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Agenda 

The aim is to illustrate the general workflow of the metadynamics 
simulations protocol typically applied in our group to achieve complex 
binding modes, binding energies and pathways of GPCR ligands 
 
• Introducing enhanced sampling methods with focus on 

metadynamics 
 

• Preparation of a multiple walker metadynamics simulation of 
muscarinic acetylcholine receptor (M2R) 
 

• Analyzing simulations 
 

• Introducing applications of the method in GPCR research 
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Timescale in MD simulations 

• Very long simulation times to 
sample transitions to different 
states 

 
 Enhanced sampling methods 
overcome energy barriers 

O. Fisette, et al., Journal of Biomedicine and Biotechnology, 2012 

MD 
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Enhanced sampling methods 

Tempering approaches 

• Simulated annealing 

• Simulated tempering 

• Replica exchange 

 

Based on collective-variable biasing 

• Umbrella sampling 

• Steered MD 

• Metadynamics 

modified figure from: Salmaso V., Moro S. Frontiers in Pharmacology, 2018 
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Simulated Annealing 
• simulation at increased temperatures allows faster transitions 
• slow, stepwise reduction of temperature guides system into global minimum 

 

Replica Exchange2 

• Multiple parallel simulations that interchange 
simulation conditions, e.g. temperature 

• Each replica gets heated to overcome barriers 
and cooled down again to sample next minimum, 
ultimately reaching global minimum 

Simulated Tempering1 

• One continuous simulation with varying 
temperatures to increase sampling of 
conformation states 

Tempering approaches 
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1 Pan, A.C., et al., J chem Theory Comput, 2016                  2 R.C. Bernardi, et al., Biochim Biophys Acta., 2015 
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Can be applied to 
• small molecule conformational sampling1 

• protein-folding2 

• protein-protein/peptide interactions3 

• binding and association free-energies4 

• enzymatic mechanism5 

1 Schaefer, M., Bartels, C.; Karplus, M., J. Mol. Biol. 1998 4  Wilhelm, M., et al., R., J. Am. Chem. Soc. 2012 
2 Young, W., Brooks, C., J. Mol. Biol. 1996                             5  Lonsdale, R., et al., Biochemistry 2012 
3 Tarus, B., Straub, J.; Thirumalai, D., J. Mol. Biol. 2005  

• statistical method using collective variables 
• uses multiple structures along desired path 

to get potential of mean force (PMF) 
• each simulation window gives part of PMF 
• prior knowledge of system very important 
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Umbrella sampling 
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"filling the free energy wells with computational sand" 

• assumes that a system can be described by few collective variables 

(CVs) 

• location of the system determined by calculating CV 

• history dependent biasing of simulation system 

• Gaussian potential added to the energy landscape discouraging the 

system to revisit that same point during the simulation 
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Metadynamics 
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Metadynamics 

8 



Titel der Präsentation | Untertitel 

Einrichtungsname 

starting structure 

Fr
ee

 e
n

er
gy

 (
kc

al
/m

o
l)

 

Reaction coordinate 

Metadynamics 
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A. Laio, F.L. Gervasio, Rep. Prog. Phys., 2008 
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A. Laio, F.L. Gervasio, Rep. Prog. Phys., 2008 
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A. Laio, F.L. Gervasio, Rep. Prog. Phys., 2008 
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A. Laio, F.L. Gervasio, Rep. Prog. Phys., 2008 
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General setup of metadynamics 
simulations 

10 



Titel der Präsentation | Untertitel 

Einrichtungsname Institute for Medical Physics and Biophysics    |   Molecular modeling module    |   Enhanced sampling   

Application of metadynamics 

Metadynamics is distributed with PLUMED1 

• community-developed library of methods 
• works with most popular MD engines  

(AMBER, GROMACS, LAMMPS, NAMD, OPENMM) 
 
 

MD command with GROMACS (differs for parallel application) 
 gmx mdrun –s md.tpr 
 
MD command for metadynamics with PLUMED patched GROMACS 
 gmx mdrun –s md.tpr –plumed plumed.dat 

1 https://plumed.org 
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Plumed input file 

