0

Cl

21
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Classical Molecular Dynamics

Preprocessing

~—~" .
L
*// . .
Pre-simulation

StreaMD steps

run_md -p protein.pdb - ligands.sdf --md _time 1

Structure Preparation

Force-field

Definitions of inter-atomic bonded and
no-bonded forces (ligand and protein)

Simulation box setup

box size/shape

Solvate system
add HOH molecules

Neutralize system
add NA+/CL- ions

Analysis

22
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Journal of Cheminformatics

Home About Articles Submission Guidelines About The Editors Calls For Papers Submit manuscript (3

Software | Open access | Published: 05 November 2024

StreaMD: the toolkit for high-throughput molecular
dynamics simulations

Aleksandra Ivanova, Olena Mokshyna & Pavel Polishchuk &

Journal of Cheminformatics 16, Article number: 123 (2024) | Cite this article

2072 Accesses | 1 Citations | 6 Altmetric | Metrics

StreaMD

FAST. FLEXIBLE. FREE.

GROMACS

Open-Source Cheminformatics
and Machine Leaming

https://github.com/ci-lab-cz/streamd

run_md -h

usage: run_md [-h] [-p FILENAME] [-d WDIR] [-1 FILENAME] [--cofactor FILENAME] [--clean_previol
[--topol_itp topol_chainA.itp topol_chainB.itp [topol_chainA.itp topol_chainB.itj
[--protein_forcefield amber99sb-ildn] [--md_time ns] [--npt_time ps] [--nvt_time
[--wdir_to_continue DIRNAME [DIRNAME ...]] [--deffnm preffix for md files] [--tp!
[--ligand_list_file all ligand_resid.txt] [--ligand_id UNL] [--activate_gaussian
[--gaussian_exe g0@9 or /apps/all/Gaussian/09-d01/g09/g09] [--gaussian_basis B3LYI
[--metal_cutoff 2.8] [--metal_charges {MN:2, ZN:2, CA:2}]

Run or continue MD simulation. Allowed systems: Protein, Protein-Ligand, Protein-Cofactors(mult
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How to run (minimal examples)

To run simulation:
run_md -p protein.pdb - ligands.sdf --md_time 1

To extend simulation:
run_md --wdir to continue md_files/md_run/protein_ligand_*/ --md_time 2

G(P)BSA calculations:
run_gbsa --wdir to run md_files/md_run/protein_ligand_*

ProLI|F calculations:
run_prolif --wdir to run md_files/md_run/protein_ligand *
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Main features of StreaMD:
¢ GROMACS engine
e Default set of optimal parameters for calculations, which can be customized
e Support of simulations of different molecular systems in explicit water solvent:
o protein only, protein-ligand, protein-cofactor(s), protein-ligand-cofactor(s)
e Support of modeling of boron-containing molecules
o RESP charges calculation using Gaussian tool

e Support of Building Bonded Model for A Ligand Binding Metalloprotein with
MCPB.py

o to simulate proteins with specific metal ions not parametrized in commonly
used FF

e The ability to continue interrupted or to expand already finished simulations

e Support of distributed computing using Dask library across a network of servers
or cluster

Vs

e GPU calculations support Protein-Ligand-Cofactor
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Main features of StreaMD:

e Automatic analysis of simulation:
o separate RMSD plots for protein, ligand and cofactors objects
o a plot of flexibility of side chains of amino acids (RMSF)
o aplotand a pdb file with radius of gyration
o asingle frame pdb file for the topology and a short subset of the trajectory for the quick visual inspection

o afitted trajectory (with removed periodic boundary conditions, aligned and centered on the first frame) to
use for energy or protein-ligand interaction calculations

o interactive trajectory convergence analysis for multiple complexes
e Support of analysis by additional instruments:
o ProLIF: Ligand-Protein interactions (time-dependent function, stability analysis)
m  https.://github.com/chemosim-lab/ProLIF
o gmx_MMPBSA: Calculation of Binding Energy by MM(PB)GBSA
m  hiips:/qithub.com/Valdes-Tresanco-MS/gmx_MMPBSA



https://github.com/Valdes-Tresanco-MS/gmx_MMPBSA
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Check your own MD simulations

mdrun/md_files/md_run/protein_H _HIS ligand

27
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StreaMD Analysis Output Files

