Governors State University

OPUS Open Portal to University Scholarship

All Student Theses Student Theses

Fall 2023

Autodocking Studies of Oxygenated Fullerenes as Inhibitors of
The HIV Protease

Michael Kaminski

Follow this and additional works at: https://opus.govst.edu/theses

b Part of the Chemistry Commons, and the Medical Biochemistry Commons

For more information about the academic degree, extended learning, and certificate programs of Governors State
University, go to http://www.govst.edu/Academics/Degree_Programs_and_Certifications/

Visit the Governors State Analytical Chemistry Department

This Thesis is brought to you for free and open access by the Student Theses at OPUS Open Portal to University
Scholarship. It has been accepted for inclusion in All Student Theses by an authorized administrator of OPUS Open
Portal to University Scholarship. For more information, please contact opus@govst.edu.


https://opus.govst.edu/
https://opus.govst.edu/theses
https://opus.govst.edu/student_theses
https://opus.govst.edu/theses?utm_source=opus.govst.edu%2Ftheses%2F145&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/131?utm_source=opus.govst.edu%2Ftheses%2F145&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/666?utm_source=opus.govst.edu%2Ftheses%2F145&utm_medium=PDF&utm_campaign=PDFCoverPages
http://www.govst.edu/Academics/Degree_Programs_and_Certifications/
mailto:opus@govst.edu

Autodocking Studies of Oxygenated Fullerenes as
Inhibitors of The HIV Protease

By

Michael Kaminski
B.S., Saint Xavier University, 2021

THESIS

Submitted in partial fulfillment of the requirements

For the Degree of Master of Science,

With a Major in Analytical Chemistry

2023






ACKNOWLEDGEMENTS
Dr. Shelly Kumar, my professor and mentor who has guided me throughout my research.

My professors at both Governors State University and Saint Xavier University for teaching me

the skills to become the scientist | am today.

My parents Vicki and Allan Kaminski for encouraging me and helping push me forward in my

academic career.






TABLE OF CONTENTS

N 1] 3 ¢ T2 7 P 1
INErOAUCTION. ... 3
AULODOCK SOTIWATE. ... .o 4
Research on HIV-Protease Inhibition via Molecular Docking............................ 5
History of HIV-Protease Inhibition Using Functionalized Fullerenes................... 6
GOals aNd ODJECHIVES. .. .. ettt e e 7
MBENOUS. . .. e e 9
SOTIWAIE USBA. ...ttt 9
HaIOWANE. . ..o e e e e e 9
Installing The SOftware. .........coooiii i 9
Acquiring PAD FIlES. ... 9
Preparation FOr DOCKING........o.oieii e 10
Output and Log Files. ... ..o e 14
Making Oxygenated Ceo IN Spartan.............coooviiiiiiii e 15
Electrostatic Potential Map in Spartan............c.ccooiiiiiiiiiiiiiii e 18
HIV-Protease AnalysisWith PyMOL. ..ot 20
RESUILS. .o 23
LT e1 D T 10§ 47
L7075 To] 110 103 O P 50

R O NS . . .ot 51



Vi



Table 1.

Table 2.

Table 3.

Table 4.

Table 5.

Table 6.

Table 7.

Table 8.

Table 9.

LIST OF TABLES

The CsoOx Structures Studied and Documented ............ccooeiiiiiiiniiiiien, 22
C600 DOCKING RESUILS. ...t e 23
C6002 DOCKING RESUILS. ...t 26
C6004-G DOCKING RESUITS. .. .. et e e 29
C6004-E DOCKING RESUITS.......ontii e, 32
C6006-G DOCKING RESUITS .....veeei e 35
Ce6006-E DOCKING RESUILS ... ueiie i e 38
Ce6008-G DOCKING RESUILS ...\ttt 41
Ce6008- DOCKING RESUILS ... e 44

vii



viii



LIST OF FIGURES

Figure 1. Ozonolysis of Ceo in the presence of p-xylene...........ccovviiiiiiiiiiiiiiiniinnn.. 7
Figure 2. 5CON HIV-PR in AutoDocK TOOIS........ceiiiiiii e 11
Figure 3. Grid box with adjustable location/size in AutoDock Tools................cccoeneen.n. 11
Figure 4. Configuration File for DOCKING...........cooiiiiiii e, 13
Figure 5. Command Prompt of Executed Docking For Trial Run .....................o.oooei 13
Figure 6. Docking Log file Output Example............oooiiiii e, 14
Figure 7. Making of Buckminsterfullerene (Ceo) in Spartan...............cocoevvviiiiinininen. 15
Figure 8. Electrostatic potential map for Cs0O2 with modified energy boundaries ............. 19
Figure 9. C6004-E created by placing carbonyls at electrophilic sites ... 19
Figure 10. HIV-PR ribbon form in PyMOL. ... 20
Figure 11. PyMOL analysis of H-bonds between CeO4 and HIV-PR residues .................. 21
Figure 12. Cs0O Blind Docking Conformations and Interactions..................c.cooevveiininnn 24
Figure 13. Cs0O2 Blind Docking Conformations and Interactions.....................coeevennn... 27
Figure 14. Cs0O4-G Blind Docking Conformations and Interactions..........................euiwe 30
Figure 15. Cs0O4-E Blind Docking Conformations and Interactions..............................w 33
Figure 16. Cs00¢-G Blind Docking Conformations and Interactions. ..................c.cceeuenen. 36
Figure 17. Cs0O¢-E Blind Docking Conformations and Interactions.................c.cocoeeenen.n. 39
Figure 18. Cs0Os-G Blind Docking Conformations and Interactions....................ccceeeeuinnne 42
Figure 19. Cs0Os-E Blind Docking Conformations and Interactions.......................ceouennne 45
Figure 20. Hydrogen Bonded Residues in Docking Studies..............coooviiiiiiiiiiiinnnn 48
Figure 21. HIV-PR in PyMOL Comparing Active and Common Binding Sites................... 49






KEY WORDS

AIDS: Acquired Immunodeficiency Syndrome, a deadly chronic disease that occurs from

untreated HIV. The immune system becomes damaged and is unable to defend against diseases.

Amino Acid Residue: The term for individual amino acids that have lost water in the process of

linking together during protein formation.

