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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

https://www.kfc.upol.cz/8add
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Run MD simulation (100 ps):
run_md -p protein_H_HIS.pdb -l ligand.mol --md_time 0.1 --nvt_time 10 --npt_time 10 --ncpu 8 -d mdrun --device gpu
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Molecular dynamics

● to explore conformational space
● to explore biological process of 

molecular recognition
● to investigate ligand pose stability
● to explore protein flexibility 
● to estimate binding affinity of 

protein-ligand (protein-protein) 
complexes

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.

https://doi.org/10.1016/j.str.2017.02.009

https://doi.org/10.1016/j.str.2017.02.009


What can be done by MD

● To explore different conformations of protein
○ To investigate internal-flexibility of protein
○ For practical use we select conformations from the most populated clusters of all 

conformations 

Conformation can be used:
- for further molecular docking studyPDB: 1W51
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What can be done by MD

● To explore stability of ligand pose

Up to 2 A
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docking

MD 10ns.
Ligand goes out 

of the site

Example of incorrect 
protonation and pose:

PDB: 2WEH

Carbonic Anhydrase

x-ray



● to estimate binding affinity of protein-ligand 
complexes

○ GBSA/PBSA approach

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 III, 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

Correlation between MM-GBSA 
predicted and experimental 

binding free energy. 

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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What can be done by MD

https://pubs.acs.org/doi/10.1021/acs.jctc.1c00645


What can be done by MD

● to investigate protein-ligand 
interaction stability
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Bouysset, C., Fiorucci, S. ProLIF: a library to encode 
molecular interactions as fingerprints.
J Cheminform 13, 72 (2021). 
https://doi.org/10.1186/s13321-021-00548-6
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Molecular Dynamics Simulation Process

Simulation
process is based on 
Newton’s second law



Classical Molecular Dynamics
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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

Energy minimization
●  Stop minimization when the max force < 

1000.0 kJ/mol/nm
● to ensure that the system has no steric 

clashes or inappropriate geometry

NVT and NPT equilibration
● 1000 ps
● equilibrate the solvent and ions around the 

protein

Product Simulation

Analysis

Pre-simulation 
steps

Preprocessing



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



Protein and ligand preparation. In-house scripts
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https://github.com/ci-lab-cz/docking-files/tree/main



Protein preparation
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1. Download structure from PDB (https://www.rcsb.org/) using PDBID

Download Files -> PDB Format

https://www.rcsb.org/


Protein preparation
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2. Download sequence from PDB or from UniProt

Download Files -> Fasta Sequence



Protein preparation
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3. Open Fasta and PDB in Chimera

a. Fill missing loops by Modeller

Tools -> Sequence -> Sequence

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

select the model with 
the lowest zDOPE



Protein preparation
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3. Open Fasta and PDB in Chimera

b.  Dock Prepare

Structure Editing -> Dock Prep



Protein preparation
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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



Protein preparation
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4. Assign non-standard Amber resnames

pdb4amber -i protein_H.pdb -o protein_H_HIS.pdb

https://ambermd.org/Questions/HIS.html

HIS84 HIE84

Check visually active site

● Histidine (HID, HIE, HIP)
Can be protonated at different nitrogen atoms in its 
imidazole ring.

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

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

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

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



Protein / Ligand preparation
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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)



Ligand preparation
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2WEH

2-CHLOROBENZENESULFONAMIDE

Carbonic Anhydrase

pH-based protonation 
(pH 7.4)

3D-structure-based 
protonation



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

Energy minimization
● to ensure that the system has no steric 

clashes or inappropriate geometry

NVT and NPT equilibration
● 1000 ps
● equilibrate the solvent and ions around the 

protein

Product Simulation

Analysis

Pre-simulation 
steps

Preprocessing

Classical Molecular Dynamics
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StreaMD

run_md -p protein.pdb -l ligands.sdf --md_time 1 



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

StreaMD



How to run (minimal examples)
To run simulation:
run_md -p protein.pdb -l 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_*

ProLIF calculations:
run_prolif  --wdir_to_run md_files/md_run/protein_ligand_* 



Main features of StreaMD:
● GROMACS engine

● Default set of optimal parameters for calculations, which can be customized

● Support of simulations of different molecular systems in explicit water solvent:

