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Abstract: MD simulations have been widely applied and become a powerful tool in the field of
biomacromolecule simulations and computer-aided drug design, etc., which can estimate binding
free energy between receptor and ligand. However, the inputs and force field preparation for
performing Amber MD is somewhat complicated, and challenging for beginners. To address this
issue, we have developed a script for automatically preparing Amber MD input files, balancing the
system, performing Amber MD for production, and predicting receptor-ligand binding free energy.
This script is open-source, extensible and can support customization. The core code is written in C++
and has a Python interface, providing both efficient performance and convenience.

Keywords: scripting tool; automatically running Amber MD; Amber MD inputs; NVT and NPT
balancing; ten step simulation preparation; MM-PB(GB)SA

1. Introduction

Molecular dynamics (MD) simulation has become a powerful tool in biomacromolecule
simulation and computer-aided drug design, etc., to estimate receptor-ligand binding free
energies and binding structures [1]. At present, there are several MD software packages,
such as Amber, Gromacs and NAMD, etc [2-5]. Amber MD has achieved ultra-high
performance due to rapid developments of GPU-based high-performance computing in
recent years [6,7]. Generally, scientists prepare their own scripts for Amber MD simulations.
The input files for the Amber MD mainly include (1) mdin, a control file for MD or energy
minimization run, (2) prmtop, which contains molecular topology, force field and periodic
box type, and (3) inpcrd (or a restart file, .rst7) which contains atomic coordinates, and
(optionally) velocities and periodic box size [5]. The prmtop and inpcrd files can be
generated by command-line utilities of AmberTools, including hydrogenation of protein,
format conversion of small molecule coordinate file, and generation of force field parameter
file. The Ambermdprep shell script is designed to balance most systems in MD simulations
with simple and effective options [8], written in native Linux shell bash language. As a
script in bash language, Ambermdprep is not easy for users to customize functions. Finally,
users usually need to evaluate molecular mechanics Poisson—-Boltzmann and generalized-
Born surface area (MM-PB(GB)SA) binding free energies based on trajectory outputs. The
commercial software Molecular Operating Environment (MOE) package implements a
scripting method to call Amber, which can automatically run Amber MD by generating
shell scripts, and setting up simulation procedures and parameters via a graphical interface.
However, commercial software is expensive for most scientific researchers, and it is difficult
for users to customize their own scripts. Therefore, a one-click scripting tool to run Amber
and calculate MM-PB(GB)SA binding free energy is necessary. For some systems, Amber
inputs are of high similarity. In this work, we developed a mixed script using C++ and
Python with a one-click execution from processing protein and ligand structures, generation
of small-molecule force field based on AmberTools, system balancing, MD simulation for
production, and finally MM-PB(GB)SA calculation. The script is user-friendly to use due
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to software integration in Python, and an interface to the C++ is reserved to meet the
user’s requirements for high performance. For users who are not very familiar with Amber
MD, this scripting tool provides an automatic operation of the Amber MD. However,
professional users can also set up parameters using detailed options or edit and modify the
code.

2. Materials and Methods

Amber package has two major MD engines. Sander is a version of the original imple-
mentation, and Pmemd is a refactoring of sander. Pmemd introduced high-performance
GPU computing to improve code performance.