AutoDock: A docking software developed by Oleg Trott and Arthur J. Olson at The Scripps

Research Institute for simulating interactions between macromolecules and ligands.

Blind Docking: The act of performing a simulated molecular docking experiment without

specifying where the ligand is supposed to bind to the macromolecule.

Buckminsterfullerene: A compound made up of sixty carbon atoms with a soccer ball-like

appearance.
Cytotoxicity: A measure of how much damage a compound will cause to cells in the body.

Docking: The simulation of how a ligand binds to a macromolecule or substrate. Docking

programs are a form of molecular modeling commonly used for drug discovery and research.

HIV: Human Immunodeficiency Virus, a sexually transmitted virus (also transmitted via blood
contact with an infected person) that will cause AIDS if unable to be treated. No cure exists, so

treatments focus on reducing the number of viruses in the blood (referred to as “viral load”).
Oxygenation: A reaction pathway that adds oxygen(s) to a compound(s).

Protease (PR): An enzyme that catalyzes the breakdown of larger proteins and is instrumental to

the development of a mature virus or cell.

Pdb File: A Protein Database file format that contains the structure of a compound examined via

X-Ray Crystallography

PyMOL.: A molecular modeling software used for analyzing docking output files and hydrogen

bonds.
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Abstract

In a previous study, several oxygenated fullerene compounds were produced by
ozonation of Cgo (Buckminsterfullerene) and were identified by elemental analysis and by SALI
(surface analysis by laser ionization). Some of these compounds, especially a batch, SK-5, a
mixture of Cs0O1-s, Were shown to inhibit activities of HIV-Protease with 1Cso (concentration for
50% inhibition) of 1 mg/mol in the in-vitro studies. The oxygenated fullerenes were shown to
have epoxide, ketones, and hydroxyl functionalities. As expected, Ceo interacted with ozone with
alkene functionality and not as an aromatic compound. It was postulated that CeoO had epoxide
functionality, as a product of ozonation of one of the double bonds of Ceo; Cs0O2 had ketone
functionalities by Ozonolysis of one of the double bonds of Ceso; Cs004, Cs0Os, Cs00s had ketone
functionalities by Ozonolysis of successive double bonds of Ceo. The hydroxyl functionality was
likely produced due to interaction of water and the oxygenated fullerenes. In the present study,
the interactions of oxygenated fullerenes (small molecules) with HIV-Protease (macromolecules)
at the molecular levels were studied via blind docking using AutoDock Vina software to
elucidate the mechanism of these interactions. The structures of CeoO, Ce002, Ce004, Ce0Os,
Ces00g Were generated using Spartan software and were docked with a crystal structure of the
HIV-Protease (PR) obtained from The Brookhaven Protein Data Bank using AutoDock Vina.
These docking studies showed that the oxygenated fullerenes bound to multiple sites of the HIV-
PR with high binding affinities (-10.4 to -8.1 kcal/mol). Nine docking poses were generated for
each structure, and the models of each conformation were studied using PyMOL software. The
docking models in PyMOL suggest that the high binding affinity is a result of the abundance of
strong hydrogen bonds ~2.3A long across the various CeoOx structures. The presence of dipole-
dipole and van der waals interactions were also found to have played a significant role in
binding, with several conformations exhibiting strong binding (> -9.8 kcal/mol) with no
hydrogen bonds. Results indicate a strong correlation between the ability of CeoOx to produce
hydrogen bonds/strong dipole interaction with the HIVV-PR and inhibition efficacy.






Introduction

In 2004, the global mortality rate from the HIV/AIDS epidemic reached an all-time high
of 1.84 million deaths worldwide. As various pharmaceutical drug treatments have improved and
become more available with time, the mortality rate has become less than half of what it was. In
15 years, the global mortality rate dropped to 863,838 deaths in 2019.! Despite the fact that these
statistics do display an improvement in the understanding of HIV and possible treatments, the
research dedicated towards ending the AIDS epidemic is far from over. Because there is no cure
for HIV, current treatments focus on reducing the amount of the HIV virus present in the blood
(viral load) through a process called antiretroviral therapy.? Treatments can accomplish this task
through several different mechanisms: Nucleoside reverse transcriptase inhibitors (NRTI), non-
nucleoside reverse transcriptase inhibitors (NNRTI), protease inhibitors, integrase inhibitors,
fusion inhibitors, post-attachment inhibitors, and pharmacokinetic enhancers.>* Treatments will
consist of multiple medications that encompass many of these pathways to reducing the HIV
viral load. Several compounds boasting low cytotoxicity (< 100uM CCsp, concentration for 50%
cell toxicity) that impede HIV replication have been validated as effective drug treatments.
Unfortunately, repeated use of these medications has resulted in a sharp increase of drug-
resistant strains of the HIV virus. In 2018, the World Health Organization (WHO) reported that 3
in 10 adults and 5 in 10 children beginning antiretroviral therapy possess drug-resistant viruses.>
As time goes on, the current medication becomes increasingly less effective even for people who
had previously benefited from these treatments. Furthermore, several courses of medication lead
to various complications such as an increase in chronic renal diseases and bone density loss.*
Consequently, the research and development of new antiretroviral compounds becomes more

significant each day for treating these drug-resistant viruses.

In this study, the work done by Kumar on a HIV-protease inhibitor composed of multiple
oxygenated Buckminsterfullerene compounds is expanded upon using docking software
AutoDock Vina.5" These oxygenated fullerene compounds were synthesized via ozonolysis of
the alkenes present in Ceo in the presence of p-xylene. By examining the interactions of
oxygenated Ceo (Ce0Ox) with the HIV-PR in AutoDock, a better understanding of the inhibition
process can be obtained.



