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Abstract The understanding and optimization of protein-

ligand interactions are instrumental to medicinal chemists

investigating potential drug candidates. Over the past

couple of decades, many powerful standalone tools for

computer-aided drug discovery have been developed in

academia providing insight into protein-ligand interactions.

As programs are developed by various research groups, a

consistent user-friendly graphical working environment

combining computational techniques such as docking,

scoring, molecular dynamics simulations, and free energy

calculations is needed. Utilizing PyMOL we have devel-

oped such a graphical user interface incorporating indi-

vidual academic packages designed for protein preparation

(AMBER package and Reduce), molecular mechanics

applications (AMBER package), and docking and scoring

(AutoDock Vina and SLIDE). In addition to amassing

several computational tools under one interface, the com-

putational platform also provides a user-friendly combi-

nation of different programs. For example, utilizing a

molecular dynamics (MD) simulation performed with

AMBER as input for ensemble docking with AutoDock

Vina. The overarching goal of this work was to provide a

computational platform that facilitates medicinal chemists,

many who are not experts in computational methodologies,

to utilize several common computational techniques ger-

mane to drug discovery. Furthermore, our software is open

source and is aimed to initiate collaborative efforts among

computational researchers to combine other open source

computational methods under a single, easily understand-

able graphical user interface.

Keywords Computer-aided drug discovery � Molecular

modeling � Docking � Scoring � Free energies � PyMOL

Introduction

Computer-aided drug design (CADD) has become an in-

dispensible tool in the pharmaceutical industry and aca-

demia over the last decades [1–4]. Two of the most

commonly used methodologies in structure-based CADD

are docking and molecular mechanics techniques. Docking

has been predominantly applied to the problems of lead

identification and binding mode prediction during the drug

development process. Molecular mechanics methods such

as minimization and molecular dynamics (MD) simulations

are primarily used to refine protein-ligand complexes,

analyze the complexes’ dynamics, and predict free energies

of binding.

A huge body of CADD software has been developed

over the years in many different academic research groups

[5–13]. The software is often open source and usually

provided by the authors at zero cost or a nominal fee to

academic institutions. While this body of easily accessible

software provides a great opportunity to perform research

in CADD, two main problems are often encountered by

medicinal chemists trying to use the software. First, in

many instances the authors of CADD software focus on

scientific details rather than the usability of their software

by other researchers. Graphical user interfaces (GUIs) are

seldom associated with the programs, making the software

difficult to use for other researchers. This is particularly

true for medicinal chemists, structural biologists, and other
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researchers who may use software to understand the

structure-function relationship of proteins, design small

molecular probes and lead candidates, and conduct struc-

ture-activity relationship studies but are not specialists in

computational approaches. Second, even if an excellent

GUI exists, e.g. for AutoDock [6], each individual program

usually requires a specific input structure and produces a

specific output format not recognized by other computa-

tional programs. When this situation occurs, novice users

are not capable of combining different programs such as

using MD simulations to refine docking poses [14–17] or to

perform ensemble docking based on a MD trajectory

[18–20].

We aimed to develop a single computational framework,

or GUI, that allows novice computational users to easily

apply and combine molecular modeling methods designed

to aid in drug discovery. Our framework is based on

PyMOL, an open-source and widely used biomolecular

visualization program. The choice to utilize PyMOL was

based on the fact that it is user friendly, well documented,

widely used, has high-quality rendering capacities, and in

particular has the powerful utility to allow for access and

manipulation of the data structure of molecules stored in

PyMOL using Python plugins.

In this publication we focus on the integration of dif-

ferent structure-based design methods into the PyMOL

environment. In particular, we developed software that

facilitates running docking simulations using AutoDock

Vina [5] and SLIDE [13] in addition to molecular

mechanics simulations using the Amber package [7, 10].

Preparation of the biomolecule, monitoring the simula-

tions, data analysis, and post-processing features are

included and the combination of docking with molecular

mechanics approaches is made easily accessible. The

details of each individual Python plugin for molecular

mechanics and the two docking programs are discussed in

the Methods section followed by demonstrating how

molecular mechanics and docking is interfaced in our

computational framework. As most academic programs in

CADD have been developed in a Linux environment, our

computational framework is currently supported under this

operating system only.

Methods

Software interfacing PyMOL with the molecular mechan-

ics program Amber [7, 10] and the docking programs

AutoDock Vina [5] and SLIDE [13] was developed using

the Python programming language. The plugins are added

to the startup folder of PyMOL, allowing it to automati-

cally load the software and display our interface as three

additional submenus titled Amber, AutoDock Vina, and

SLIDE. All software, except the Amber package, is free of

charge for academic users but must be downloaded sepa-

rately from the corresponding authors websites and

installed (see Necessary molecular modeling software).