2.1. Thermostat Methods

In MD simulations, it is essential to maintain system temperature through a thermo-
stat method in which the temperature is directly controlled by adjusting the particle’s
speeds. In the Berendsen thermostat [9], the temperature is controlled by an external
thermal bath with a constant temperature, and the temperature of the system is main-
tained by absorbing or releasing energy from or to the thermal bath. When the system is
far from equilibrium, the temperature regulation is very efficient, but the kinetic energies
of particles do not strictly follow a Boltzmann distribution. Therefore, the Berendsen
thermostat can be applied in the heating phase, but not in the pre-equilibration phase.
When the system has been fully balanced, a weak coupling constant (such as 10 ps) will
be used, so that the Berendsen thermostat can be used in the production (sampling)
stage. Note that the Berendsen thermostat is not suitable for implicit solvent simulation,
because it cannot help to maintain a constant temperature by collisions with solvent
molecules. In the Langevin thermostat [10,11], the speed and accuracy of heat bath to
control temperature are at an intermediate level, it adjusts the speeds of particles by
virtual random collisions, disturbing normal evolution of the system and weakening
velocity correlations among particles. The Langevin thermostat strictly follows canonical
ensemble attributes, which does not affect the ergodicity of each state. The Langevin dy-
namics is suitable for simulating thermodynamic properties, such as binding free energy,
but not kinetic properties. It can be especially useful in implicit-solvent calculations
where it can mimic the forces due to solvent. However, when running all-atom MD with
explicit solvent, introducing friction and random forces can have an undesirable impact
on the dynamics. On the other hand, the only absolutely correct way to get the "pure”
dynamics due to acting potential forces would be running it in the NVE mode using
a very large periodic water box or, better, a very large water droplet (to be free from
the artifacts due to periodicity). While introducing a thermostat, such as the Langevin
thermostat, can perturb the motion due to potential forces, it is often necessary to do
so to accurately simulate a system at a desired temperature. It's essential to choose
the appropriate level of friction and random forces based on the desired temperature
and simulation conditions, which can vary depending on the research question and
system being studied. Notably, the Langevin thermostat can still produce accurate
results even when water friction is scaled down by a factor of 100, as demonstrated in
Kleinerman et al. [12]. Extended Lagrangian methods can overcome the shortcomings of
the above methods using time inversion. A representative method is the Nosé—Hoover
thermostat [13], which is the simplest method with time reversibility. However, when
the system is far from equilibrium, temperature oscillation is large and slow to converge.
Since Nosé-Hoover implements the thermodynamics of the canonical ensemble and can
approximate the true kinetic behavior, the Nosé—-Hoover thermostat is applicable in the
equilibrium sampling phase, rather than in the heating phase. It is worth mentioning
that the Nosé—-Hoover thermostat may have morbid behavior in specific systems [14,15].
In recent years, some improved methods have been developed, such as optimized isoki-
netic Nose-Hoover chain (OIN) and stochastic isokinetic Nosé—-Hoover RESPA integrator
schemes [16,17].
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2.2. Barostat Methods

In NPT systems, it is necessary to use a barostat to control the system pressure. Mostly
used methods include the Berendsen, Nosé—Hoover and Parrinello-Rahman barostats [18].
When the system is far from equilibrium, the Berendsen barostat is efficient in controlling
the pressure and suitable for the initial pressure relaxation of the system, but not suitable
for balanced sampling since it does not achieve sampling with a canonical distribution. The
Nosé-Hoover and Parrinello-Rahman methods are more applicable to pressure control
of balanced sampling than the Berendsen method [13,18]. Monte Carlo (MC) method is
also useful, but its efficiency is relatively low [19]. Thus, MC is more suitable for the
sampling stage.

2.3. Ten Step Simulation Preparation Protocol

System balancing consists of ten steps in simulation preparation [8]. MIN1 is a
1000-step steepest descent (SD) minimization where heavy atoms of the acceptor are
constrained. MIN2 is an MD simulation at 15 ps with a time step of 1 fs, with confinement
energy of 5.0 kcal/mol for heavy atoms of macromolecules and involving H atoms. MIN3
is similar to MIN1 except that the heavy atom binding force of the macromolecule is
changed to 2.0 kcal/mol. MIN4 is a 1000-step gradient descent energy optimization with
confinement energy of 0.1 kcal/mol for large heavy atoms. MIN5 is the SD minimization
of 1000 steps without any constraints. MING6 is a 5 ps MD with a time step of 1 fs for NPT
systems with energies of 1.0 kcal/mol on heavy atoms and bonds involving H atoms in
macromolecules. MIN7 is similar to MING6 except that the energy on the heavy atoms of
the macromolecule is 0.5 kcal/mol. MIN8 is an MD simulation with a time step of 1 fs
in the NPT ensemble and a time of 10 ps. In MINS, non-hydrogen backbone atoms of
proteins and nucleic acid residues and heavy atoms of macromolecules are constrained.
MINDO is an NPT simulation at 10 ps with a time step of 2 fs without any constraints.
MINT10 is a final density stabilized MD.

2.4. AM1-BCC Method

AM1-BCC is an accurate and efficient method for computing atomic charges that are
used to represent the electron distribution of molecules. The AM1-BCC method combines
the Austin Model 1(AM1) semi-empirical method to generate the initial guess charges and
the bond-charge-increment (BCC) scheme to correct the charges [20,21].