AutoDock Software

AutoDock encompasses a variety of programs that serve as automated virtual tools for
docking. AutoDock simulates the non-covalent binding of various substrates, drugs etc. to 3D
macromolecules.® Both the macromolecule (receptor) and the small molecule (ligand) used are
pdb (Protein Database) files. Structures of macromolecules from x-ray crystallography are
converted to pdb files and can be downloaded from websites such as RCSB.org (The
Brookhaven Protein Data Bank).® Smaller ligand structures can be created in 3D modeling
programs like Spartan and converted to pdb format for use in AutoDock. In AutoDock, the pdb
files must be converted to pdbqt (“Q” for partial charge, and T for atom type) format using
AutoDock Tools (a graphical interface program for AutoDock). There are two versions of
AutoDock available: AutoDock 4 and AutoDock Vina. Both versions make use of AutoDock
Tools. The primary difference between AutoDock 4 and AutoDock Vina is that the former is
composed of two applications: AutoDock performs the docking in accordance with the user
made grid maps in AutoDock Tools; Autogrid pre-calculates the projected grids. AutoDock Vina
simplifies the docking process by calculating the grid maps internally thereby circumventing the
need for Autogrid entirely. AutoDock Vina makes use of multithreading which allows it to take
advantage of multiple core processing unit (CPU) cores to augment the speed of the docking. On
an 8-core CPU, benchmark tests for AutoDock Vina ran nearly 450 times faster than AutoDock
4,19 After the docking is complete, the binding affinities based on the nine most stable ligand-
receptor docking poses are output as a text (txt) file for the user. This data is generated from a
scoring function that utilizes empirical information from the receptor-ligand complexes and
experimental binding affinity measurements.® Both AutoDock 4 and Vina utilize empirically
weighted scoring functions that view the same parameters (hydrogen bonds, rotatable ligand
bonds etc.).® Both programs employ the same type of global search algorithms to gather the data
used in the scoring functions, but AutoDock Vina boasts a more optimized local search
methodology. This allows Vina to perform more calculations to generate more accurate binding
affinities for conformations containing ligands with high numbers of rotatable bonds*®!. Once
the docking is complete, the scoring function additionally provides an output pdbqt file. This file
can be opened in a program such as PyMOL to view and interact with all docking poses
generated in the docking process. According to a study performed by Su et al. AutoDock Vina

was consistently ranked as possessing the most accurate and precise scoring function when



compared to other scoring functions in a variety of tests.? All versions of AutoDock and
affiliated software are available for free use. These features of AutoDock Vina made it the ideal

program for this study.
Research on HIV-Protease Inhibition via Molecular Docking

Inhibition of the HIV-PR serves as a common target for docking studies researching HIV
antiretroviral treatments. Examples of this can be seen in the study performed by Razzaghi et al.
on Amprenavir’s binding conformations to HIV in AutoDock 4, or in Arthur J. Olson’s

FightAIDS@home volunteer computing project.t3%4

Amprenavir is one of several well documented, effective treatments for HIV.*® Although
Amprenavir’s efficacy and mechanism is well known, Razzaghi et al.’s docking simulations
provide a methodology in which to view the binding interactions more closely®3. Amprenavir
was used as the control variable to examine the effect flexibility of the HIV-1 protease (HIV-1
PR) has on docking and inhibition. Ensemble docking was performed using AutoDock 4 with a
myriad of different HIV-1 crystallographic structures obtained from the Brookhaven Protein
Data Bank. Lipophilic and hydrogen bonds were examined and quantified across the different

HIV-1 PR structures and their respective conformations of the docked Amprenavir ligand.3

In contrast to the focused approach of Razzaghi et al.’s study on examining one facet of
the HIV-PR®, the FightAIDS@Home project (FAAH) by Arthur J. Olson utilizes AutoDock for
a broader analysis!*. This project utilizes the computational prowess of thousands of volunteers’
computers to screen an impressive number of ligands in docking simulations against the HIV-
PR. Volunteer computing is achieved through running a program in the background on a
volunteer’s computer. The FAAH program is installed on over 450,000 computers. With this
power, approximately 10,000 ligand structures binding affinities are tested per day across
hundreds of different HIV-PR structures. From 2002 to 2007, this project validated over 1000
potential drug candidates for HIV antiretroviral therapy.** FAAH is currently in its second phase
and has expanded its studies to other aspects of HIV docking such as inhibition via binding at
allosteric sites.'® Despite the vastly different approach in Razzaghi et al.’s focused study using a
known inhibitor®®, and FAAH’s massive amounts of tests with unknown compounds**, both
experiments demonstrate the versatility and efficacy of AutoDock’s ability to study HIV-PR

inhibition.



History of HIV-Protease Inhibition Using Functionalized Fullerenes

The previous works utilizing AutoDock are all from the past 20 years, but the use of
functionalized fullerenes in HIV-PR inhibition studies stretches further back into the 1990s with
various laboratory experiments. In 1993, Schinazi et al. discovered a synthesis route using
diphenyldiazomethane to produce a water-soluble p,p'-bis(2-aminoethy1)diphenyl-Ceo derivative
to inhibit HIV-PR.1” Many potential HIV-PR inhibiting compounds like fullerenes suffer from
poor oral bioavailability due to insolubility in water. By synthesizing a new fullerene derivative
containing hydrogen bonding, the positive properties of a low toxicity HIV-PR inhibitor can be
maintained whilst amending the issue of poor oral bioavailability. This work was able to produce
a water soluble, low toxicity (ICso 4.6uM) compound that demonstrated anti-HIV properties.
These functionalized fullerenes were found to have properties extending beyond protease
inhibition for inactivation of the HIV-PR as they also demonstrated virucidal properties. The idea
behind this work was further expanded upon in research by Bosi et al. in which various bis-
functionalized Ceo isomers containing 1-8 pyrrolidine groups were synthesized to produce a
water-soluble drug for HIV. Results were not as successful as the compounds exhibited unsafe
levels of toxicity in human cells at concentrations of 4-15uM, and some isomers demonstrated

inactivity against HIV-2 viruses.'8

Kumar’s 1994 experiments on the oxygenation of Ceo Via 0zonolysis serve as another
example of research using fullerenes as inhibitors.®” His work describes a route for synthesizing
oxygenated fullerenes via ozonolysis. The CeoOx products created via ozonolysis were further
explored and characterized via Surface Analysis by Laser lonization (SALI). The ozonolysis
reaction was performed in the presence of p-xylene to show the carbonyl oxide intermediates that
formed during the reaction (as seen in Figure 1 below). These fullerene compounds displayed
epoxide (Cs0O) and ketone (Ce0O2-g) functionalities and were found to effectively inhibit the
HIV-PR with 1C-50 (concentration for 50% inhibition) of 1 mg/mol during in-vitro studies. The

data gathered in this study would form the basis of the present work.



