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Hardware Requirements

AutoDockTools(Huey, Morris, Olson, & Goodsell, 2007; Morris et al., 1998, 2009), AutoDock Vina(Trott & Olson, 2010) and PyRx(Wolf, 2009) do not have listed hardware requirements but have been successfully operated in our hands on Dell Latitude E5420m laptops. Specifications for these computers include an Intel® Core 2 Duo T6670 (2.2GHz dual core processor), 4GB of RAM and an integrated Mobile Intel 4 Series Expess graphics processing unit with 1.7GB of memory. The computer used by the authors to develop this activity is equipped with an Intel® i7 2600k 3.60 GHz, 16GB RAM, and an ATI 7970 GPU and Windows 8 Pro. Subsequent testing was preformed using a 15” Macbook Pro with a 2.3 GHz quad core Intel® i7, 16GB RAM and an nVidia GT 750M. 

Software Installation

AutoDockTools can be accessed from mgltools.scripps.edu/downloads. AutoDock Vina may be downloaded at vina.scripps.edu/download.html. The PyRx executable file can be acquired from http://sourceforge.net/projects/pyrx/?source=directory.  Marvinsketch installation will require the instructor to obtain an educational license from ChemAxon. In order to do this, follow the prompts located here: http://www.chemaxon.com/my-chemaxon/my-academic-license/?register. Under the terms of a free academic teaching license from ChemAxon, you can distribute the programs to your students so long as they are used for teaching purposes. After license approval, the full suite of Marvin software programs can be downloaded from https://www.chemaxon.com/download/marvin-suite/. Educational licenses of Schrodinger LLC’s Pymol software can be obtained, free of charge at: http://pymol.org/educational/. For this lab, the authors utilized AutoDock Vina version 1.1.2, AutoDockTools version 1.5.6, MarvinSketch 6.2.2, PyRx version .8 and Pymol version 1.3. 

Video Tutorial


We have created a video tutorial depicting the progression through each of the software programs listed. While this tutorial was created on a Mac, the mechanics are nigh identical in a Windows environment.

Our tutorial may be accessed on YouTube at the following URL: https://www.youtube.com/watch?v=E6Rd-JnBgpU
Prelab Preparation

Before beginning the laboratory exercise, the authors recommend that the desktops of each computer be configured to streamline the data storage process. For our classroom use, we configured the student’s desktops as shown in Figure 1. Each program utilized by the students (Marvinsketch, PyRx and Pymol files depicting docked ligands) was clustered in the middle of the window together with folders to store both prepared and docked ligands (“ligands” and “docked” folders, respectively). 
Supplementary Files


We have included two files in the supplemental information for this exercise which, if downloaded, ought to streamline the proceedings. These include a prepared structure of HDAC2 (HDAC2.pdbqt) and a Pymol file of our lead compound docked to HDAC2 (Docked Lead.pse).
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Protein Preparation


We have included a prepared .pdbqt file of HDAC2 with this manuscript as supplemental information. If you make use of this file, you need not use the information below on protein preparation. It is included in the event that an intrepid educator would like to expand the scope of this exercise to include additional proteins. One could envision screening those analogs predicted to be “best” against HDACs 1 and 3 in an event to gain some insight regarding compound selectivity between isoforms.


To begin the protein preparation process, we must retrieve a crystal structure (HDAC2 in our case) from the Protein Data Bank (PDB)6. Fortunately, AutoDockTools makes this operation extremely simple. Open AutoDockTools, click “File” and scroll down to “Import” on the resultant menu. Select “Fetch From Web” from the “Import” sub-menu. In the box that appears, write the four letter PDB code for your structure of choice (3MAX for HDAC2) in the “ID” box and click “OK”. AutoDockTools will proceed to acquire the specified crystal structure. 


Structures loaded directly from the PDB must be edited in order to produce sensible docking results. In the following operations we will remove co-crystallized water molecules, delete two redundant chains of the HDAC2 trimer, add polar hydrogen atoms, add charges to polar residues and complexed ions and delete the co-crystallized ligand molecule (note that the removal of extraneous monomers may or may not apply to your chosen protein).  


Extraneous water molecules depicted in the crystal structure will mask the protein surface from any ligand we attempt to dock. Due to this, they must be removed. Proceed to the “Edit” tab on the toolbar at the top of the ADT window and select “Delete Water”. 


HDAC2 was crystallized as a trimer but, due to the identical nature of the three subunits, only one chain is required for docking. Deletion of two of the monomeric subunits will substantially simplify the calculations necessary for ligand docking and thus expedite the screening process. To delete two monomeric units, click the “Select” tab in the ADT toolbar followed by “Direct Select”. In the resultant “Direct Select” box, click “Chain Select” followed by 3MAXB. One of the monomers should be selected. Go now to the “Edit” tab in the toolbar, click “Delete” followed by “Delete Selected Atoms” in the resultant sub-menu. One of the monomers should disappear. Repeat this operation for monomer 3MAXC. 