In the AM1-BCC methodology, the atomic charge(g;) of a specific atom(j) is determined
through the combination of two separate terms Equation (1). The initial value of qf " is
determined through a rapid precharge process that takes into account the majority of
the chemical aspects, but this value alone is insufficient to be utilized in Equation (1)
for simulations of materials in their condensed phase. The AM1 method utilizes atomic
charges that are averaged based on bond symmetry, and these charges are indeed used
for the calculations. However, the electrostatic potential (ESP) obtained from the AM1
method is not accurate enough to match the ESP obtained from more advanced methods
such as HF/6-31Gx. Therefore, a correction term, q;?"”, is added in Equation (1) to adjust
the AM1 atomic charges and closely reproduce the HF/6-31Gx* ESP. q]C.O” is defined in
Equation (2). Where pa is the bond charge correction (BCC) for bond type «. The bond
connectivity template matrix T is a mathematical tool used in the calculation of atom-
centered charges from bond charges. It maps the BCCs for each bond type in a molecule
onto the corresponding atom types.

Overall, AM1-BCC is a robust method that can provide reliable partial atomic charges
for a wide range of molecular systems. It is widely used in drug discovery and molecular
simulations to examine the interaction of molecules with proteins and other biological
targets [22].

. Pre corr
qj=49; +4; 1)
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2.5. MM-PB(GB)SA Calculations

The Molecular Mechanics/Poisson Boltzmann (Generalized Born) Surface Area
(MM/PB (GB) SA) method is often used to calculate the binding free energy of non-
covalently bound complexes. The binding free energy between ligand and receptor is the
relative free energy of complex concerning the sum of free energies between receptor and
ligand, which is calculated by Equation (3). The molecular mechanics PoissonBoltzmann
surface area (MM-PBSA) and molecular mechanics generalized Born surface area (MM-
GBSA) methods for binding free energies were developed by Kollman et al. [23-25]. MM-
PBSA is an efficient method for the calculation of free energies of diverse molecular sys-
tems [26]. The PBSA method is more time-consuming, and the GBSA is an analytical

approximation to the PBSA method. The MM-PBSA and MM-GBSA free energies of solva-

. I t ligand . .. . N
tion terms,AGgg;np e AG;ﬁ;eP A slog,an , include electronic interaction (polar contribution)

calculated by solving the Poisson-Boltzmann equation or the generalized Born equation
and the hydrophobic interaction (non-polar contribution) Equations (3)-(6). The solvation
interaction includes the electronic (polar) interaction AGgp,pp with electrostatic potentials
calculated by solving the Poisson—-Boltzmann or generalized Born equation, and hydropho-
bic (non-polar) interaction AG;;p;,— po1ar calculated empirically by solvent-accessible surface
area (SASA) [27]. where v and b are constants that can be determined by fitting to the
experimental alkane transfer free energies versus SASA [27-29]. In order to obtain the
MM-PB(GB)SA binding free energy, two methods, the single-trajectory protocol (STP) and
the multi-trajectory protocol (MTP), can be used. The STP method extracts receptor and
ligand trajectories from the complex, while the MTP method uses multiple trajectories for
the complex, receptor and ligand [30,31].

AGying = AGpind,gas + AGoyy plex _ (AG;?;EW + AGs,glund) 3)
AGgor = AGpotar + AGnon—popar = AGpp;GB + AGnon—popar 4)
AGron—popar =7 X ASASA +b 5)

AGypind,gas = AEmm — TAS = AEponded + DEere + AEyqw — TAS (6)

3. Results

The script, AmberMDrun, is mainly written in C++, with Python binding provided
by Pybind11. The C++ code ensures high performance, while the Python binding allows
for ease of use for users. The script’s default parameter values have been carefully set, but
users have the flexibility to customize their own MD simulations by making adjustments
to only a few parameters. Additionally, the script’s good object-oriented design makes it
possible for users who want to extend the package to do so easily.

In the following sections, we will provide an overview of the script’s main flows and
demonstrate its effectiveness in MD simulations.

3.1. Install

The package requires GCC version 9.3 or higher and Python version 3.6 or higher to
run. In order to install AmberMDrun and use the scripts, one can use either of the following
commands: conda install ambermdrun -c zjack or pip3 install AmberMDrun.
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3.2. Core Classes in the AmberMDrun

Systeminfo class Check whether pmemd.cuda is available, and then generate com-
mands to run the amber MD job with pmemd.cuda or sander. Furthermore, the number
of receptor residues will be obtained for positional restraints of the receptor in the later
system balancing.