○ protein only, protein-ligand, protein-cofactor(s), protein-ligand-cofactor(s)

● Support of modeling of  boron-containing molecules

○ RESP charges calculation using Gaussian tool

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

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

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

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

● GPU calculations support

Protein

Protein-Ligand

Protein-Ligand-Cofactor25



Main features of StreaMD:
● Automatic analysis of simulation:

○ separate RMSD plots for protein, ligand and cofactors objects

○ a plot of flexibility of side chains of amino acids (RMSF)

○ a plot and a pdb file with radius of gyration

○ a single frame pdb file for the topology and a short subset of the trajectory for the quick visual inspection

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

○ interactive trajectory convergence analysis for multiple complexes

● Support of analysis by additional instruments:

○ ProLIF: Ligand-Protein interactions (time-dependent function, stability analysis)

■ https://github.com/chemosim-lab/ProLIF

○ gmx_MMPBSA: Calculation of Binding Energy by MM(PB)GBSA

■ https://github.com/Valdes-Tresanco-MS/gmx_MMPBSA

● Logging of each calculations

26

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

mdrun/md_files/md_run/protein_H_HIS_ligand/md_analysis
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StreaMD Analysis Output Files

rmsd_complex-name.png

gyrate_complex-name.png

rmsf_complex-name.png

rmsd_mean_std_time-ranges_time.html

potential.png

density.png

pressure.png

temperature.png

System stability & issues Pose stability & System issues

Minimization & Equilibration stages Production Simulation



29rmsd_complex-name.png

Root mean square deviation of atomic positions
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Increasing of Rgyr

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

Value of Rgyr:

Decreasing - compression

Increasing - extension gyrate_complex-name.png

Radius of gyration 
(total and around axes)
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Root mean square fluctuation (RMSF, i.e. standard deviation)

rmsf.pdb

b-factor color map

rmsf_complex-name.png
High RMSF: Loops or flexible 
regions. Disordered structure



 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. 

rmsd_mean_std_time-ranges_time.html

Interactive html files help to identify converged segments of trajectories

Trajectory convergence analysis



MMPBSA / MMGBSA
End-state free energy calculations 

with GROMACS files
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● to estimate binding affinity of 
protein-ligand complexes

○ Molecular mechanics Poisson–Boltzmann 
surface area (MM/PBSA)

○ Molecular mechanics generalized Born surface 
area (MM/GBSA) 

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 III, 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
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What can be done by MD

https://pubs.acs.org/doi/10.1021/acs.jctc.1c00645


MMPBSA / MMGBSA
● to estimate binding affinity of 

protein-ligand complexes
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Total GBinding=
● Gas-phase molecular mechanics energy ΔEMM:

○ changes in the internal energies ΔEint (bond, angle, and 
dihedral energies)

○ electrostatic energies ΔEele

○ van der Waals energies ΔEvdW

● Electrostatic solvation energy Gsol
○ The polar contribution is calculated using either the PB 

or GB model (ΔGPB/GB). 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 −TΔS 
○ 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:
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run_gbsa -i mdrun/md_files/md_run/protein_HIS_ligand/

MMPBSA.in
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GENERALIZED BORN:
POISSON BOLTZMANN:

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.

PBSA

GBSA



ProLIF (Protein-Ligand 
Interaction Fingerprints) 
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run_prolif -i mdrun/md_files/md_run/protein_HIS_ligand/



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. 

A

Protein-Ligand Interaction Fingerprints

most frequently occurred ligand binding mode 
(>= 60% occupancy)

What information can we retrieve from 
analysis of protein-ligand interactions?

● By default, the tool creates 2 types of 
protein-ligand interactions analysis 
outputs

● The analysis of individual protein-ligand 
systems may show which contacts are 
co-occurred and how these groups of 
contacts change during the simulation 
that may suggest ligand moving or pose 
changing.



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.

Interaction fingerprints for 
the whole trypsin dataset 
occurred in at least 60% 
of frames of 10 ns MD 

trajectories



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 
Gln192 and Val213.

Ligand from 2FX6 
complex did not follow 

this pattern.



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. 

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.

X-ray

MD 10 ns

Protein-Ligand Interaction Fingerprints



Availability and requirements
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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!

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