Figure 1: Ozonolysis of Ceo in the presence of p-xylene
Goals and Objectives

This study continues the laboratory work of Kumar by studying the oxygenated
fullerene’s ability to inhibit the HIV-PR using computational modeling software.®” Razzaghi et
al.’s and Olson’s works demonstrate the profound ability of AutoDock to examine and validate a
ligand’s potential for enzyme binding and subsequent inactivation.%!3 In this work, AutoDock
Vina was used to perform the docking of custom-built 3D models of the following compounds:
Cs00, Cs002, C6004, Ce00s, Ce00s. These structures were created and saved in the form of pdb
files, and Cs0O4.g featured two variants; One structure has the oxygens (in the form of carbonyl
groups since these structures displayed ketone functionalities) positioned on opposite ends of the
fullerene to create the lowest energy geometry of the structure with the lowest steric repulsion,
while the other variant has the carbonyls placed at the most electrophilic sites on the structure
according to the modeling software’s electrostatic potential map (denoted as “G” and “E”
structures respectively). This was done to accommodate for different possible bond sites of the
oxygen atoms during creation of these oxygenated fullerenes in Kumar’s experiments. The
Cs0Ox models were built using Spartan software developed by Wavefunction Inc. Instead of
focusing the grid box in AutoDock around the active site of the HIV-PR, blind docking was
performed to better simulate the real laboratory experiments performed by Kumar et al. The goal
of this experiment is not simply to find the binding affinity and conformation of these ligands
when focused on the ideal binding location for inhibition (active site), but rather to examine if

the ligand (Ce0Ox) is selective to the binding site or able to bind to it at all. It is already known



that CeoOx inhibits the HIV-PR; the only question left is how these fullerenes bind to the HIVV-PR
to cause inhibition. Blind docking can often be an issue to accomplish due to requiring a higher
amount of computational power and time to perform, but a high-power CPU utilized by
AutoDock Vina mitigates this issue.'® Blind docking produces the most stable (and therefore
common) energy conformations, and this can result in the positions of the ligand being quite
varied from one another with high RMSD (Root Mean Square Deviation) values (~8.14) relative
to the most stable conformation. The RMSD values provide a metric of the relative distance each
conformation deviates from the most stable docking pose (explained more in depth on page 14
under Methods). In addition to examining the HIV-PR itself, this experiment will also determine
the efficacy of AutoDock Vina’s ability to gather this data using blind docking on modern
hardware under default docking configuration parameters. The same crystallographic HIV
structure (5CON) obtained from Aoki et al.’s pdb file on The Brookhaven Protein Data Bank
was used in all experiments. This structure was chosen because it is an unmodified wild-type
protease structure. The generated output files from the docking were opened in PyMOL.. This is
where the conformations and hydrogen bonds of the ligands were analyzed and captured via
screenshots. The experiment from Kumar et al. achieved the most inhibition from CgoO1-8
compounds; this docking experiment should therefore display the high binding affinity to HIV-
PR for those compounds. Cs0O3, Cs0Os, and CeoO7 were not analyzed in this study. The goal of
this study is to contribute to the base of knowledge for both HIVV-PR inhibition and the abilities
of AutoDock to study enzyme-ligand interactions via molecular docking. Proficiency with
molecular modeling software can provide a better understanding of how these structures behave
as a ligand in the presence of wild-type HIV viruses at the molecular level. This knowledge will

help elucidate the properties that make for an effective antiretroviral medication.



Methods:

Software Used

AutoDock Vina is the program that executes the docking itself. It was installed in a folder
alongside AutoDock MGL Tools. AutoDock Vina boasts advantages over the previous version
of AutoDock (AutoDock 4) due to its ability to generate the map files during the docking

process, utilize multiple CPU cores, and streamline the docking process.

AutoDock MGL Tools is the software that was opened to begin preparing the protein/ligand files
and serves as the Ul for the entire operation. This program provides a means to execute

AutoDock Vina and was installed in the same file location as Vina.
PyMOL allows the protein and docked ligand to be viewed in 3D. No installation folder required.

Spartan Molecular Modeling software (Student Edition v.9) was used to create the oxygenated

buckminsterfullerene structures and convert them to pdb files for use in AutoDock.
Hardware:

AutoDock Vina utilizes all the CPU cores available on the system to perform the docking. The
following central processing unit was used for this study:

12th Gen Intel(R) Core (TM) i7-12700K, 3610 Mhz, 12 Core(s), 20 Logical Processor(s)
Installing the Software:

AutoDock MGL Tools was installed to a new folder on the main drive (C:\). For this
work, a “Software" folder was created directly onto the C:\ drive. After AutoDock Tools was
installed, AutoDock Vina was installed to the AutoDock Tools folder within Software. Files used
in AutoDock Tools were kept together in one folder to minimize error. A “Workspace” folder
was created to accommodate this. The Workspace folder has all the pdb files and any files

generated during the docking process. It also contains a copy of the .exe file for AutoDock Vina.
Acquiring pdb Files:

For this work, a crystallographic structure of the HIV-PR (5CON) obtained from The

Brookhaven Protein Data Bank was used to ensure the desired experiments could be performed



successfully. 5CON was chosen as it is wild-type protease, and this would better simulate real
life treatment of the virus. The docking method described here was kept constant throughout all
the experiments that used the HIV-PR and Cs0Ox. The ligand that came bound to the 5CON
crystal structure (GRL-015) was removed during docking preparation to make room for the
molecule being docked. The ligands used to study the HIVV-PR were created in Spartan and
converted to pdb files within Spartan. All pdb files were placed into the Workspace folder. The

startup directory path for AutoDock Tools was set to the Workspace folder.
Preparation For Docking:

Once the pdb file was selected and opened in AutoDock Tools, the protein was prepared
by removing unnecessary atoms and adding proper charges. First, all water molecules were
removed. It is a frequent practice in docking procedures to remove water molecules from a
crystallographic structure as they are rarely involved in the binding process. Depending on how
the crystal structure was created and modeled, the water molecules may not even be modeled
correctly and will only make it more difficult for AutoDock to perform binding and scoring
calculations. This can lead to inaccuracies in docking poses and binding affinity calculations.?
Some works include water and study the interactions it has on protein-ligand interaction, but that
is not within the aim of the present study.*?! Next, the ligand that was already bound to the
protease (GRL-015) was removed. Afterwards, hydrogens (only polar hydrogens) were added to
5CON. Adding polar hydrogens helps produce accurate ionization data by accounting for
deprotonation during the crystallization process of the protein to better simulate the protein’s in-
vivo state.?? At this point, the protein is ready for charges. Assigning accurate charges to a
protein structure is a crucial factor in the production of accurate binding simulations.? Charges
were added in the form of Kollman charges. Kollman charges derive their values from
electrostatic potential measurements of each amino acid within the protein structure. At this
stage, the protein could be saved to the Workspace folder as a pdbqt file. The pdbqt file format is
AutoDock’s version of a pdb file that includes the charges designated to the molecule. The prior
setup is important for gaining an accurate charge value with respect to the experiment being
performed. For the ligand file, the same preparation steps were taken. One key difference in
ligand preparation is the ability to select rotatable bonds/torsions within the ligand. AutoDock

Tools selects rotatable bonds by default, and these default selections were kept for this run. At
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this point, the program must be told where to dock the ligand. The “Grid Box™ function of
AutoDock Tools provides a 3-dimensional box with adjustable length, width, and height (in
Angstroms) transposed onto the macromolecule. Within this 3-Dimensional space, the most ideal
binding sites and conformations for the ligand are found. Figures 2 and 3 display the HIV-PR in

AutoDock Tools without and with the grid box respectively.

% AutoDockTools - X

File 3D Graphics Edit Select Display Color Hydiogen Bonds Compute Grid3D Help

REv™ e N E[TEemk 2|

|ADT4 2 Ligand Flexible Residues  Grid Docking Run  Analyze

nnnnnnn | toos |

xllcmp ¥]
4 | S LBCRMSLCI

= { Qe QoM
OOOO0OOVY

DODO0OVY
O®OOOOVY

Figure 2: 5CON HIV-PR in AutoDock Tools

1o - x

Hydrogen Bonds ~ Compute  Grid3D  Help
File Center View Help

Current Total Grid Pts per map: 64000 ”:;‘ ‘-‘0|§|aa(| 'F “
number of points in x-dimension:
[iLir40 (1]
number of points in y-dimension:
[LLLL 40 ({1
number of points in z-dimension:
[iLir40 ([1T]

Spacing (angstrom): IITL 0375 [T

Center Grid Box: <offset>

xcenter. 11629
ycenter 20137 IR
zcenter: [0.342 m

by

un  Analyze

Figure 3: Grid box with adjustable location/size in AutoDock Tools
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The active site of a protein can be selected by highlighting the amino acid corresponding to the
active site of that macromolecule . If the binding site is not known, it can be found in the
literature provided on the page the protein pdb file was downloaded from. Because blind docking
was performed in this study, the grid box was not centered around the active site but rather was
made to encompass the entire HIV-PR structure. Next, a config.txt file was created in Notepad,;
AutoDock Vina reads this config file (see Figure 4 below) during the docking process. The
formatting is particularly important or else AutoDock Vina will not be able to properly auto-
generate the grid map files required for the docking.

File Edit Format View Help
receptor = HIV.pdbgt
ligand = BuckiballOZ2.pdbqgt

-11.629
28.137
-8.342

center_x
center_y
center_z

88
86
118

size x
size vy
size 7

energy_range = 4
exhaustiveness = 8

Figure 4: Configuration file for docking

Within the config.txt file, the protein pdbqt file was set as the receptor while the respective
ligand pdbqt file is set as the ligand. The coordinates and size parameters of the grid box were
input (the size and center locations are measured in grid points that are 0.375A in length), and
energy range and exhaustiveness were kept at their respective default values (4 and 8). Energy
range determines the range of binding affinities displayed for the nine conformations in the log
file in -kcal/mol. Outliers of this range are not displayed in the log file. Exhaustiveness is a
metric for the number of calculations performed during the docking at each step, with accuracy

and computational processing requirements increasing linearly with one another. Docking

12



accuracy becomes notably poor with exhaustiveness < 8 but is sufficient at the default value.?*
After prepping the config.txt file, the docking was performed by running AutoDock Vina via
command prompt. The current directory was set to the workspace folder via the following

command:
“cd C:\Softwares\AutoDockTools\Workspace”
From here, the following was typed:

"C:\Softwares\AutoDockTools\Workspace\vina.exe™" --receptor HIV.pdbgt —BuckiballO2.pdbqt -
-config config.txt --log log.txt --out output.pdbqt.” Following the words “receptor,” “ligand,”
“config”, “log”, and “out” within the command the specific name of the file respective to those
titles within the Workspace folder must be used. The log and output (out) files are generated
during the docking and placed within the Workspace folder. The provided names in the
command are what the files will be called, meaning that the only restriction upon their names is
that they do not share a name with an already existing file within the folder. Figure 5 displays an

example of the command prompt screen following a successful docking command.

# DOI 10.1002/]

# Please see http://vina.scripps.edu for more information.
GEEE R s i R R

#
#
#
#
#
#
#
#
#
#
#
4

volume > 27888 Angst 3 (See FAQ)

ssible to wtilize all CPUs

Figure 5: Command Prompt of Executed Docking For Trial Run
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Output and Log Files

Upon executing the command, the docking simulations are run, and two files are
produced: the log.txt file (see Figure 6 below), and the output.pdbaqt file. The log file is simply a
text document that displays information obtained from AutoDock Vina’s scoring function (also
viewable within command prompt where the command was entered and executed). The
generated table lists the binding affinities for each docking pose in -kcal/mol released, so a lower
value indicates a more stable conformation (ex. -9.0 kcal/mol is more stable than -8.0 kcal/mol).
The log file also provides values for Root Mean Square Deviation lower and upper bound
(RSMD |.b and RMSD u.b respectively). These values examine the distances the atoms move
from the most stable conformation (the first docking pose). Naturally, the RMSD values for the
first docking pose are 0.000 because they are calibrated around that pose. More specifically, the
upper bound parameter examines the distance moved for each of the same exact atoms in
conformer 1 vs the other. The lower bound matches each atom in one conformation with the
same type of atom in the other conformation to get the most ideal theoretical value. As a result,
the lower bound values will be lower. Both RMSD calculations are presented in Angstroms and

factor in atoms that are not hydrogen.

