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1 Introduction

1.1 Molecular Mechanics Force Fields

Molecular dynamics (MD) simulations are a powerful addition to the biophysi-
cist’s toolbox for investigating biologically relevant systems at the molecular
level. Complimentary to many experimental structural techniques (e.g., x-ray
crystallography, electron microscopy, nuclear magnetic resonance), computa-
tional techniques such as MD simulations allow for in-depth studies with unpar-
alleled spatial and temporal resolution. Classical MD simulations are founded
on a mathematical description for the potential energy of the molecular system.
The CHARMM force field for biopolymers? is a popular example of a force field
typically used for MD simulations. The CHARMM potential energy function,
Eq. , defines the functional form for computing each energetic contribution.
Each specific term, however, contains one or more constants (highlighted with
red text) which must be defined on a per-atom basis. As an example, for every
bond between two particular atom types in the molecular system, there must be
a corresponding force constant (k) and equilibrium distance (bg). Collections
of these values are known as parameter sets and the process by which they are
derived, “parameterization”, is the focus of this tutorial.
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Classical MD simulations have traditionally focused on proteins, for which
many different force fields have been developed (e.g., CHARMMZY, AMBER?,
OPLS®, GROMOS®). Each of these force fields takes advantage of the poly-
meric nature of proteins (and other structures such as DNA, RNA, and carbohy-
drates), for which parameters are required to describe a relatively limited set of
building blocks (e.g., amino acid residues) and the common linking element (e.g.,
peptide backbone). The inclusion of small molecules, however, is significantly
more challenging and has largely prevented the application of MD technologies
to fields such as drug discovery. Recently, general versions of popular biopoly-
mer force fields, such as the CHARMM General Force Field (CGenFF)® and the
Generalized AMBER Force Field (GAFF)®, have been specifically developed to
target small drug-like molecules while maintaining compatibility with the exist-
ing biopolymer versions. While these generalized force fields provide coverage
for common elements of many biologically relevant small molecules, it is unrea-
sonable to assume that a single parameter set can provide adequate coverage
of small molecule space. To address these limitations in available parameter
sets, the task of parameterizing new functional groups and novel linkages be-
tween existing groups has become an increasingly important task in force field
development and biomolecular simulations at-large.

1.2 A Brief Description of the Tutorial

The goal of this tutorial is to describe the steps required to derive parameters
for organic small molecules that are compatible with the CHARMM family of
force fields (CHARMM, CGenFF, and specialized variants such as nucleic acid
and sugar parameter sets). Achieving this goal requires developing parameters
yielding an accurate description of the internal dynamics of the small molecule,
while following established protocols to describe intermolecular interactions. In
this manner, the newly parameterized molecule can be included in simulations
of molecular systems based on established force fields without requiring any
modifications to the potential energy function.

The Force Field Toolkit (ffTK)” is a plugin for the VMD molecular
modeling software package designed specifically to develop CHARMM-compatible
parameters for small molecules. fITK protocols follow the established parame-
terization philosophies of CGenFF, and the technical details of the plugin are
published elsewhere”. The graphical user interface (GUI) of the plugin mirrors
the parameterization workflow, shown in Figure[I] in which each tab of the GUI
represents a step. The contents of each tab provide convenient GUI elements,
such as menus, buttons, and file dialogs, to accomplish a variety of modeling
tasks. The tutorial begins by constructing the molecular system using another
VMD plugin, Molefacture, followed by traversing each step of the parame-
terization workflow in ffTK to yield a complete set of parameters for an example
molecule, ethanol.

The development of force field parameters is an advanced topic in biomolec-
ular simulations. Ethanol was deliberately chosen as a simple, small, organic
molecule because it allows for the demonstration of each step of the parame-



1 INTRODUCTION 5

Figure 1. The parameterization work ow maps on to the tabs contained within
the TK graphical user interface.

terization work ow, yields good ts to the target data, and requires very few
computational resources. Although the tutorial traverses the entire work ow,
there are many advanced features and analytical tools available within TK that
are outside of the scope for this tutorial and will not be described. Many of these
tools, such as theCharge Optimization LOG Plotteor Torsion Explorey are in-
dispensible when parameterizing complex molecules or troubleshooting di cult
optimizations; we encourage users to seek out these tools once they are famil-
iar with the parameterization work ow and TK. In addition to the detailed
description for each parameterization step, a complete set of example les are
provided. These les should be used to troubleshoot any of the input/output
generated during the course of the tutorial, or to provide the QM target data to
users who do not have access to the Gaussian®8oftware package (see below).