System stability & issues

Pose stability & System issues

potential.png
density.png
pressure.png

temperature.png

rmsd_complex-name.png
gyrate_complex-name.png
rmsf_complex-name.png

rmsd_mean_std_time-ranges_time.html

Minimization & Equilibration stages

Production Simulation

28
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Root mean square deviation of atomic positions

3.0 A
2.5 1
__ 2.0
<
) A
0 1.5
=
o
1.0 -
0.5 A
—— backbone —— ligand
0.0 - —— ActiveSite5.0A
0.0 0.2 0.4 0.6 0.8 1.0
Time (ns)

rmsd_complex-name.png

29



- INSTITUTE OF MOLECULAR AND
TRANSLATIONAL MEDICINE

20+

184
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Radius of gyration
(total and around axes)
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Increasing of Rgyr

Time (ps)

gyrate_complex-name.png

Conformer at the 1st ps
Conformer at the 1000th ps

Value of Rgyr:

Decreasing - compression

Increasing - extension
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Root mean square fluctuation (RMSF, i.e. standard deviation)

0.200

\
O\ rmsf.pdb

l | / |
0.175 ’ ~ \
9
) ( I
- » -
~ 12:80

\ r

b-factor color map
High RMSF: Loops or flexible

rmsf_complex-name.png regions. Disordered structure
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Trajectory convergence analysis

Interactive html files help to identify converged segments of trajectories

0.0-10.0ns 5.0-10.0ns 9.0-10.0ns
2 I 3 2 I
I I
g 15 | 15 15 | o
=] D
2 I I Q
o 1 I 1 1 I =
= o
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2 4 6 8 2 4 6 8 0 2 4 ' 6 8
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I I
% 15 e I 15 = 15 I =
o | . | (e}
L] L]
& 1 . ° S 1 e - . : ‘ ’ 5
= o * g2 o ~e é L4 | e Q
© DLy " £ 05 = 5 ‘1.‘?-& .
05—"__i‘.7b@_"'0'“‘—1 S 7d o Pae 1 0.5)rm. == o e, % 1
S . d'a.&\! ey RESNE LU S
0 1 0 0 1
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\ \ z
D ‘15 I 1.5 15 | =
a I I ®
[a) n
n 1 | 1 1 | =
=z £ | | &
O e AR 05 — — — — 5——1,-————1 05 = = = = = = dF———+ o
i 29 N L] -
r o & ’ i ® 0 >
T . T ool | | odthaBlive |
1 1 1
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
RMSD Mean RMSD Mean RMSD Mean

rmsd_mean_std_time-ranges_time.html

The average RMSD provides insight into ligand movement or rotation relative to its initial pose, while the standard
deviation reflects the stability of the ligand pose within the selected trajectory segment.

pIC50
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MMPBSA / MMGBSA

End-state free energy calculations
with GROMACS files
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What can be done by MD

o to eSti mate bi nd i ng afﬁ n ity Of In the MM/PBSA or MM/GBSA approach, the free energy for binding of the ligand (L) to the protein receptor (R) to form

the complex (RL),
protein-ligand complexes
o  Molecular mechanics Poisson—-Boltzmann AGping = Gp — Gp — G
surface area (MM/PBSA)
o  Molecular mechanics generalized Born surface

can be decomposed into contributions of different interactions and expressed as (58),

area (MM/GBSA) AG,,, = AH — TAS = AE,, + AG_, — TAS
" in which
Y= A AEyy = AE,, + AE,, + AE gy
= = [} oo AG,, = AGpy gy + AGgy
+ 2 AGgy = 7-SASA + b

Valdés-Tresanco, M.S., Valdés-Tresanco, M.E., Valiente, P.A. and Moreno E. gmx_MMPBSA: A New Tool to Perform End-State Free Energy Calculations
with GROMACS. Journal of Chemical Theory and Computation, 2021 17 (10), 6281-6291. https://pubs.acs.org/doi/10.1021/acs.jctc.1c00645.