File Edit Format View Help

!
f
# If you used AutoDock Vina in your work, please cite:
#

# 0. Trott, A. J1. Olson,

# AutoDock Vina: improving the speed and accuracy of docking
# with a new scoring function, efficient optimization and

# multithreading, Journal of Computational Chemistry 31 (2018)
# 455-461

#

# DOI 1@.1002/jcc.21334

#

# Please see http://vina.scripps.edu for more information.

ECEECEE CHE CRE URE RS

WARNING: The search space volume > 27888 Angstrom”3 (See FAQ)

Detected 2@ CPUs

WARNING: at low exhaustiveness, it may be impossible to utilize all CPUs
Reading input ... done.

Setting up the scoring function ... done.

Analyzing the binding site ... done.

Using random seed: 419757624

Performing search ... done.

Refining results ... done.

mode | affinity | dist from best mode
| (kcal/mol) | rmsd 1.b.| rmsd u.b.

1 9.4 0.0e0 @.ee0
2 9.2 15.466 18.849
3 8.9 15.748 19.455
4 8.9 8.878 3.728
5 8.8 1.884 6.131
[ 8.6 26.477 38.053
7 8.6 16.956 19.495
8 8.6 26.5@2 30.897
9 -8.5 26.699 30.299
Writing output ... done.

Figure 6: Docking Log file Output Example
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Making Oxygenated Ceo In Spartan

After ensuring the program could successfully simulate docking, the next step was to
create an oxygenated buckminsterfullerene ligand to use on an HIVV-PR. This was achieved in

Spartan according to the following steps:

First, a five membered ring of sp2 carbons with conjugated double bonds is created as depicted

in Figure 7a below.

Eile Edt Model Geometry Buld Setup Display Qptions Actvities Hep

L BEORARSL T DR HE@

inorganic
.
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N
21

15
¥ |l 8| e
L e |4

|

d
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ws
Ny | u.z: s ‘ /2 \\z/ g
i i

\WAIRY

woe | v || cwbord |
P BN ¢ e

Figure 7a: Base ring for buckminsterfullerene
The energy was then minimized to simplify the shape. Five copies were made of the depicted

ring structure and arranged as follows in Figure 7b:

Figure 7b: Six rings that will form Cszo

The rings were then connected as such in Figure 7c
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© Spartan Student v - SpartanchON0!
Eile Edit Model  Geometry Build Setup Desplay Options Activities Help
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Figure 7c: Connected Cs rings

After minimizing the energy, three six membered rings were formed by connecting the available

valences (shown in Figure 7d) to finish the Cso.

) Spartan ket i) - Spurtan 840001
Ele  Edt  Mode  Geomety  Buld  Seup  Diplay Options  gcivities el

DD BB RA T iOR@® | [HE @

i
Peptide Mucleatice
~,
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D= caroen
> o o
B
<= | - - -ai
= 3 = |l =
e
(T |
Meors |v Ciphoard
» “e 2 [

> 4 v

Salect n free valence.

Figure 7d: Cs Ring

A copy of the Cso depicted in Figure 7d was made and positioned above the other. Valences were

connected as follows in Figure 7e:
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© Spartan Student v - SpartanchON0! - o x
Eile Edit Modet Geometry Build Setup Desplay Options Activities Help
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> 4 b

Select a free valence. E ipec 1Mol o N

Figure 7e: Connected C30s.

The energy was minimized to create a proper buckminsterfullerene structure. To make this
buckyball oxygenated, a double bond was deleted between two of the six membered rings and

two carbonyl groups were bonded in place of the new valences as seen in Figure 7f.

Figure 7f: Ce0O2 model in Spartan Software

When saving the newly created Cso model, the file extension must be changed from “.spartan” to
“ pdb” for Windows to be able to read the 3D model as a pdb file usable within AutoDock Vina.
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Electrostatic Potential Map in Spartan

Spartan features an electrostatic potential map that displays the localized valences for all
locations across the surface of the molecule’s structure. This tool was used to make the alternate
structures of CeoOs-12 (described in the Goals and Objectives section). Ceo is @ Symmetrical
structure with no dipole moments giving rise to any notable differences in electrostatic potential.
However, the oxygenated variants of Ceo used in this study have extraordinarily strong dipole
moments around the electronegative oxygen atoms in the present carbonyls. This creates slightly
negative charges at the oxygen atoms and a resulting electrophilic zone at the base of these
carbonyls. The electrostatic map in Spartan was created via surface calculations with the
following parameters: Equilibrium geometry in gas phase with PM3. Initially the plan was to
calculate the equilibrium geometry in gas with density function using ®B97X-D and 6-31G*, but
Ceo has too many atoms for the Spartan to perform these calculations. Clicking any point on the
molecule’s electrostatic potential map displays the electron valence energy in kilojoules.
Visually, electropositive sections are displayed in blue and electronegative in red (with green
being in the center, see Figure 8), but since the molecule is mostly carbon atoms, the valence
varies little aside from the oxygens which are very electronegative. To get a better visualization
of the electrostatic variance in the molecule, the lower and upper bounds for the valence energy
were reduced from + 200kJ to £ 20kJ. Setting the valence energy boundaries to £ 20kJ made it
much easier to see the electropositive and electronegative regions on the CsoOx structures. Using
this data, a double bond in a highly positive region (indicated by a high valence energy) would
be chosen as the site for additional carbonyl groups added in the Ce0Oa4-12 Structures as depicted
in the transition from Figure 8 to Figure 9.
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Surface Properties

electrostatic potential map

Property Range: (kJ) Style:
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Figure 8: Electrostatic potential map for CeoO2 with modified energy boundaries

Once the electrophilic zone was identified, the double bond at that site was removed (mimicking

an ozonolysis reaction) and two carbonyls were added to create the corresponding “E” structure.