Macromolecular crystal structures lack the resolution to adequately account for the position of their constituent hydrogen atoms and thus no hydrogens appear in our uploaded HDAC structure. In order to achieve reasonably accurate docking results, the hydrogen atoms must be added back into our representation of HDAC 2. In order to facilitate this, go to the “Edit” tab in the ADT toolbar, click “Hydrogens” and then “Add”. Hit “OK” on the resultant “Add Hydrogens” box. A myriad of hydrogen atoms should appear within your structure. 


Crystal structures do not have any representation for charges present within polar residue bonds and metal atoms. In order to add the necessary charges, proceed to the “Edit” menu, select the “Charges” option and then “add Kollman Charges”. This will add partial charges for the polar amino acid residues to your HDAC2 representation. Following this, navigate again to the “Charges” sub-menu and select “Compute Gasteiger”. This will place appropriate charges on the zinc and calcium ions present within the HDAC2 monomer. Following charge assignment, the prepared protein may be simplified by merging non-polar hydrogen atoms. To accomplish this, proceed to the “Edit” menu, select “Hydrogens” and click “Merge Non-Polar”. 


Next, we must delete the ligand that was co-crystallized with HDAC2 in order to expose the protein active site. To the left of your 3D protein depiction you should see a “Dashboard” window, which lists 3MAX under the “Current Selection” heading. Click the arrow to the left of 3MAX to show the heading “A”, indicating monomer A. Click the arrow to the left of A to show a list of all residues that comprise monomer A. Scroll to the bottom of the list. At the bottom, you should note an entry beginning with “LLX”. Click the square to the right of this designation to select the co-crystallized ligand. Following this, proceed to the “Edit” tab and click “Delete” and then “Delete Selected Atoms”. 

Prior to saving the structure, one further modification is required. Select “Edit”, proceed to “Atoms” and click “Assign AD4 type”. With this the protein is prepared for screening. Save the prepared protein by clicking “File” followed by “Save” and “Write PDBQT”. Browse to the desktop folder you created and save your prepared protein under an appropriate name. 

Analog Assignment


Groups of 3-4 students were each assigned five analogs of lead compound 1 (Figure 2) to examine. Each series of molecules was designed to probe one region of the lead (such as alternative aryl substituents or aliphatic chain length/branching). Prior to the screening exercise, we asked each student to examine the 3D manipulatable structure of our lead ortho-aminobenzamide in Pymol and propose a rank order for the analogs on their list. A Pymol file showing the docked lead may be downloaded together with this manuscript They were then asked to rationalize their rank based on arguments grounded in both steric and electronic principles. The five analog sets used in our class are noted in Figure 3. 
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Until relatively recently, the conception of lead compound analogs was a process 
based almost entirely on intuition. Knowledge of the precise manner by which a given 
lead compound interacted with its macromolecular target to affect physiologically 
relevant activity was often not available. The advent of computational methods for 
predicting macromolecule-ligand interactions facilitated more informed analog design 40 
by providing chemists rudimentary predictions of small molecule activity using virtual 
screening protocols. Unfortunately, the first forays into computer-aided design required 
enormous computational resources and were thus inaccessible to the majority of 
academic researchers.  
 Since the first introduction of computer-aided drug design, enormous advances 45 
in both affordable computational power and efficient algorithms for small molecule 
binding-mode prediction have been made. There are currently a significant number of 
freely available programs, developed in academic research labs, which can provide 
accurate representations of small molecule binding and enable the screening of large 
numbers of virtual analogs.  50 



In this laboratory activity, we seek to place students in the role of a medicinal 
chemist pursuing analogs to a chemotherapeutic lead of interest. We hope to enable 
pupils engaged in this activity to conceive of reasonable lead compound analogs which 
obey traditional “Rule of Five” considerations1 and are bereft of obvious metabolic 
liabilities. Analog conception will be aided by a suite of freely available programs 55 
produced by the Molecular Graphics Lab at the Scripps Research Institute. 
AutoDockTools (ADT)2–4 will be used to prepare the crystallographic macromolecule 
representation obtained from the Protein Data Bank for screening. AutoDock Vina5 will 
perform the molecular dynamics calculations necessary to generate binding mode 
predictions and PyRx6 will be used as the graphical user interface (GUI) for all screening 60 
protocols. Inhibitors will be visualized using Schrödinger LLC’s Pymol software which is 
obtainable for educational use at no cost7. Ligand preparation will require Marvinsketch 
and Marvinview both of which are available free of charge to educational audiences from 
ChemAxon8.  
 65 
Background 
 
 In this laboratory exercise, students will be tasked 
with optimizing ortho- aminobenzamide histone deacetylase 2 
(HDAC2) inhibitor 1 (Figure 1) utilizing virtual screening. 70 
Histone deacetylases (HDACs) are a class of enzymes whose 
primary function is to catalyze the deacetylation of lysine 
residues within the histone tail. Acetylation and deacetylation 
of lysine residue amines plays a key role in gene expression by 
regulating the association between DNA and histone proteins. 75 
Acetylation of amines in the histone tail neutralizes the 
positive charge present on said amines at physiological pH 
and thus decreases the ability of histones to bind negatively 
charged DNA. This reduction in binding affinity results in chromatin expansion and 
allows transcription to occur. Deacetylation of amides present on the histone tail 80 
increases the tail’s positive charge and prompts a tighter association between the 
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Ligand Preparation


Following the determination of a hypothetical ranking for the compounds in each student’s analog set, we directed the class to prepare for an in silico screen of their molecules together with lead 1. 