Although not completely free, an affordable license for

Amber can be obtained for academic, non-profit, or gov-

ernment users.

Molecular mechanics using Amber

Figure 1 (left) displays the workflow implemented in the

PyMOL plugin, titled Amber, to perform molecular

mechanics simulations. A protein structure file (usually a

structure from the PDB database [21, 22] but other file

formats are possible as well) is loaded into PyMOL. A

typical protein structure usually contains several rotamer

states of His, Asn, or Gln side chains that cannot be

unambiguously identified based on the electron density of

the X-ray experiment alone [23, 24]. The program Reduce

[23] is called automatically from PyMOL to analyze the

hydrogen bond network of the protein, determine the pro-

tonation states of His residues, and optimize rotamer states

of His, Asn, and Gln side chains. The coordinates of the

modified side chain rotamers are automatically updated in

the PyMOL screen and the His protonation states are

altered in PyMOL matching the Amber naming convention

(HID for d-protonated, HIE for e-protonated, and HIP for

doubly protonated His residues).

This procedure is automatically performed in the back-

ground without any need of user intervention and the

results are shown in a separate text window. Histidine

residue naming, and therefore protonation state, can be

manually changed using an additional submenu of the

Amber plugin. Following protein preparation, the Amber

package [7, 10] is utilized to perform molecular mechanics

applications initiated from PyMOL. Two different forms of

communication between PyMOL and Amber are imple-

mented: an interactive mode designed to rapidly test new

drug design ideas and a background mode to perform long

MD simulations to accurately estimate binding affinities. In

the interactive mode, the protein is first prepared by calling

the Amber module tleap. Missing residue types, generally

cofactors, need user-defined force field parameters in the

form of standard .lib and .frcmod files. Such files are

centrally stored in a subdirectory, titled AMBER_library,

and after definition are automatically recognized by the

preparation procedure for any protein containing this

cofactor. Located within the AMBER_library directory, the

files cofactors.txt and bonding.txt define all existing

cofactors and possible bonds between atoms of the cofac-

tors and protein residues. The bonding.txt file also contains

the definition of disulfide bridges. Disulfide bridges are

then automatically recognized and the disulfide cysteine

14 J Comput Aided Mol Des (2011) 25:13–19

123



residues are renamed to the Amber-specific CYX nomen-

clature, thus generating a disulfide bond. Bonds between

cofactors and protein residues, i.e. cysteine-heme contacts,

are generated in a similar manner. Hydrogens missing in

the protein structure are added by Amber and the protein is

automatically updated within PyMOL while conserving the

original residue numbering. Following protein preparation,

the co-crystallized or docked ligand can be visually mod-

ified and the resulting ligand-protein system can be mini-

mized interactively. Free energy estimates of the refined

protein-ligand structure can be automatically estimated

using the sum of van der Waals, electrostatic interactions,

and Poisson–Boltzmann Surface Area calculations

(MMPBSA) [25, 26] or alternatively using the Solvated

Interaction Energies method (SIE) [27] (Fig. 2). The

interactive feature is well-suited to quickly estimate bind-

ing affinity increase or decrease due to small modifications

made to the scaffold of a ligand.

To more accurately predict binding energies, the

Molecular-Mechanics Poisson–Boltzmann Surface Area

method (MMPBSA) combined with an improved entropy

estimate [28] and SIE can be automatically applied to a

molecular dynamics trajectory ran in the background mode.

First, the protein-ligand system is prepared similar to the

previously described procedure for the interactive molec-

ular mechanics session but the background mode allows

additional solvation options: cubic box with periodic

boundary conditions, a solvation cap, and implicit solva-

tion using the OBC model [29]. The MD simulation can be

run on a local desktop or on any computer cluster using a

PBS queuing system (Fig. 3). The queue and PBS settings

are specified by the user in a global settings file.

The location of the MD output is stored in a monitoring

file that allows a user to check the progress of the MD

simulation (informing the user if the simulation has com-

pleted or not) and re-import the results back into PyMOL

Input protein-ligand
structure 

Amber

Optimize hydrogen-
bond network

Identify critical 
water molecules

Prepare protein for 
Amber (add 

hydrogens, disulfide 
bridges etc.)