MIN class Perform energy minimization. Maxcyc (the maximum number of cycles
of minimization) and ntmin (flag for the method of minimization), etc., are set up (Table 1).

Table 1. Default values of some parameters in the AmberMDrun.

MIN NVT NPT
Params imin=1 imin=0 imin=0
ntb=1 ntb =2

temp = 298.15 1
cut=28.02
ntpr = 50 3

ntwr =500 #
ntwx =500 °
maxcyc = 1000 ©
ncyc=107
ntmin =108
nstlim = 5000 °
dt =0.002 10
irest = False 11
tautp = 1.0 12
taup=1.013
gamma_In=5.0 14
nsecm =015
nte =216
ntf=217
thermostat 18
barostat 1
igamd = false 2

XX XXXXXXXXXXLNNNx%
XXV UXSKNSUxxx<<
X ANV xxxT<<<

1 simulated temperature. 2 specify the nonbonded cutoff, in Angstroms. 3 print in human-readable form to files.

4 restart file input frequency. > coordinate file input frequency. ¢ The maximum number of cycles of minimization.
7 the method of minimization will be switched from steepest descent to conjugate gradient after ncyc cycles.
8 flag for the method of minimization * Number of MD-steps to be performed. 1° The time step. !! Flag to restart
a simulation. 2 Time constant. !* Pressure relaxation time. 14 The collision frequency. !° Flag for the removal of
translational and rotational center-of-mass (COM) motion at regular intervals (default is 1000) ' Flag for SHAKE
to perform bond length constraints. 17 Force evaluation. '® Thermostat selection. 1 Barostat selection. 2 Whether

to execute gamd.

NVT class Perform an NVT simulation. The thermostat method and nstlim, etc., are
set up (Table 1).

NPT class Perform an NPT simulation. Barostat and thermostat methods and nstlim,
etc., are set up (Table 1).

When MD completes, the track file in NetCDF format is obtained for subsequent
analyses, implemented by the class MM-PBSA or MM-GBSA. A simple example can show
how simple it is to run the script, with the steps of Inputs =Systeminfo = Min = NVT =
NPT = MD = MM-PBSA or MM-GBSA.

3.3. Example

In biomacromolecule studies and common drug-aided design, predicting MM-PB(GB)SA
is often called for. In this study, we provide a programming tool named AmberMDrun,
which offers a simple and user-friendly script implementation, including automatic genera-
tion of Amber inputs, system balancing, MD simulations for production, and binding-free
energy calculations. The process is shown in Figure 1. As an example, we tested the
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system of raloxifene binding to the estrogen receptor in Amber’s tutorial. In the Am-
berMDrun script, only the protein and ligand coordinate files are necessary. Typically,
when conducting MMPBSA calculations for most protein-ligand complexes, it is best to
use the complex structure after docking. So, after docking, it is recommended to save the
protein’s PDB file and the ligand’s mol2 file separately. However, if only the PDB files
of the protein and ligand are provided, the ambermdrun script offers a straightforward
splitting program. It's important to note that the user must always verify the accuracy
of the ligand structure, even after docking. The Amber input files are generated using
tleap and Acpype. The force field parameterization of the ligand was carried out using
Acpype and the general force field of gaff2 is used for the ligand, the small molecule charges
were calculated by AM1-BCC method when they lacked [20-22,32-34]. The force field for
the protein is amber14SB [35]. System balancing was automatically executed by (default)
the ten-step protocol [8]. Then, a 50 ns MD simulation for production was carried out,
and finally, the binding free energy between receptor and ligand was obtained by calling
gmx_MMPBSA [36]. The gmx_MMPBSA was originally intended to provide convenience
for Gromacs users to call the MMPBSA.py script [37], In our AmberMDrun script, it is
applied to calculate the binding free energies of receptor-ligand complexes.

Figure 2 showed the MM-PBSA binding free energies estimated by 50 ns MD simu-
lations for production after ten-step balancing or simple balancing in the Amber tutorial.
The results obtained by the two balancing procedures are almost the same for this system.

RMSD (Root Mean Square Deviation) and RMSF (Root Mean Square Fluctuation) are
usually used to determine the stability of the recaptor-ligand complex in MD simulations.
According to Figure 3, both the ten-step balancing and simple balancing methods produced
stable raloxifene-estrogen receptor complexes during the entire simulation time. Overall,
the RMSD and RMSF values obtained with the ten-step balancing method were lower
than those obtained with the simple balancing method for the raloxifene-estrogen receptor
example presented in the Amber tutorial [38].