MMPBSA.py: An Efficient Program for End-State Free Energy Calculations Bill R. Miller Ill, T. Dwight McGee Jr., Jason M. Swails, Nadine Homeyer, Holger
Gohlke, and Adrian E. Roitberg Journal of Chemical Theory and Computation 2012 8 (9), 3314-3321 DOI: 10.1021/ct300418h

@

(&)

(6)

@

®)
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MMPBSA / MMGBSA

to estimate binding affinity of
protein-ligand complexes

Total G

Bim:ling=
Gas-phase molecular mechanics energy AE,, -

changes in the internal energies AE. _ [bond, angle, and

int
dihedral energies)
electrostatic energies AE

van der Waals energles

Electrostatic solvation energy G_ |

The polar contribution is calculated using either the PB
or GB model Where the GB method gives an
analytical expression for the polar solvation energy and is
thus much faster than the PB method.

nonpolar energy is usually estimated using the
solvent-accessible surface area|(SASA)

The change in conformational entropy

is usually calculated by normal-mode analysis (or
Interaction entropy) on a set of conformational snapshots
taken from MD simulations.

Free binding energy is calculated as the difference in free

energy between the bound and unbound states of the
molecules. Where the free energy is derived from:

In the MM/PBSA or MM/GBSA approach, the free energy for binding of the ligand (L) to the protein receptor (R) to form

the complex (RL),

AGypg = Gp — Gg — G,

can be decomposed into contributions of different interactions and expressed as (58),

AGypg = AH — TAS = AEyy + AG,,, —

in which

AEyy =

AE

int

+ AE,, +

AG , =

sol

AGpg, |+ AGg,

AGgy =

y-SASA|+ b

AE vdW

@

(&)

(6)

@)

®)
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MMPBSA.in
Sample input file for PB/GB calculation

#This input file is meant to show only that gmx_MMPBSA works. Although, we tried to use the input
files as recommended in the

#Amber manual, some parameters have been changed to perform more expensive calculations in a
reasonable amount of time. Feel free to change the parameters

#according to what is better for your system.

&general

sys_name="PB_GB_IE",

startframe=1, interval=1, verbose=2, PBRadii=3,

interaction_entropy=1, ie_segment=100, temperature=310

/

&gb

igb=5, saltcon=0.150,

/

&pb

istrng=0.15, fillratio=4.0, radiopt=0, indi=1, exdi=80.0

/

run_gbsa - mdrun/md_files/md_run/protein_HIS ligand/

36
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PBSA

B @

fname AG_binding AG_binding_+/-
. 7 o 4 protein_HIS igand_1 -35.81 0.74
3 3. 1l 3l
2 2 0. 0.
0 0. 0. 0.
1 1 0. 0.
1 . > s GBSA
1 13 0. 0. = =
1 5 0. 0. fname AG_binding AG_binding_+/-
0 0. 0. 0. protein_HIS_ligand_1 -24.31 4.1

[TON'N
o =
(ol

Delta (Complex - Receptor - Ligand):
Energy Component Average SD(Prop.)

0 0. 0
2 0. 0
2 0. 0
0 2. 0
0 6. 0
0 0. 0
0 0. 0
0 3. 0
0 0. 0

MMPBSA Energy and MMGBSA
Energy cannot be compared within the

different methods. But you can rank
your molecules by energies obtained
from each method separately.

37
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ProLIF (Protein-Ligand
Interaction Fingerprints)

run_prolif -i mdrun/md_files/md_run/protein_HIS ligand/

38
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[ L] wies7. What information can we retrieve from

LA analysis of protein-ligand interactions?
THR149.A
AopIEsA e By default, the tool creates 2 types of

{1 (YT ET ATV T T T A ) Y A I 1 1 O AT 017 O SER190.A . . . . .
- protein-ligand interactions analysis

T e GLN192.A outputs
Lol 1 [ li GLY193.A . . L. L

UL LU T T isenioscs e The analysis of individual protein-ligand

VAL213.A systems may show which contacts are
1] SER214.A co-occurred and how these groups of
IR contacts change during the simulation
| ] i . .