Each ligand to be loaded into the docking program must be presented in a recognizable file format. In order to facilitate this, draw each of your ligands (separately) using Marvinsketch. Highlight your analog and select “Structure” followed by “Clean 3D” and finally “Clean in 3D”. After a short time, your 2D molecular representation will reorient itself signifying the completion of ligand optimization. Select “Save” and save your ligand as a .pdb file in your “ligands” folder. Continue this procedure for each of your analogs. 


Each student ought to include compound 1 as one of their ligands in order to access whether their designed compounds are predicted to display more or less affinity than the lead.
Screening


In order to screen each of your analogs against HDAC2, we will be using the PyRx graphic user interface (GUI). Open PyRx from your desktop and proceed to the “Vina Wizard” tab located in the bottom window. Hit “Start” in the bottom right of this window to begin the screening procedure. Two icons should appear at the bottom of PyRx after hitting “Start”: “Add Ligand” and “Add Macromolecule”. Click on “Add Ligand”, navigate to the “Ligands” sub-directory of your lab folder and select a ligand to add. Continue this procedure until all of your ligands have been added. Note that each ligand has been converted from a .pdb file to a .pdbqt file. 


Following the addition of each of your analog candidates, click the “Add Macromolecule” button to import your prepared HDAC2 monomer (HDAC2.pdbqt if you downloaded our file). Your prepared HDAC2 file should appear under the “Macromolecules” heading. 


Once both ligand and macromolecule have been imported, select each of the ligands you would like to screen by clicking each ligand heading while holding down “Ctrl”. Select the macromolecule in the lower window. Once everything is highlighted, click the “Forward” button in the bottom right of the “Vina Wizard” window. 


A box will appear over the HDAC2 monomer in your display window. This box represents the area in which AutoDock Vina will attempt to find the most favorable interactions between the HDAC2 protein and each of your selected ligands. The default position will work well enough for our purposes, so you may continue the screening procedure leaving the cube unchanged. Click “forward” to begin the screening process. The progress bar for AutoDock Vina will appear within the “View” window and will record the progress of each ligand screen. Once the screening process is complete, PyRx will display the results in the bottom window of the PyRx GUI. From this window, you may select various ligand poses to view within the “View” window. Note the binding affinity of each ligand, expressed in terms of kcal/mol. The tightest-binding ligands are those with the most negative binding affinity values. Rank your ligands against the lead compound 1 to determine whether the compounds you designed are predicted to be more or less potent than the lead.   

Visualization

      Now that several ligands have been screened against our macromolecular target, we need to carefully analyze the results in order to rationalize the compound ranking provided by Autodock Vina. Due to the somewhat limited ability of PyRx to visualize binding conformations and protein surfaces, we shall rely upon Schrodinger LLC’s Pymol software for our examination. 

     First, scroll through each of the ligand poses in the Vina Wizard tab at the bottom of PyRx and double click the most promising pose for each ligand. This action will populate the Molecules tab with line items matching the name of your docked ligand. Once the list is populated with docked conformers for each of your ligands, right click each one and select “save as .PDB”. Save these ligands in the “Docked” folder (shown in Figure 1). 

      Open the Pymol file “Docked Lead”. From the menu bar select “Open”, navigate to your “Docked” folder on the desktop and double-click one of your ligands. The selected molecule should be added to the file and “toggle-able” by selecting its name in the right-hand menu. Open each ligand in this manner. Students may wish to use different Pymol settings to visualize their structures. The settings found to be of most use to the authors can be found below. Additionally, students may care to make use of space filling spheres and electrostatic potential maps that can be added in Pymol. To show spheres for a given ligand, select “S” next to the ligand and hit “spheres” in the resultant menu. In order to display an electrostatic potential map over the surface of HDAC2, select HDAC2, navigate to “S” and hit “mesh”. Red areas in this mesh represent localization of negative charge, blue areas represent areas of positive charge and green areas indicate hydrophobic regions. 

An introduction to Pymol that contains most common commands can be found here: http://www.pymolwiki.org/index.php/Practical_Pymol_for_Beginners
For reference, those settings used in the “Docked leads” file include: 

Display -> Background -> White

For HDAC2:

Hide Lines

Show Surface

Surface Settings:

set surface_quality, 1

set surface_color, grey

set surface_transparency, 0.5

For the docked ligands:

Show sticks to develop an idea of the functional group orientations

Show spheres to develop an idea of the space taken up by a given ligand

set sphere_quality, 5

- Improves the quality of space filling spheres


Following the first screening campaign, students should gain insight into which structural features promote tight binding with the HDAC2 active site and which are disfavorable. This knowledge might inform the design of further analogs and result in another iteration of computational screening. 
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Figure 1. Screenshot of the desktop used in our screening exercise. 





Figure 2. Lead compound 1 





Figure 3. Lead compound analogs organized by the structure-activity relationship they are designed to probe








