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1 Introduction

OpenMM consists of two parts:

1. A set of libraries that let programmers easily add molecular simulation features to their programs

2. An “application layer” that exposes those features to end users who just want to run simulations

This guide describes the application layer.  If you are not a programmer, but you want to run simulations with OpenMM, this guide is for you.  If you are a programmer, this guide may still be for you; keep reading to see what OpenMM can do for you.

The first thing to understand is that the OpenMM “application layer” is not really an application in the traditional sense.  It is a collection of Python libraries that can easily be chained together to create scripts that run simulations.  But don’t worry!  You don’t need to know anything about Python programming (or programming at all) to use it.  Nearly all molecular simulation applications ask you to write some sort of “script” that specifies the details of the simulation to run.  With OpenMM, that script happens to be written in Python.  But it is no harder to write than those for most other applications, and this guide will teach you everything you need to know.

On the other hand, if you don’t mind doing a little programming, this approach gives you enormous power and flexibility.  Your script has complete access to the entire OpenMM API, as well as the full power of the Python language and libraries.  You have complete control over every detail of the simulation, from defining the molecular system to analyzing the results.

2 Installing OpenMM

Detailed installation instructions are found in chapter 3 of the OpenMM Users Guide.  What follows is a simplified version of those instructions.  They should be sufficient for most cases, but if you run into problems, consult the Users Guide.

3 Running Simulations

3 A First Example

Let’s begin with our first example of an OpenMM script:

from simtk.openmm.app import *

from simtk.openmm import *

from simtk.unit import *

pdb = PDBFile('input.pdb' )

ff = ForceField('amber99sb.xml', 'tip3p.xml')

sys = ff.createSystem(pdb.topology, nonbondedMethod=PME, nonbondedCutoff=1*nanometer, constraints=HBonds)

integ = LangevinIntegrator(300*kelvin, 1/picosecond, 0.002*picoseconds)

sim = Simulation(pdb.topology, sys, integ)


sim.context.setPositions(pdb.positions)

sim.minimizeEnergy()

sim.reporters.append(PDBReporter('output.pdb', 1000))

sim.step(100000)

This script loads a PDB file called “input.pdb”, models it using the AMBER99SB force field and TIP3P water model, energy minimizes it, simulates it for 100,000 steps with a Langevin integrator, and saves a frame to a PDB file called “output.pdb” every 1000 time steps.  To use it, copy the script into a text editor, save it to a file called “simulation.py”, then execute it from a command line by typing the following:

python simulation.py

Now let’s go through the script line by line and see how it works.

from simtk.openmm.app import *

from simtk.openmm import *

from simtk.unit import *

These lines are just telling the Python interpreter about some libraries we will be using.  Don’t worry about exactly what they mean.  Just include them at the start of all your scripts.

pdb = PDBFile('input.pdb' )

This line loads the PDB file from disk.  Your file need not be called “input.pdb”.  Feel free to change this line to specify any file you want.

ff = ForceField('amber99sb.xml', 'tip3p.xml')

This line specifies the force field to use for the simulation.  Force fields are defined by XML files.  A later chapter describes how to write these files, if you are interested in that sort of thing, but you probably won’t need to.  OpenMM includes XML files defining lots of standard force fields.  In this case we load two of those files: amber99sb.xml, which contains the AMBER99SB force field, and tip3p.xml, which contains the TIP3P water model.

sys = ff.createSystem(pdb.topology, nonbondedMethod=PME, nonbondedCutoff=1*nanometer, constraints=HBonds)

This line combines the force field and the PDB file to create a complete mathematical description of the system we want to simulate.  It specifies some additional options about how to do that: use particle mesh Ewald for the long range electrostatic interactions (nonbondedMethod=PME), use a 1 nm cutoff for the direct space interactions (nonbondedCutoff=1*nanometer), and constrain the length of all bonds that involve a hydrogen atom (constraints=HBonds).

integ = LangevinIntegrator(300*kelvin, 1/picosecond, 0.002*picoseconds)