Organizing the Tutorial Files. Throughout the tutorial, readers will
use TK to manipulate a large number of dierent le types, in-

cluding structural les, input and output les for generating the QM

target data, output from TK optimizations, and updated parame-
ters les. The tutorial text will refer to directories and lenames as
provided in the example les, and readers are encouraged to use a
similar directory organization.

1.3 Software and Knowledge Prerequisites

The vast majority of the tutorial steps are performed within the VMD molec-
ular modeling package. Version 1.9.2 of VMD (or higher) is required due to
many signi cant improvements to TK and other plugin dependencies. Several
of the optimization routines performed within TK also require that NAMD
2.9 (or higher) is locally installed, and will request the location of the namd2
executable binary le. Each optimization requires target data computed at the
guantum mechanical level of theory. The latest version of TK supports Gaus-
sian, ORCA?, and Psi4!® for QM calculations. For this tutorial, Gaussian09
was used to generate all example les. If users do not have access to any of
the supported QM software, they can still follow the tutorial using the provided
example les.

In addition to the software requirements above, users are expected to have a
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solid understanding of both the theoretical underpinnings of MD simulations and
practical knowledge performing such simulations using CHARMM-compatible
structure les. Specically, the tutorial will involve the creation and modi-
cation of varied le types, such as PSF, PDB, and parameter (e.g., PAR,
PRM, STR) les. Users should be familiar with the structure of these les
and the information contained within. For readers unfamiliar with manipu-
lating molecular systems or performing MD simulations, we recommend the
tutorials for VMD, NAMD (especially the appendices for PDB, PSF, Topology,
and Parameter les), Topology File, and Molefacture , available at http:
IIwww.ks.uiuc.edu/Training/Tutorials/ . A critical reading of the papers
describing CGenFF° and TK 7 will provide an excellent background for under-
standing the theoretical underpinings and technical details of each parameteri-
zation task.
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2 System Preparation

2.1 Constructing a Small Molecule Using Molefacture

The entry point into the parameterization work ow requires that users provide
properly formatted PSF and PDB les that describe the molecule of interest.
There are many routes to obtaining these les depending on the availability and
familiarity of users for di erent software packages. Due to the importance of
setting the molecule up properly, we will demonstrate how to use theMolefac-

ture plugin to construct a very simple small molecule, ethanol. Important steps
include creating the molecule, assigning the necessary molecular and atomic
properties, and writing the required PSF and PDB les. Further information

on Molefacture can be found at the resources below.

" Documentation website:
http://www.ks.uiuc.edu/Research/vmd/plugins/molefacture/

" Tutorials website:
http://www.ks.uiuc.edu/Training/Tutorials/

1 Launch the Molefacture GUI in VMD:
Modeling! Molefacture

Molecules are typically constructed in Molefacture starting from a base
molecule by replacing one or more hydrogen atoms with the desired molecu-
lar fragments. In this manner, ethanol can be constructed from methane by
replacing two of the hydrogens with a methyl and hydroxyl group, respectively.

2 Create the methane base molecule:
Build! Add independent fragmenit Methane
If prompted, click Yesto abandon the current molecule.

3 Select the last hydrogen atom (index = 4), and replace it with a methyl
fragment: Build! Replace atom with fragment Methyl

4 Repeat this process, selecting the last hydrogen (index = 7) to add a
hydroxyl group:
Build! Replace atom with fragment Hydroxyl

Next, we will modify the molecular and atomic properties in the Atoms and
Molecular sections of the GUI (Fig. 2). Atomic values can be edited directly
on each eld in the GUI window. Molecular properties are set by editing elds
in the Edit Moleculebox. Values for the atomic and molecular properties are
provided in Figure 3, for which the type and charge columns are the most
notable. The provided atom types were taken from the CHARMM General Force
Field (CGenFF), where they are routinely used for atoms comprising aliphatic
hydrocarbons and alcohols. Although optimizing partial atomic charges is a
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Figure 2: Molefacture GUI after constructing and editing ethanol.

critical step in the parameterization work ow, it is convention to x the charge of
non-polar hydrogens to+0:09 for CHARMM-comptible force elds. Therefore,
charges for these atoms are set during the system preparation phase while the
remaining charges, currently set to0:0, will be computed at a later step. Once
all of the properties are set as given in Figure 3Molefacture can write the
molecular data out to the desired PSF and PDB le types.

Figure 3: Molecular and atomic properties for ethanol.

5 Update the atomic and molecular properties provided in Figure 3.

6 Write out the PSF and PDB les for ethanol to the 1-sysPrep directory
using ETOH.Gas the output pre x:
File! Write psf and pdb les
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7 Quit Molefacture
File! Quit
Since we have already written out the PSF/PDB les, there is no need to
save the molecule if prompted upon exit.