S that may suggest ligand moving or pose

iewessnmigoresit | B GLY219A changing.
CYS220.A

: Il]!II\I[IllIIIIIIIJI\?I\IIIIIIIII'IIIHIIIIl[IHI 11 RIE IlIIII\ Wi mi . LYS224.A

0.0 25 5.0 7] 10.0
Time, ns
A y . cationic | hbdonor | pication
interaction
| hbacceptor hydrophobic | pistacking

Protein-ligand interactions detected for the trypsin dataset. (a)
Occurrence of contacts in course of simulation detected for 1GI6
protein-ligand complex during 10 ns MD simulation.

most frequently occurred ligand binding mode
(>= 60% occupancy)
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Interaction fingerprints for
the whole trypsin dataset
occurred in at least 60%
of frames of 10 ns MD
trajectories

PHE41.AH -

HIP57.A.N -

HIP57.A.H -
HIP57.A.pi+ -
HIP57.A.pi-s -e e

interaction

LEU99.AH -

SER1I90AD-0000000000000000000000000000 0000000000000000000000

ASP189.AD-0000000000000000000000000000 0000000000000 0 000000
GLN192.AA-

ASP180.AP-000000000000000000000000000000000000000000080

GLN175.AH -

e anionic

e cationic

LI I
aT <<
<< <<
NN M0
[o) B = B« I )]
~ = = o~
Zz2xcc
_I_IOL.U
(UG} n
cationpi

hbacceptor

SER195.A.D -
VAL213.AH-
SER214.A.D -

TRP215.A.+pi-
TRP215.A.D-
TRP215.A.H-

e hbdonor

hydrophobic

[ E R NN N ]
XXX K)
e0o0e o
GLY219AD-00 00000000 ©00000000000000000000000000000000

GLY216.A.A-
GLY216.A.D -
SER217.A.D -
GLY219.AA-

e pication

e pistacking

The analysis of contacts observed
for multiple ligands may help to
identify the most frequently
observed contacts (interaction
patterns) and identify ligands
which do not follow them, that
may indicate their unique binding
modes or issues in a simulation

setup.

Al B C | D J
Name Frame 'phe41.a.hydrophobic ‘hip57.a.hydrophobic
2BZA 0 FALSE FALSE
102y 0 FALSE FALSE
1K10 0 FALSE TRUE
2ZDL 0 FALSE FALSE
1QBO 0 FALSE FALSE
102R 0 FALSE FALSE
2ZHD 0 FALSE TRUE
1G36 0 FALSE FALSE
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Ligand from 2FX6
complex did not follow
this pattern.

PHE41.AH -
HIPS7.AN -
HIP57.AH -

HIP57.A.pi+ - e

HIP57.A.pi-s - e

interaction

LEU99.AH -

SER1I90AD-0000000000000000000000000000 0000000000000

ASP189.AD-eee0eceeccecccecceccceccocccocococoe 0000000000 O0COCEOES
GLNI9Z. AA-

ASP180.AP-000000000000000000000000000000000000000000080

GLN175.AH -

e anionic

e cationic

GLN192.A.D -
GLN192.AH -
GLY193.AA-
SER195.A.A -

cathpi

hbacceptor

SER195.A.D -
VALZI3.AH-
SER214.A.D -

TRP215.A.+pi-
TRP215.A.D-
TRP215.A.H-

s hbdonor

hydrophobic

[ E R NN N ]
XXX E)
SER217.AD-
GLY219.AA- eece o
[ GIY219A D ~b:d-b-ddebobbobibild:idib-dibidd b ibibddidid-b-dibbid-b:0:-0-6-0-b-b:0--0-0-b

GLY216.A.A-
GLY216.A.D -

e pication

e pistacking

The analysis of the whole set of
trypsin inhibitors revealed as
expected the common
interaction pattern.

The majority of ligands have
charged interaction with Asp189,
H-bonds with Ser190 and Gly219
and hydrophobic interactions with
GIn192 and Val213.
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Visual inspection of a ligand MD trajectory revealed that the structure of the ligand
was wrongly annotated in the PDB database and was not fixed in the dataset.

N
e ASP-189
HN /
> N7 |
N ~

The structure from PDB database and data set of
Bahia et al23

N ¥
H N —</ j
GLY-219 W
HN

The structure reported in the original manuscript25,

VAL-213

The bond orders were incorrectly interpreted, that results in wrong geometry of the structure and
that the ligand started to move away from its initial pose and could not form expected contacts.
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Availability and requirements

Project name: StreaMD

GitHub: https://github.com/ci-lab-cz/streamd
Operating system(s): Linux

Programming language: Python 3

Other requirements: GROMACS, RDKit, ProLIF, Antechamber, MDAnalysis, Dask, Gaussian
(optional, a license is required)

License: MIT

Any restrictions to use by non-academics: no
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Thank you for your attention!

S

Ol

https:/Igithub.com/ci-lab-cz/streamd
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