We also tested the example of the raloxifene-estrogen receptor complex in the Amber
tutorial using the AmberMDrun script. We compared three results in Table 2: (1) from
the tutorial, (2) repeating with the simulation balancing preparation in the Amber tuto-
rial, and (3) ten-step balancing [8]. It can be seen that results (2) and (3) are almost the
same and the binding free energy of result (1) is slightly higher than those of (2) and
(3). Using the scripting tool AmberMDrun, only a one-click operation can complete the
complicated job "mmpbsa -p protein.pdb -m mol.mol2 —ns 50", which is automatically
executed, realizing our goal to run Amber easily, like openmm that can realize its functions
through Python [39].

Table 2. Comparison of MM-PBSA and component results from 2 ns MD simulations of the raloxifen-
estrogen receptor complex.

Result AvdW N AEpg AENPOLAR AEGas AEsor ATOTAL
Tutorial ! —56.29 —38.03 57.64 —5.04 —94.32 52.60 —41.73
baf’;rri}il’rlleg ) —55.48 —41.00 53.79 —5.58 —96.48 4821 —48.27
Ten step —58.62 —36.00 54.00 —5.70 —94.63 48.30 —146.32

balancing 3

1 2 3

results in the Amber tutorial. “ results with simple balancing in the Amber tutorial. ° results with ten

step balancing.
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Protein Ligand
(pdb) (mo12)

!

Remove H atoms &
Renumber residues

ffl4sB yes

no

\
J

Add charge- GAFF2 parameters
balancing 1ions

hargel

)

—

|

|

Ten step protocol (default)
or self-definition

-

v

Perform the final production
simulation

7

FINAL_RESULTS_MMPBSA.dat
FINAL_DECOMP_MMPBSA.dat

gmxX_MMPBSA Cpptraj

~Structured inputs

~Preparation

Amber inputs

System balancing

Production

-

| MM-PB(GB)SA &
Analysis

output

Figure 1. Workflow of the script AmberMDrun, which depends on AmberTools, Amber (optional) [5],
and gmx_MMPBSA [36]. The ten-step protocol [8] is set as the default system balancing method, and
users can also define their own balancing method. Using gmx_MMPBSA, MM-PBSA or MM-GBSA

binding free energies are estimated.
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Figure 2. Comparison of the MM-PBSA results from 50 ns MD simulations of the raloxifen-estrogen
receptor, using the ten step balancing or simple balancing in the Amber tutorial, using the Amber-

MDrun script.
5 T T T T T T T T T T 25 T . T . T . T T T T T
ten step balancin .
. P “ing ten step balancing |
4 simple balancing . .
simple balancing
20 .
< ~
= 1<
(% B 151 i
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0 10 20 30 40 50 0 50 100 150 200 250
Time (ns) residue

Figure 3. Comparison of the RMSD and RMSEF results from 50 ns MD simulations of the raloxifen-
estrogen receptor, by the ten-step balancing or simple balancing in the Amber tutorial, using the
AmberMDrun script.

4. Discussion

The AmberMDrun is an integrated script written by Python and C++, which is de-
signed for automatically generating input files by processing structures of proteins and
small molecules, producing small-molecule force fields, balancing system, running MD sim-
ulations, and achieving MM-PB(GB)SA binding free energies. This script is a lightweight
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and convenient package that can be easily incorporated into molecular simulation studies
to expedite progress.

For enhanced sampling, such as GaMD, users can inherit and implement their own
GaMD classes from the existing NPT class. However, many users are not familiar with
Python or C++, which can be a barrier to usage. In the future, one direction of study could
be to develop unique classes for various enhanced sampling dynamics. Another option
could be to simplify the parameters or introduce a graphical interface to make it more
accessible to users. Additionally, re-writing the main components of tleap in C++ could
result in a more convenient tool for generating topological coordinate files, utilizing the
user-friendly syntax and graphical interface offered by Python. In addition, using a web
server instead of a graphical interface is also a good option, as described in the article [40].
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Abbreviations

The following abbreviations are used in this manuscript:

ESP electrostatic potential

AM1 Austin Model 1

BCC Bond charge correction
AvdW van der Waals energy

AEg;, Electrostatic energy

AEpp Polar solvation energy
AENporar  Non-polar solvation energy
AEGas Total gas phase free energy
AEsor Total solvation free energy

AETOTAL Total energy
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