Figure 9: Ce0O4-E created by placing carbonyls at electrophilic sites
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HIV-Protease Docking Analysis with PyMol

Opening the HIV pdbqt file in PyMol brings up the following screen:

Figure 10: HIV-PR ribbon form in PyMOL

By default, the protein will appear in a ribbon structure as seen in Figure 10. For this experiment,
the surface and stick structure displays were used for viewing docking interactions. The output
file generated from the docking was opened in PyMOL alongside the protein pdbqt file. This
places the ligand at the binding site discovered by AutoDock Vina on the protein. The arrow
keys can be used to cycle through the different conformations of the binding that are detailed in
the generated log file. To understand how the oxygenated fullerene compounds interact with the
residues of the HIV-PR during the docking processes, the hydrogen bonding locations and
distances were viewed within PyMOL. Trying to examine where the hydrogen bonds are with
the entire HIV-PR present is cumbersome. This was fixed by first hiding the entire HIV
structure, and then using the command, “show sticks, byres all within 5 of ligand name”. This
will only display the amino acid residues within 5 angstroms of the ligand in each docking pose.
Hydrogen bonds are typically 2.7A-3.3A which is well within the 5A radius. The amino acid
residues that the protein is composed of are displayed in a sequence in PyMOL. Each amino acid
is displayed via its one letter code, and clicking an amino acid on the protease structure
highlights the residue in the list, and clicking the residue from the list will highlight it in the
display (provided that amino acid is not hidden). Using this feature, the residues that have
hydrogen bonding with the docked CeoOx structures were easily identifiable with each

conformation. Next, the hydrogen bonds were displayed as yellow dashed lines via “Find Polar
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Contacts” with the “Action” command on the ligand’s profile in PyMOL. After generating the
hydrogen bond lines, the distances of those bonds were calculated using the “Measurement”
command within the “Wizard” function in PyMOL (shown in Figure 11). This command
displays the distances of the polar contacts in angstroms for all hydrogen bonds in all docking

poses.

Figure 11: PyMOL analysis of H-bonds between Cs0O4 and HIV-PR residues

Using the above methods, eight total CsoOx structures were created and docked. Table 1 lists

every structure that was docked in this experiment.
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Table 1: The CgOx structures studied and documented

Structure Oxygen Position
Ce0O N/A

Ce002 N/A

Ce004-G Geometrical
Ce004-E Electrostatic
Ce006-G Geometrical
Ce0Os-E Electrostatic
Ce00s-G Geometrical
Ce00s-E Electrostatic

The order of display for each structure goes from the smallest number of oxygens present (1 in
Ce00) to the largest number (Ce0Os). Results for CeoOx-G structures based on geometric stability
were displayed first, followed by CsoOx-E structures based on electrostatic stability (see page 7
under Goals and Objectives for difference between G and E structures). The strongest bonding
exhibited in the docking process is hydrogen bonding. The location and length of the hydrogen
bonds in each docking conformation elucidates the location of the preferred binding sites. To
better understand the HIV-PR and CgoOx interactions, the H-bonds formed by each conformation
were closely examined and documented. One docking simulation for each compound was
detailed in the following section each with a table that includes the following data: Binding
affinity (from the generated log files for each run), hydrogen bond location (to which residues),
and hydrogen bond length. Oxygens are arbitrarily assigned numbers within each figure to
provide a frame of reference for the binding data in the tables. Following CsoOs-G, the number of
residues displayed in each image is reduced to only those with H-bonds as the increased amount
of H-bonds begins to make the screenshots cluttered. The terms “docking pose” and
“conformation” are used interchangeably to describe each screenshot analyzed within each

ligand’s docking results.
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RESULTS:

Ce0O

Table 2: Cs0O Docking Results

Docking Pose Affinity (kcal/mol) | H Bond Location H Bond Comments
Distance
1 -9.0 N/A No H bond
2 -8.7 N/A No H bond
3 -8.7 O-Leu-10A 2.7
4 -8.7 O-Thr-74B 24
5 -8.6 N/A No H bond
6 -8.5 N/A No H bond
7 -8.5 O-Thr-74B 2.3
8 -8.3 O-Leu-10A 2.5
9 -8.3 N/A No H bond

Table 2 details the binding affinity and H-bonds of each docking conformation for CeoO.
Kumar’s characterization of the synthesized CgoOx structures through FT-IR, *3C NMR, and
SALI showed evidence of epoxide functionality, indicating the presence of Cs0O molecules
within the batch mixture. Therefore, a structure for CeoO was tested. Compared to CeoO2-s
structures, Ce0O displayed the weakest binding affinity with its most stable conformation at -9.0
kcal/mol. This structure also displays the fewest hydrogen bonds (4). Figure 12 displays the
surface area view of the entire HIV-PR with CeO, and figures 12a-i show the docking results for
Ce00 at Leu-10A and Thr-74B achieved through blind docking. Despite the high binding energy
seen in some conformations (particularly poses 1 and 2, Figures 12a and 12b), no hydrogen
bonding is observed, indicating the presence of strong dipole-dipole and van der waals

interactions.
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Figure 12: Surface area display of Figure 12a: Cs0O conformation 1 with
HIV-PR in PyMOL with pose CeO 1 | the HIV-PR (-9 kcal/mol)

Figure 12b: CeO conformation 2
with the HIV-PR (-8.7 kcal/mol)

N

Figure 12c: CeoO conformation 3 with the HIV-PR Figure 12d: CeoO conformation 4 with the HIV-PR

(-8.7 kcal/mol) (-8.7 kcal/mol)

” , 4“’-;431 i /

J A
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Figure 12e: CsO conformation 5 with | Figure 12f: : CeO conformation 6 Figure 129: Cs0O conformation 7 with
the HIV-PR (-8.6 kcal/mol) with the HIV-PR (-8.5 kcal/mol) the HIV-PR (-8.5 kcal/mol)

Figure 12h: CeoO conformation 8 with the HIV-PR Figure 12i: CeoO conformation 9 with the HIV-PR
(-8.3 kcal/mol) (-8.3 kcal/mol)
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Cs002
Table 3: Cs002 Docking Results

Docking Affinity ( H Bond Location H Bond Comments
Poses kcal/mol) Distance (A)
1 94 O.1-Thr-4A 2.1, 0.1 and O.2 bonded to two
0O.2-Thr-4A 2.6 different H atoms on Thr-4
-9.2 0.1-Thr-4A 1.9
-9.1 0.2-Thr-4A 2.6
4 -9.0 0.1-Asn-88B 2.2, 0.1 and O.2 bonded to two
0.1-Thr-74B 1.8, different H atoms on Thr-74
0.2-Thr-74B 25
5 -8.8 0.1-Asn-88B 2.2,
0O.1-Thr-74B 2.1,
0.2-Thr-74B 2.5
6 -8.8 N/A No H bond
7 -8.8 0.2-Thr-4A 2.1
8 -8.8 N/A No H bond
9 -8.8 N/A No H bond