Limitations to Atomic Properties in PSF and PDB File Formats.
When setting properties, be aware of length limitations imposed b
le formats. Molefacture and its dependencies limit atom names
to 4 characters, atom types to 7 characters, resname to 4 chara
ters, segname to 4 characters, and chain to 1 character. Violation
of these limits will not always generate an error message, So it fis
prudent to carefully check the contents of the PSF and PDB les
after generation.

<

OV

n

TK is Sensitive to Atomic Order. TK is very sensitive to the
order in which atoms are listed in the PSF and PDB les. Any
modi cations to the structure that alters the atomic indices will
e ectively scramble the methods used to connect parameterization
data to the molecular structure (e.g., QM target data, TK LOG
data). Accordingly, it is crucial that readers construct the moleculal
structure at the beginning of the work ow, and only modify proper-
ties using the tools provided within TK. For readers that plan on
using the QM target data provided in the example les (e.g., don't
have access to Gaussian), we suggest replacing the PSF and PDB
les constructed in the previous step (System Preparation, 2.1) with
those provided in the example les. This will insure that the atomig
order contained in the initial structure matches that of the example
les for all subsequent steps.

2.2 Creating an Initial Parameter File

The remainder of the tutorial will proceed through the parameterization work-
ow using the Force Field Toolkit (TK).

1 Start the TK GUI:
Modeling! Force Field Toolkit

PSF les contain the topological and charge information that de ne all of
the terms required to compute the potential energy. The parameter le (PAR),
however, de nes the quantitative constants (red elements in Eq. (1)) for each
of the bonded and Lennard-Jones (LJ, or vdW) terms. The rst step of a
parameterization task is to identify which of these parameters are unknown and
where they appear in the molecule. TK provides several tools to analyze the
required parameters, cross-check them against existing parameter sets, visualize
them within the context of the 3D molecular structure, and write out only the
missing parameters to an initialized PAR le. As described in the introduction,
this tutorial covers a full parameterization of ethanol without considering any
terms that may be present in existing parameter sets.
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2 Navigate to the BuildPar tab and expand the Identify Missing Parameters
section.

3 Use the provided le dialog to specify the locations to the PSF and
PDB les created during system preparation, 1-sysPrep/ETOH.0.psf and
1-sysPrep/ETOH.0.pdb, respectively. Leave the box entitled Associated
Parameter Fileempty.

4 Run the analysis via the Analyzebutton.

Ethanol.  Ethanol is a common organic molecule for which par
rameters are provided in the standard CGenFF distribution. For the
purposes of this tutorial we will ignore these existing parameters
to demonstrate how to take a simple molecule through the entire
parameterization work ow from start to nish. When performing
partial parameterizations that use terms from existing parametey
sets, the associated parameter les should be provided here so that
TK can cross-check the parameters required for the molecule of
interest against those provided.

Upon completing the parameter analysis, TK populates the series of boxes
entitted Bonds Angles Dihedrals and Nonbondedocated just below the Analyze
button, and loads the ethanol structure into the main VMD window, as shown
in Figure 4. Each entry represents a parameter of the given type that is required
to describe ethanol. Clicking on any term, or collection of terms (shift+click) in
the GUI draws a colored graphic object where the selected parameter(s) appear
in the molecule. Each object type (shapes representing a bond, angle, dihedral,
or vdW term) is designed such that one or more parameters can be selected,
including overlapping terms, without obstructing each other. Individual terms
can be deselected using a control+click, or all terms can be deselected for the box
in focus by pressing the escape key. Double clicking an entry will toggle the
parameter between active (black text) and inactive (grey text). Deactivated
parameters will be excluded when writing an initial parameter le.

All of the entries from the analysis above represent the full parameter set
required to describe the loaded molecule (i.e., ethanol) but were not found
in any of the parameters provided as Associated Parameter Files. In order
to perform MD simulations that include our molecule, we must construct a
parameter le that de nes each of these terms. TK will gather all terms and
write out a properly formatted parameter le with all values initialized to 0.0.
The remainder of the tutorial will refer to this le as the In-Progress PAR le,
and will serve as the starting point of our parameterization.

5 Use the SaveAsbutton to specify where to store the initialized parameter
le and name it 1-sysPrep/par_ETOH.0.par . Click Write Initial Parameter
File to write the le.

Currently, TK does not support the optimization of vdW terms (i.e., non-
bonded LJ parameters) for new atom types. In practice, this is only a minor lim-
itation as LJ parameters exist for most atoms found in organic small molecules,
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