Content of PLUMED input file 

• CV describing desired event 

• define bias potential 

• specify output 

• … 
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Collective variables used in metadynamics 

distance                binding/unbinding events 
 
torsion angles               conformational changes 
 
number of contacts              order-disorder transition 
 
potential energy               transition states 
 
entropy and enthalpy              protein/peptide folding 
 
root-mean-square deviation (RMSD)  transition between conformations 
 
coordination number              unbinding 
 
secondary structure              folding, conformational changes 
 
progression/deviation of path                 binding pathways, folding 
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Folder preparation 

Make a new folder in your working directory for today’s session 
 
• mkdir enhanced_sampling 
• cd enhanced_sampling 
 
Copy today’s material from the server or our webpage 
 
• scp student01@proteinformatics.uni-leipzig.de:/disk/public/lectures/files/muscarinic.zip . 
• unzip muscarinic.zip 
       or 
• http://proteinformatics.uni-leipzig.de/document_server 
• download enhanced_sampling session 
• extract muscarinic.zip 
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CV describing ligand binding 

• Open the starting structure of the M2R in complex with iperoxo in 
VMD and in a text editor (first_frame.gro) 

 
• Think of a CV (distance) that would allow sampling of ligand 

binding/unbinding 
 

• Distance between COM of ligand or important parts of the ligand and 
Cα atom of Trp6.48 worked well in numerous systems 

 
• Use the text editor to find the respective atom numbers and write the 

two elements in a new text file 
 
 

COM ATOMS= 4457-4485 LABEL=c1 

 

d1: DISTANCE ATOMS=c1,3545 COMPONENTS 
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Defining bias parameters 

d1: DISTANCE ATOMS=c1,3545 COMPONENTS 

 

METAD ... 

  ARG=d1.z           CV, only z component of distance sampled 
  SIGMA=0.1          width of applied gaussian 
  HEIGHTS=5          height of applied gaussian 
  PACE=500           bias applied every nth step 
  FILE=HILLS         file to write output 
  BIASFACTOR=20.0    strength of bias (well-tempered metad) 
  TEMP=310           Temperature (well-tempered metad) 
  WALKER_MPI         multiple walker simulation 
... METAD 

 

UPPER_WALLS ARG=d1.z AT=4.5 KAPPA=1500 EXP=2 EPS=1 LABEL=uwall  

LOWER_WALLS ARG=d1.z AT=0.4 KAPPA=1500 EXP=2 EPS=1 LABEL=lwall  

“walls“ restricting search space in z direction 
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Other parameters 

#RESTART 

WHOLEMOLECULES STRIDE=1000 ENTITY0=1-4485 

 

. 

. 

. 

 

MATHEVAL ... 

  LABEL=dxy 

  ARG=d1.x,d1.y 

  VAR=ax,ay 

  FUNC=(sqrt(ax*ax+ay*ay)) 

  PERIODIC=NO 

... MATHEVAL 

 

INCLUDE FILE=plumed_funnel.dat         further restriction of search space 
finalbias: BIASVALUE ARG=wall_bias     final bias value 
 

PRINT ARG=d1.z,dxy,meta.bias STRIDE=5000 FILE=COLVAR 

additional outfile(s) with CV, dxy distance and bias 

x & y coordinates expressed as one value 
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Preparation of multiple starting structures 

d1: DISTANCE ATOMS=c1,3545 COMPONENTS 

 

METAD ... 

  ARG=d1.z  

  SIGMA=0.1  

  HEIGHTS=7  

  PACE=500  

  FILE=HILLS  

  BIASFACTOR=50.0  

  TEMP=310  

  WALKER_MPI 

... METAD 

 

UPPER_WALLS ARG=d1.z AT=3.8 KAPPA=1500 EXP=2 EPS=1 LABEL=uwall  

LOWER_WALLS ARG=d1.z AT=0.1 KAPPA=1500 EXP=2 EPS=1 LABEL=lwall  

We use metadynamics to do one rough and fast sampling of CV and select 
starting structures of the “first” unbinding 
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Preparation of multiple starting structures 

• Open the trajectory of the fast unbinding using VMD 
•  

File | New molecule | browse and load inactive_unbind.xtc  
VMD main window | right click load data into molecule | load first_frame.gro 
 
Start by hiding everything but the ligand and the receptor.  
Graphics | Representations | Selected atoms : protein | Drawing method : … 
Graphics | Representations | Selected atoms : resname IXO| Drawing 
method : lines 
 

• Take some time looking at the unbinding of the ligand 
 

• Think of some structures that are suitable as starting structures for the 
productive metadynamics simulation and write down the frame number 
and/or save them as separate .gro files 
 

