
Demonstration of AutoDock as an Educational Tool for Drug 
Discovery

Travis R. Helgren and Timothy J. Hagen*

Department of Chemistry and Biochemistry, Northern Illinois University, 1425 West Lincoln 
Highway, DeKalb, Illinois 60115, United States

Abstract

Drug design and discovery remains a popular topic of study to many students interested in visible, 

real-world applications of the chemical sciences. It is important that laboratory experiments 

detailing the early stages of drug discovery incorporate both compound design and an exploration 

of ligand/receptor interactions. Molecular modeling is widely employed in research endeavors 

seeking to predict the activity of potential compounds prior to synthesis and can therefore be used 

to illustrate these concepts. The following activity therefore details the use of AutoDock to predict 

the binding affinity and docked pose of a series of CDK2 inhibitors. Students can then compare 

their docking output to experimentally determined inhibitory activities and crystal structures. 

Finally, the AutoDock workflow detailed in this activity can be used in research settings, provided 

the receptor crystal structure is known.
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INTRODUCTION

The topic of drug discovery is popular among undergraduate and graduate students, as the 

efficacy of novel therapeutics affords a socially visible application of the chemical sciences. 

As a result, medicinal chemistry courses often yield high enrollment at the university level. 

According to a recent Chem. Eng. News article,1 representatives from target 

(pharmaceutical) employers are not necessarily looking for students to have passed a 

dedicated medicinal chemistry course; rather, these employers are looking for well-rounded 

scientists with strong backgrounds in organic chemistry, biochemistry, and structural and 

cellular biology. It is therefore paramount that courses align learning objectives with the 

fundamental understanding of both the theory and application of various aspects of drug 

design and discovery.

Computational methods have been developed to predict the binding affinity of proposed 

ligands prior to synthesis and screening against the intended biochemical target and are 

currently a seminal tool in the medicinal chemist’s toolbox.2–6 Many specific software 

packages have been developed, some of which are open source for educational purposes. 

These software packages afford the opportunity to provide students with a skill that can be 

used for research applications outside of the traditional laboratory setting. One such software 

package, AutoDock, was developed at the Scripps Research Institute in the 1990s and has 

found wide application in both research and instructional settings.7 Although tutorials 

detailing the general AutoDock workflow exist,8–15 most do not demonstrate how the 

software can be utilized to reinforce early stage drug discovery methodologies for medicinal 

chemistry students. The graphical user interface of AutoDock provides the opportunity for 

students to view proteins in three dimensions, allowing for a greater understanding of 

tertiary structures. Additionally, students can view surface representations of protein crystal 

structures to demonstrate that finite ligand binding regions exist. This activity is therefore 

meant to act as supplementary material for medicinal chemistry courses (either as a 

homework assignment or a stand-alone laboratory activity) to aid students’ understanding of 

the mechanisms involved in protein–ligand interactions and provides the unique opportunity 

for students to explore protein structures in three dimensions. The following experiment 

therefore details both fragment growth hit modification and the general AutoDock workflow 

to train students on the use of the software and early stage drug discovery efforts. Students 

will dock a series of published cyclin-dependent kinase type-2 (CDK2) inhibitors16 and can 

compare their docking output to both actual inhibitory activities and bound crystallographic 

orientations. This macromolecular target was selected for utilization in the following study 

because the inhibitors represent a series that has been optimized according to fragment 

growth methodology, and the actual inhibitory activities and crystal structures with the target 

are known.
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Overview of Indazole-Based CDK2 Inhibitors

The indazole series of CDK2 inhibitors (Figure 1) was discovered through the high-

throughput screening of fragment molecules against the receptor.16 The potency of the 

compounds against the CDK2 target was measured as the inhibitory concentration resulting 

in a reduction of activity by 50% compared to an uninhibited control (IC50). Thus, the 

difference in the relative IC50 values between two compounds suggests that the lower value 

corresponds to the more potent inhibitor, and a decrease in IC50 means an overall increase in 

potency. Indazole (1) was crystallized within the CDK2 active site, demonstrating the 

binding interactions and exposing a binding pocket near the CDK2 active site with exposed 

backbone carbonyl and amide NH groups oriented in the correct manner for exploitation. 