Prepare protein-
ligand complex for 
Amber and run MD 

simulation

Interactive:

SIE MMPBSA
Modify ligand in 

PyMOL

Minimize protein-
ligand complex

Energy analysis of 
minimized structure 

(SIE, MMPBSA)

Background:

Autodock

SLIDE

Ligand libraryProtein structure

MD trajectory

or

Protein preparation

Search volume definition

Run and analyze docking

Ligand libraryProtein structure

Protein preparation

Search volume definition

Run and analyze docking

Minimize and re-rank 
using SIE

Fig. 1 Workflow of PyMOL scripts automating molecular modeling using AMBER and docking with AutoDock Vina and SLIDE. Interaction

between the individual software is displayed by open black arrows

Fig. 2 Screenshot of the notebook dialog used to select options

during interactive energy minimizations and free energy estimates
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anytime after the MD simulation finishes. If the simulation

was ran on a remote computer cluster and not locally on a

desktop, the MD trajectory files are automatically trans-

ferred from the cluster and subsequent free energies can be

estimated using SIE or MMPBSA.

Following the completion of a MD simulation and sub-

sequent file transfer if needed, SIE energy analysis can be

initiated by reading the monitoring file and subsequently

selecting the starting and ending frames along with an

interval between frames from the MD trajectory. The pro-

gram sietraj is started in the background and energy infor-

mation is displayed on screen in the form of a pop-up dialog

after completion. When applying MMPBSA post-process-

ing, all necessary input files for Amber’s mmpbsa program

are generated including a trajectory file where all water and

user-selected non-amino acids, e.g. counter ions, are

removed. To calculate the enthalpic energy contribution,

the molecular mechanics energy combined with PBSA

solvation is computed between the ligand and protein.

Entropic contributions to binding affinity are estimated

using normal mode (nmode) analysis [30–32]. To improve

the accuracy of predicting the entropic energy contribution,

we have implemented a fully automatic version of the

recent nmode procedure of Ryde and co-workers [28].

Docking using AutoDock Vina

Recently, Seeliger et al. [11] have published a PyMOL

plugin for AutoDock and AutoDock Vina. We will only

briefly describe the features of our plugin, titled AutoDock

Vina, as it possesses similar functionality to the plugin

from Seeliger et al. We chose to incorporate AutoDock

Vina into our computational platform due to its computa-

tional efficiency, a key consideration when performing

ensemble docking studies. The AutoDock Vina plugin

generates ligand libraries by exporting all ligand objects

present in a PyMOL session. The ligand objects can either

be directly generated using the PyMOL builder or read in

from other sources (e.g. the ZINC [33] and KEGG [34]

ligand databases). A lexicon of exported libraries is stored

and each library of compounds can later be modified,

combined with other libraries, and imported for docking to

different target proteins.

In AutoDock Vina, a box is placed over a section of the

protein to define the docking search volume. Using our

plugin the position and size of the box can be defined based

on a user-defined selection of ligands or amino acids in

PyMOL (Fig. 4) and visually modified as the box is

graphically displayed in PyMOL. The user has the ability

to select protein residues to remain flexible during docking

visually in PyMOL. Flexible residues can be selected based

on their position within the docking search volume, by an

automatic selection of residues within a user-defined radius

around a user selection (e.g. all protein residues within 5Å

of one or several ligands), or by selecting known critical

amino acids important to binding.

All docking simulations are run in the background

allowing the user to close PyMOL while the simulation

progresses. Following completion of the docking run, the

results are imported into PyMOL in a similar manner as

previously described for MD simulations, and all docking

poses are automatically displayed to the user. A separate

dialog displays all docked solutions with their associated

docking score.

Fig. 3 Screenshots of the

notebook dialog utilized to

select options for background

MD simulations. The notebook

pages defining (a) simulation

times and (b) selecting

computational resources are

shown here

16 J Comput Aided Mol Des (2011) 25:13–19

123



Integrating Amber and AutoDock Vina

Although PyMOL plugins for individual molecular mod-

eling programs such as Amber [7, 10] and AutoDock [6]

are very valuable, our software has the additional capa-

bility to integrate different programs into one useable tool.

This opens new opportunities for molecular modeling, such

as performing ensemble docking and utilizing molecular

dynamics simulations to refine binding poses and to

more accurately predict binding affinities of compounds.

The latter is easily performed by utilizing our Amber

plugin and PyMOL as a graphical element connecting

docking to MD simulations.