• The number of structures can depend on the accessible hardware for parallel 
calculations. Most of the time we select 16 or 32 starting structures 
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• For each selected structure a simulation input file is created 
 
gmx grompp –f metad.mdp –c walker1.gro –p topol.top –n index.ndx –o walker1.tpr 

 
 
 
 
 

• Now, the productive simulations can start 
       gmx mdrun –s md.tpr –plumed plumed.dat 

 
 

Preparation of multiple starting structures 

simulation parameters 

structure file 

system topology 

index file 
Run input file 
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Analysis of metadynamics simulations 

What is the typical read-out of this type of metadynamics simulations? 
 
 free-energy surface (FES) along defined CV(s) 
 
 
Take out from FES: 
 
• lowest energy binding mode of ligand 

 
• binding affinity of ligand 

 
• potential intermediate binding modes (binding pathway) 

 
• allosteric effect of ligands/proteins 
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Visualization of free-energy surface (FES) 

The applied bias (hills) is stored in the HILLS file. Hills are summed up with 
PLUMED to see where (at what value of CV) what amount of bias was applied, 
which is then translated to the FES 
 fes.dat 

 
The FES can now be plotted. Use gnuplot to plot the content of inactive_fes.dat 
and nanobody_fes.dat. Use columns 1 and 2 as x and y coordinates 
 
Convert Kjol/mol to Kcal/mol 
 
How would you interpret the FES? 
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Example commands for gnuplot 

gnuplot 
set terminal png 
 
set output 'overlay.png' 
 
set xlabel "s(Z) Distance from the path (nm)" font "Arial,18" 
set ylabel "FES kcal/mol" font "Arial,18" 
set xrange [-0.5:3.8] 
set yrange [-0.5:-25] 
 
set style data linespoints 
plot ‘binary_fes.dat' using 1:($2/4.18), ‘ternary_nb_fes.dat' using 1:($2/4.18), 
‘ternary_Gi_fes.dat' using 1:($2/4.18) 
 
quit 
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Visualization of free-energy surface (FES) 
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Calculation of binding affinity 

∆𝐺 = −𝑅𝑇 𝑙𝑛 𝐾𝑖 𝑚𝑜𝑙/𝐿  

𝐾𝑖 𝑛𝑀 = 𝑒
∆𝐺

−1.9872 × 10−3 × 310
  

× 109 

FES allows ΔG estimation, and eventually affinity calculation 
 
Please notice that PLUMED uses as default kJ/mol, we tend to use kcal/mol 
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Analysis of metadynamics simulations 

 
Is there a difference between the affinities of inactive and active 
structures? 
 
 
Does the ligand behave differently at the two receptor states? 
 
 
Do the results agree with experimental data? Is there a crystal structure to 
compare the binding mode to? 
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Summary 
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Applications of metadynamics simulations 

• Enhanced sampling methods like 
metadynamics allow sampling of “interesting” 
events, otherwise not accessible with classical 
MD 
 

• Setup of metadynamics simulation not that 
much different from classical MD when using 
simple CV 
 

• Selection of CVs crucial for the correct 
sampling of the desired event 
 

• sometimes 1 CV not enough 
 
• Metadynamics simulations  

• allow to estimate binding affinity 
• give sophisticated binding modes 
• suggest binding pathways 
• … 
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Can be applied to 
 
• chemical reactions 

 
• protein/peptide-folding 

 
• molecular docking 

 
• conformational rearrangement of 

proteins 

 
• crystal structure prediction 

 
• ligand binding/unbinding 

Metadynamics 
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Palazzesi, F. O. Valsson, and M. Parrinello, J Phys  Chem Lett, 2017 
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Metadynamics 
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Saleh, N. et al., Chem Sci, 2017 

Can be applied to 
 
• chemical reactions 

 
• protein/peptide-folding 

 
• molecular docking 

 
• conformational rearrangement 

of proteins 

 
• crystal structure prediction 

 
• ligand binding/unbinding 
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Metadynamics 
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Can be applied to 
 
• chemical reactions 

 
• protein/peptide-folding 

 
• molecular docking 

 
• conformational rearrangement of 

proteins 

 
• crystal structure prediction 

 
• ligand binding/unbinding 

Mattedi, G. et al., J Chem Inf Model, 2019 
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Thanks! 
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