Using this information, an aniline amide was conjoined with the indazole fragment hit, and 

the resulting compound (N-phenyl-1H-indazole-3-carboxamide, 2) was found to have a 

significant increase in activity (62-fold)16 (Figure 1). This observed increase in activity was 

attributed to additional H-bonding contacts between the amide NH of 2 and the carbonyl of 

backbone residue Leu83. The aryl ring of 2 was proposed to be in close proximity to Asp86, 

and incorporation of a H-bond acceptor was suggested to promote additional contacts to the 

amide NH of the backbone residue. It was hypothesized that inclusion of a sulfonamide 

group at the para position could facilitate the desired interaction, and N-(4-

sulfamoylphenyl)-1H-indazole-3-carboxamide (3) was synthesized and screened for 

activity16 (Figure 1). The compound was found to exhibit a slight increase in activity (4.5-

fold) compared to that of 2. The binding mode of compound 3 was found to be as predicted 

in the cocrystal structure of the compound with the receptor, with additional H-bonding to 

the NH backbone amide bond of Asp86. To determine the necessity of the fused aryl system 

of the indazole fragment hit, N-phenyl-1H-pyrazole-3-carboxamide (4) was screened against 

the target and was found to exhibit a large decrease in activity (32-fold)16 in comparison to 

that of related compound 2 (Figure 1). This demonstrates the stabilizing energy associated 

with π–π stacking between the indazole aryl ring and the side chain of Phe80. The series of 

compounds demonstrates fragment growth, as original fragment 1 was astutely modified to 

accommodate additional H-bonding interactions with backbone residues close in proximity 

to the inhibitor; thus, a species exhibiting a drastic increase in activity (280-fold) was 

discovered.

The activity described in the supplementary file details the use of AutoDock to simulate the 

binding poses and interactions of this series of inhibitors against the target. Students will 

draw compounds 1–4 with molecular graphics software (ChemSketch or ChemDraw) and 

will import these structures into AutoDock. The biochemical target (CDK2) will then be 

imported into AutoDock and can be prepared for docking by removing all nonpolar 

hydrogen atoms and any water molecules crystallized with the protein structure. After 

manually setting the region of the protein to be utilized for the docking run, students will 

dock this series of compounds. The docking output can then be compared to the actual 

crystal structures of compounds 1, 3, and 4, and students can visualize how the growth of the 

original fragment hit 1 into inhibitor 3 leads to an increase in potency via additional binding 

interactions between the protein and ligand.
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RESULTS AND DISCUSSION

AutoDock uses pregenerated grid maps of the receptor to dock compounds into the binding 

site. Crystallographic receptor files deposited within the protein databank (PDB) are 

imported into AutoDock and must be modified prior to docking. Bound ligand, water, buffer, 

or other fragments must be removed from the receptor as these may interfere with docking 

runs; additionally, polar hydrogen atoms must be added to each residue, and Gasteiger 

charges must be assigned to every atom within the receptor. The user then selects the 

docking region (typically the known or predicted binding pocket) and generates a number of 

maps corresponding to each atom type found within the ligand to be docked. The ligand is 

then docked, and the output docking poses and scores are tabulated and can be visualized 

within the receptor binding pocket.

Compounds 1–4 were docked against the CDK2 receptor, and the results for the most 

favorable docking pose of each were compared to the conformations revealed in the protein/ 

inhibitor complex crystal structures (PDB: 2VTA,16 2VTI,16 2VTL16). As shown in Figure 

2, the output docking poses were found to closely agree with the published structures. The 

fundamental H-bonding to Glu81 carbonyl O and Leu83 NH amide present in the published 

crystal structure of 1 was also predicted by the docking software. Similarly, the output 

docking pose of 3 and 4 closely matched the interactions observed in the crystal structures. 

To quantitatively validate the docking output, predicted bond distances were measured with 

AutoDockTools and compared to distances observed in the crystal structures. All predicted 

bond distances were found to be within ±0.2 Å of the actual distances, with the exception of 

the sulfonyl H-bond to the Asp86 backbone amide observed for 3 (difference of 0.9 Å). The 

docked pose of 3 was observed to have a slightly twisted conformation when compared to 

the actual crystal structure. This conformation pushes the sulfonamide away from Asp86, 

resulting in the observed increase in predicted bond distance. Additionally, the sulfonamide 

is rotated ∼120° in the docking pose, resulting in H-bonding to Asp86 via the opposite 

sulfonyl O than what is observed within the crystal structure. The source of this discrepancy 

is currently unknown, although the increase in the number of allowed torsions for compound 

3 as compared to compound 2 adds variability to the docking method, complicating the 

computation. However, the other bond distances are in good agreement with the 

experimentally determined values. In addition to predicted binding interactions, AutoDock 

also predicts binding affinities of each inhibitor. A comparison of the predicted and observed 

binding affinities can also be found it Table 1. The predicted binding affinities supplied by 

AutoDock for each docking pose were found to closely agree with the actual observed 

activities. Although the predicted affinities are in the form of the inhibitor–enzyme 

dissociation constant (Ki) and the actual activities are expressed as inhibitor concentration 

resulting in a 50% reduction in enzyme activity (IC50), the relative values should correlate.