This line creates the integrator to use for advancing the equations of motion.  It specifies a LangevinIntegrator, which (surprise!) performs Langevin dynamics.  It also specifies the values of three parameters that are specific to Langevin dynamics: the simulation temperature (300K), the friction coefficient (1 ps-1), and the step size (0.002 ps).

sim = Simulation(pdb.topology, sys, integ)


This line combines the system and integrator to begin a new simulation.  Don’t worry about the details of it.

sim.context.setPositions(pdb.positions)

This line specifies the initial atom positions for the simulation: in this case, the positions that were loaded from the PDB file.

sim.minimizeEnergy()

This line tells OpenMM to perform a local energy minimization.  It is usually a good idea to do this at the start of a simulation, since the coordinates in the PDB file might produce very large forces.

sim.reporters.append(PDBReporter('output.pdb', 1000))

This line creates a “reporter” that will generate output during the simulation.  A PDBReporter writes structures to a PDB file.  We specify that the output file should be called “output.pdb”, and that a structure should be written every 1000 time steps.

sim.step(100000)

Finally, we run the simulation, integrating the equations of motion for 100,000 time steps.

3 Using AMBER Files

OpenMM can build a system in two different ways.  One option, as shown above, is to start with a PDB file then select a force field with which to model it.  Alternatively, you can use AmberTools to model your system.  In that case, you provide a prmtop file and an inpcrd file.  OpenMM loads the files and creates a system from them.  This is shown in the following script.

from simtk.openmm.app import *

from simtk.openmm import *

from simtk.unit import *

prmtop = AmberPrmtopFile('input.prmtop')

crd = AmberInpcrdFile('input.inpcrd')

sys = prmtop.createSystem(nonbondedMethod=PME, nonbondedCutoff=1*nanometer, constraints=HBonds)

integ = LangevinIntegrator(300*kelvin, 1/picosecond, 0.002*picoseconds)

sim = Simulation(prmtop.topology, sys, integ)


sim.context.setPositions(crd.positions)

sim.minimizeEnergy()

sim.reporters.append(PDBReporter('output.pdb', 1000))

sim.step(100000)

This script is very similar to the previous one.  There are just a few significant differences:

prmtop = AmberPrmtopFile('input.prmtop')

crd = AmberInpcrdFile('input.inpcrd')

In these lines, we load the prmtop file and inpcrd file.  As before, you can change these lines to specify any files you want.

sys = prmtop.createSystem(nonbondedMethod=PME, nonbondedCutoff=1*nanometer, constraints=HBonds)

This line creates the system.  In the previous section, we loaded the topology from a PDB file then had the force field create a system based on it.  In this case, we don’t need a force field; the prmtop file already contains the force field parameters, so it can create the system directly.

3 Simulation Parameters

In almost all cases, you can simply use one of the two scripts given above (the one in section 3.1 if you are starting from a PDB file, or the one in section 3.2 if you are starting from AMBER prmtop and inpcrd files), then customize it to suite your needs.  Now let’s consider lots of way you might want to customize it.

3 Force Fields

When you create a force field, you specify one or more XML files from which to load the force field definition.  Most often, there will be one file to define the main force field, and possibly a second file to define the water model (either implicit or explicit).  For example:

ff = ForceField('amber99sb.xml', 'tip3p.xml')

For the main force field, OpenMM provides the following options:

	File
	ForceField

	amber96.xml
	

	amber99sb.xml
	

	amber99sbildn.xml
	

	amber99sbnmr.xml
	

	amber03.xml
	

	amber10.xml
	

	amoeba.xml
	


These files do not include parameters for water molecules.  This allows you to separately select which water model you want to use.  For simulations that include explicit water molecules, you should also specify one of the following files:

	File
	ForceField

	tip3p.xml
	TIP3P water model

	spce.xml
	SPC/E water model

	amoeba_water.xml
	AMOEBA water model (for use with AMOEBA force field)


If you want to include an implicit solvation model, you can also specify one of the following files:

	File
	ForceField

	amber96_obc.xml
	GBSA-OBC solvation model for use with AMBER96 force field

	amber99_obc.xml
	GBSA-OBC solvation model for use with AMBER99 force fields

	amber03_obc.xml
	GBSA-OBC solvation model for use with AMBER03 force field

	amber10_obc.xml
	GBSA-OBC solvation model for use with AMBER10 force field

	amoeba_gk.xml
	Generalized Kirkwood solvation model for use with AMOEBA force field


3 Nonbonded Interactions

When creating the system (either from a force field or a prmtop file), you can specify options about how nonbonded interactions should be treated:

sys = prmtop.createSystem(nonbondedMethod=PME, nonbondedCutoff=1*nanometer)

The nonbondedMethod parameter can have any of the following values:

	Value
	Meaning

	NoCutoff
	No cutoff is applied.

	CutoffNonPeriodic
	The reaction field method is used to eliminate all interactions beyond a cutoff distance.

	CutoffPeriodic
	The reaction field method is used to eliminate all interactions beyond a cutoff distance.  Periodic boundary conditions are applied, so each atom interacts only with the nearest periodic copy of every other atom.

	Ewald
	Periodic boundary conditions are applied.  Ewald summation is used to compute long range interactions.  (This option is rarely used, since PME is much faster for all but the smallest systems.)

	PME
	Periodic boundary conditions are applied.  The Particle Mesh Ewald method is used to compute long range interactions.


When using any method other than NoCutoff, you should also specify a cutoff distance.  Be sure to specify units, as shown in the examples above. For example, nonbondedCutoff=1.5*nanometers or nonbondedCutoff=12*angstroms are legal values.

When using Ewald or PME, you can optionally specify an error tolerance for the force computation.  For example:

sys = prmtop.createSystem(nonbondedMethod=PME, nonbondedCutoff=1*nanometer, ewaldErrorTolerance=0.00001)

The error tolerance is roughly equal to the fractional error in the forces due to truncating the Ewald summation.  If you do not specify it, a default value of 0.0005 is used.

3 Constraints

When creating the system (either from a force field or a prmtop file), you can optionally tell OpenMM to constrain certain bond lengths and angles.  For example,

sys = prmtop.createSystem(nonbondedMethod=NoCutoff, constraints=HBonds)

The constraints parameter can have any of the following values:

	Value
	Meaning

	None
	No constraints are applied.  This is the default value.

	HBonds
	The lengths of all bonds that involve a hydrogen atom are constrained.

	AllBonds
	The lengths of all bonds are constrained.

	HAngles
	The lengths of all bonds are constrained.  In addition, all angles of the form H-X-H or H-O-X (where X is an arbitrary atom) are constrained.


The main reason to use constraints is that it allows one to use a larger integration time step.  With no constraints, one is typically limited to a time step of about 1 fs.  With HBonds constraints, this can be increased to about 2 fs.  With HAngles, it can be further increased to 3.5 or 4 fs.

Regardless of the value of this parameter, OpenMM makes water molecules completely rigid, constraining both their bond lengths and angles.  You can disable this behavior with the rigidWater parameter:

sys = prmtop.createSystem(nonbondedMethod=NoCutoff, constraints=None, rigidWater=False)

Be aware that flexible water may require you to further reduce the integration step size, typically to about 0.5 fs.

3 Integrators

OpenMM offers a choice of several different integration methods.  In the examples of the previous sections, we used Langevin integration:

integ = LangevinIntegrator(300*kelvin, 1/picosecond, 0.002*picoseconds)

The three parameter values in this line are the simulation temperature (300K), the friction coefficient (1 ps-1), and the step size (0.002 ps).  You are free to change these to whatever values you want.