Ensemble docking [18–20] has been put forward as an

approach to include protein flexibility beyond the standard

side-chain level during docking. The AutoDock Vina plu-

gin allows the user to import an NMR style PDB file

containing multiple protein structures or a single Amber

trajectory file with multiple frames. If a trajectory is used

as input, a QT-cluster algorithm [35] has been implemented

to select the most diverse set of protein structures from the

input trajectory. The user has the ability to predefine a

target number of clusters (also known as protein templates

or snapshots) and an initial minimal root mean square

deviation (RMSD) between cluster representatives (center

of clusters). The algorithm then automatically adjusts the

RMSD value between cluster centers to obtain a total

number of clusters within 50% of the user-defined target

number of clusters (e.g. User defined 20 cluster represen-

tatives, the program will select between 10 and 30 struc-

tures according to the RMSD threshold specified).

Subsequently, AutoDock Vina then automatically docks a

ligand library into all cluster representatives. For each

ligand in the library, the predicted binding poses from all

templates are pooled and are automatically clustered based

on a user-defined RMSD criterion to remove ‘‘similar’’

binding modes between protein templates. The resulting

clustered binding poses are then visually displayed in Py-

MOL and a score analysis, including a histogram of scores

and standard deviation, is displayed (Fig. 5).

Docking using SLIDE

Titled Slide, the plugin integrating the docking program

SLIDE [13] into PyMOL handles ligand libraries similar to

the previously described AutoDock Vina plugin. The

docking search volume can be interactively defined to be a

sphere around a fixed point defined in Cartesian coordi-

nates or around a user-defined selection of ligands. The

inherent SLIDE pharmacophore selection can be biased by

an analysis of the interaction between protein and a user-

defined selection of ligands in PyMOL. SLIDE is then

automatically started from PyMOL in the background and

the results are analyzed as described above for AutoDock

Vina.

Integrating SLIDE and SIE

The standard SLIDE implementation only outputs the top-

ranked pose for each ligand. We have compiled a modified

SLIDE version that outputs a user-defined number of

poses. The ensemble of possible binding poses can be

automatically post-processed using Amber minimization

Fig. 4 Screenshot of the notebook dialog used to define the docking

search volume (a), flexible residues, and output settings. The

corresponding box defining the docking search volume for a protein

is shown below (b)
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and subsequent SIE [27] scoring including a Poisson-

Boltzmann solvation model. The binding poses are thus re-

ranked according to the SIE scoring function and detailed

energy analysis is displayed to the user. Such a procedure

allows users to rank binding poses and ligand sets using a

more expensive and accurate scoring method that includes

a detailed physical model of solvation effects.

Conclusions

Three PyMOL plugins (Amber, AutoDock Vina, and

SLIDE) to popular molecular modeling programs have

been presented, allowing researchers with limited compu-

tational background in areas such a structural biology,

medicinal chemistry, physics, and biochemistry to easily

utilize and integrate each of these programs. Initiation

and analysis of different simulations from a common

powerful GUI not only removes a novice’s hesitation to

use novel molecular modeling tools but also makes it

easier to control and derive valuable information from the

simulations.

Special emphasis has been placed on fully integrating

different molecular modeling programs (without requiring

user manipulation) to perform new types of computational

experiments that each individual program does not provide.

In this paper we have demonstrated examples of our inte-

gration process by post-processing AutoDock Vina [5]

docking poses using more sophisticated scoring schemes

(MMPBSA/SIE) [25–27] and performing ensemble dock-

ing on molecular dynamics trajectories. In the future, we

plan to continue our automatic integration process and

hope to initiate similar collaborative approaches between

other computational researchers. The plugins discussed

above will be made available free of charge from http://

people.pnhs.purdue.edu/*mlill/software/pymol_plugins.

Necessary molecular modeling software

The following third-party programs are necessary for

complete utilization of the described plugins: the Amber

package [7, 10] (tested with Amber 9 and Amber 10) to

perform molecular mechanics applications and MMPBSA

calculations, changepdb and changecrd from U. Ryde to

estimate entropic contributions to the free energy of bind-

ing, sietraj to calculate free energies of binding using the

SIE [27] methodology, babel [36] to convert between dif-

ferent file formats, Reduce [23] to optimize the hydrogen-

bond network in proteins, and AutoDock Vina [5] and

SLIDE [13] to perform docking studies.

Fig. 5 Results for four ligands

docked to thrombin using

ensemble docking with

AutoDock Vina. Top, left
Ligands sorted according to

mean predicted free energy of

binding with standard deviation.

Top, right Details for ligand

1NT1_lig. Mean score with

standard deviations for all

frames and for the two identified

clusters with cluster

representatives

(1NT1_lig_000005,

1NT1_lig_000007 representing

frames 5 and 7). Bottom
Histograms of identified scores

of all members of individual

clusters
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