Student Outcomes

This activity was used to train students conducting independent research on the general 

workflow of AutoDock, and students then used the program to guide synthetic efforts for the 

research group. A total of 15 undergraduate and 5 graduate students have completed the 

activity to date. We recommend that students are introduced to topics including protein–
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ligand interactions, fragment-based drug discovery, and fragment modification techniques 

prior to administration of this activity. Typically, the activity requires about 6 h to complete 

while working individually. The overall pedagogical goals were not inherently different for 

students at various education levels, as the activity was primarily used to introduce students 

to the processes involved in in silico drug discovery efforts, beginning with the assumption 

that students have no prior experience with this topic. Because the programs used in this 

activity are all open source, students were able to work outside of the laboratory, and many 

used their personal computers. All students were able to successfully complete the exercise 

and obtain docking results similar to those shown in Figure 2 and Table 1.

However, most students encountered a number of problems when learning the AutoDock 

workflow, although all were based upon issues regarding software errors. For example, if too 

many commands are issued or if commands are issued in the incorrect order, the program is 

often unable to produce grid maps or dock compounds. The supplementary content supplied 

with this paper includes an example laboratory procedure with an introduction discussing 

fragment growth and the application of computational modeling in drug discovery, a detailed 

procedure outlining the generation of molecular structures, and subsequent docking with 

AutoDock, examples of postlab questions, and a troubleshooting section with solutions to 

the most common errors students have encountered while performing this experiment. 

Additionally, videos demonstrating this experiment and the AutoDock workflow can be 

found by following the links embedded in the supplementary content.

Further Considerations for Fragment Growth

While the typical workflow regarding fragment growth methodology is laid out in this 

activity, the types of molecules proven to be effective as therapeutic agents are not discussed. 

It may be difficult for students to determine which changes could be applied to a molecule to 

produce species of increased binding affinity or drug-likeness. Therefore, it would be useful 

to utilize this paper in conjunction with resources detailing various aspects of drug design, 

including favorable ligand–protein interactions, bioisosterism, pharmacokinetics and 

dynamics, and bioavailability. Encourage students to attempt to adhere to the Lipinski Rule-

of-Five, as most small-molecule pharmaceuticals are compliant, and all of the properties 

involved can be determined from widely available software (notably, clogP determination 

from ChemDraw).

CONCLUSIONS

Drug discovery is an important, visible discipline of the chemical and biological sciences, 

and ligand/receptor interactions and fragment modification are key principles. It is therefore 

necessary that students understand these topics in courses or research endeavors concerning 

therapeutic development. Because molecular modeling is employed to predict the potency of 

prospective compounds, docking software and its application could be an excellent 

opportunity for practical instruction. We have therefore developed this activity to 

demonstrate molecular docking in the context of fragment growth, where known inhibitors 

are docked and the output is compared with experimental results. All students, at both the 

undergraduate and graduate levels, were able to apply the docking method for research 
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applications, demonstrating students’ understanding following the completion of the activity. 

Because all of the software necessary to draw, convert, and dock ligands is open source for 

educational applications and runs on popular operating systems (MacOS, Windows, and 

Linux), the processes described herein are applicable to essentially any personal computer. 

Anyone with interest can therefore participate in drug discovery away from conventional 

laboratories.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structures of the CDK2 inhibitors utilized in the docking study. This series of inhibitors was 

designed by first identifying fragment 1 and employing fragment growth to arrive at CDK2 

inhibitor 3.16
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Figure 2. 
Comparison of crystalline and docked poses (left and right, respectively) of various CDK2 

inhibitors. Dashed lines indicate H-bonding interactions between the ligand and receptor. 

The docking poses were found to closely resemble those suggested by crystal structures. 

Top: Compound 1 (PDB: 2VTA16). Middle: Compound 3 (PDB: 2VTI16). Bottom: 

Compound 4 (PDB: 2VTL16).
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Table 1

Comparison of Actual and Predicted Binding Affinities and Bond Distances

compound actual affinity (IC50)a predicted affinity (Ki)a actual bond distances (Å)b predicted bond distances (Å)

1 185 69.0 NH-carbonyl (2.9) NH-carbonyl (2.8)

N-amide (3.0) N-amide (2.9)

2 3 0.992 c NH-carbonyl (2.9)

N-amide (3.1)

amide—carbonyl (2.7)

3 0.66 0.122 NH-carbonyl (2.8) NH-carbonyl (2.7)

N-amide (3.2) N-amide (3.2)

amide—carbonyl (2.9) amide—carbonyl (2.7)

SO-amide (3.0) SO-amide (4.1)

4 97 16.5 NH-carbonyl (2.5) NH-carbonyl (2.6)

N-amide (3.0) N-amide (3.1)

amide—carbonyl (2.7) amide—carbonyl (2.8)

a
Affinities are expressed in units of μM.

b
Bond distances were determined from published crystal structures; see ref 16.

c
Compound 2 was not crystallized with the target; thus, actual bond distances are unknown.
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