Alternatively, you can change this line to specify a different integration method.  Here are the other options:

integ = VerletIntegrator(0.002*picoseconds)

This specifies a leapfrog Verlet integrator for running constant energy dynamics.  The only option is the step size.

integ = BrownianIntegrator(300*kelvin, 1/picosecond, 0.002*picoseconds)

This specifies Brownian (diffusive) dynamics.  The parameters are the same as for Langevin dynamics: temperature (300K), friction coefficient (1 ps-1), and step size (0.002 ps).

integ = VariableLangevinIntegrator(300*kelvin, 1/picosecond, 0.001)

This is a variable time step Langevin integrator.  It continuously adjusts its step size to keep the integration error below a specified tolerance.  In some cases, this can allow you to use a larger average step size than would be possible with a fixed step size integrator.  It also is very useful in cases where you do not know in advance what step size will be stable, such as when first equilibrating a system.

In place of a step size, you specify an integration error tolerance (0.001 in this example).  It is best not to think of this value as having any absolute meaning.  Just think of it as an adjustable parameter that affects the step size and integration accuracy.  Smaller values will produce a smaller average step size.  You should try different values to find the largest one that produces a trajectory sufficiently accurate for your purposes.

integ = VariableVerletIntegrator(0.001)

This specifies a variable time step leapfrog Verlet integrator.  The parameter is the integration error tolerance (0.001), whose meaning is the same as for the Langevin integrator.

3 Temperature Coupling

If you want to run a simulation at constant temperature, using a Langevin integrator (as shown in the examples above) is usually the best way to do it.  OpenMM does provide an alternative, however: you can use a Verlet integrator, then add an Andersen thermostat to your system to provide temperature coupling.

To do this, add a single line to the script as shown below.  (The lines in grey are just for context.)

...

sys = prmtop.createSystem(nonbondedMethod=PME, nonbondedCutoff=1*nanometer, constraints=HBonds)

sys.addForce(AndersenThermostat(300*kelvin, 1/picosecond))

integ = VerletIntegrator(0.002*picoseconds)

...

The two parameters of the Andersen thermostat are the temperature (300K) and collision frequency (1 ps-1).

3 Pressure Coupling

All the examples so far have been constant volume simulations.  If you want to run at constant pressure instead, add a Monte Carlo barostat to your system.  You do this exactly the same way you added the Andersen thermostat in the previous section:

...

sys = prmtop.createSystem(nonbondedMethod=PME, nonbondedCutoff=1*nanometer, constraints=HBonds)

sys.addForce(MonteCarloBarostat(1*bar, 300*kelvin))

integ = LangevinIntegrator(300*kelvin, 1/picosecond, 0.002*picoseconds)

...

The parameters of the Monte Carlo barostat are the pressure (1 bar) and temperature (300K).  The barostat assumes the simulation is being run at constant temperature, but it does not itself do anything to regulate the temperature.  It is therefore critical that you always use it along with a Langevin integrator or Andersen thermostat, and that you specify the same temperature for both the barostat and the integrator or thermostat.  Otherwise, you will get incorrect results.

3 Energy Minimization

As seen in the examples, performing a local energy minimization takes a single line in the script:

sim.minimizeEnergy()

In most cases, that is all you need.  There are two optional parameters you can specify if you want further control over the minimization.  First, you can specify a tolerance for when the energy should be considered to have converged:

sim.minimizeEnergy(tolerance=10*kilojoule/mole)

If you do not specify this parameter, a default tolerance of 1 kJ/mole is used.

Second, you can specify a maximum number of iterations:

sim.minimizeEnergy(maxIterations=100)

The minimizer will exit once the specified number of iterations is reached, even if the energy has not yet converged.  If you do not specify this parameter, the minimizer will continue until convergence is reached, no matter how many iterations it takes.

3 Writing Trajectories

OpenMM can save simulation trajectories to disk in two formats: PDB and DCD.  Both of these are widely supported formats, so you should be able to read them into most analysis and visualization programs.

To save a trajectory, just add a “reporter” to the simulation, as shown in the example scripts above:

sim.reporters.append(PDBReporter('output.pdb', 1000))

The two parameters of the PDBReporter are the output filename and how often (in time steps) output structures should be written.  To use DCD format, just replace “PDBReporter” with “DCDReporter”:

sim.reporters.append(DCDReporter('output.dcd', 1000))