Table 3 has the binding affinity and H-bonds of each docking conformation for Cg002. Ce0O1-8
was found to have the greatest rates of inhibition in Kumar’s experiments, and C0O2 underwent
docking experiments following Ce0O. Over twice as many H-bonds were observed (11 compared
to 4 from CgoO). The number of H-bonds is not necessarily indicative of binding strength, as the
most stable pose in this set (Figure 13a) has two hydrogen bonds compared to poses 4 and 5
which exhibit 3 H-bonds (Figures 13d and 13e). Poses 1, 2, 3, and 7 (Figures 13a, 13b, 13c, and
13g respectively) all bind at the same site(s) on Thr-4A with minor variations in binding (bond
length, atoms bound to etc.) Figure 13 displays the surface area view of the entire HIV-PR with
Ces002, and figures 13a-i show the docking results for CeoO2 at Thr-4A, Asn-88B and Thr-74B
achieved through blind docking.
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Figure 13: Surface area display of Figure 13a: Cs002 conformation 1 Figure 13b: CeoO2 conformation 2
HIV-PR in PyMOL with pose Cs002 1 | with the HIV-PR (-9.4 kcal/mol) with the HIV-PR (-9.2 kcal/mol)
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Figure 13c: Ce0O2 conformation 3 with the HIV-PR
(-9.1 kcal/mol)

Figure 13d: Ce0O2 conformation 4 with the HIV-PR
(-9.0 kcal/mol)
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Figure 13e: Cg002 conformation 5 Figure 13f: CeoO2 conformation 6 Figure 13g: Ces0O2 conformation 7
with the HIV-PR (-8.8 kcal/mol) with the HIV-PR (-8.8 kcal/mol) with the HIV-PR (-8.8 kcal/mol)

j 4

Asn-88B

Figure 13h: Ce0O2 conformation 8 with the HIV-PR
(-8.8 kcal/mol)

Figure 13i: CeoO2 conformation 9 with the HIV-PR
(-8.8 kcal/mol)
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C6004-G

Table 4: Cs004-G Docking Results

Docking Affinity ( H Bond Location | H Bond Comments

Poses kcal/mol) Distance (A)

1 -9.4 0.1-Thr-4A 2.2, 0.1 and O.2 bonded to two
0.2-Thr-4A 2.7 different H atoms

2 -9.4 0.1-Thr-4A 2.2, 0.1 and O.2 bonded to two
0.2-Thr-4A 2.7 different H atoms

3 -9.3 0.1-Asn-88B 2.2,
0.1-Thr-74B 2.1,
0.2-Thr-74B 2.5

4 -9.3 0.1-Asn-88B 2.2,
0.1-Thr-74B 2.1,
0.2-Thr-74B 2.5

5 -8.9 0.1-Asn-88B 2.1, 0.1 and O.2 bonded to two
0O.1-Thr-74B 1.9, different H atoms on Thr-74
0.2-Thr-74B 2.4

6 -8.9 0.1-Asn-88B 2.1, 0.1 and O.2 bonded to two
0O.1-Thr-74B 1.9, different H atoms on Thr-74
0.2-Thr-74B 2.4

7 -8.9 0.1-Asn-88B 2.1,
0.1-Thr-74B 2.4,
0.2-Thr-74B 2.4

8 -8.8 O.1-Thr-74A 2.5,
0.2-Thr-74A 2.1,
0.2-Asn-88A 2.1

9 -8.7 N/A No H bond

Table 4 details the binding affinity and H-bonds of each docking conformation for CegOas-G.

Ce00s-G is the first of two different Ce0O4 structures to undergo docking experiments. This

version of CeoO4 contains the carbonyls at opposing ends of the structure to maximize stability

within the molecule (‘G’ to denote the structure is based on Geometrical stability), whereas the

other structure (Cs0O4-E) has the oxygens placed at the most electrophilic sites on the molecule

(‘E’ to denote the carbonyls are assigned based on Electrostatic potential). Interestingly, this

docking experiment yielded multiple instances where two conformations were the exact same
(poses 1 and 2, 3 and 4, as well as 5 and 6, Figures 14a, 14b, 14c, 14d, 14e, and 14f respectively)

indicating a possible lack of varied viable conformations for this structure. These are the docking
results for CeoO4-G at Thr-4A, Asn-88A, Asn-88B, Thr-74A and Thr-74B achieved through

blind docking displayed in Figures 14, and 14a-i.
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Figure 14: Surface area display of Figure 14a: Cs004-G conformation 1 | Figure 14b: Cg0O4-G conformation 2

G1

HIV-PR in PyMOL with pose Ce0O4- | with the HIV-PR (-9.4 kcal/mol) with the HIV-PR (-9.4 kcal/mol)

Figure 14c: Ce00s-G conformation 3 with the HIV-PR
(-9.3 kcal/mol)

Figure 14d: Ce0Os-G conformation 4 with the HIV-PR
(-9.3 kcal/mol)
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Figure 14e: Cs004-G conformation 5 | Figure 14f: Ce004-G conformation 6 | Figure 14g: Ce004-G conformation 7
with the HIV-PR (-8.9 kcal/mol) with the HIV-PR (-8.9 kcal/mol) with the HIV-PR (-8.9 kcal/mol)

Thr-748S

Figure 14h: CeO4-G conformation 8 with the HIV-PR
(-8.8 kcal/mol)

Figure 14i: Ce0Os-G conformation 9 with the HIV-PR
(-8.7 kcal/mol)
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Ce00O4-E
Table 5: Cs004-E Docking Results

Docking Affinity H Bond Location H Bond Comments
Poses (kcal/mol) Distance (A)
1 -9.5 0.1-Glu-92B 2.6,
O.2-Thr-74B 2.4,
0.3-Thr-74B 2.3,
0.3-Asn-88B 1.9,
0.4-Thr-74B 2.4
2 -9.4 O.1-Thr-4A 1.7
3 -9.4 O.1-Thr-74A 2.3,
O.2-Thr-74A 2.4,
0.2-Asn-88B 2.1,
0.3-Thr-74A 2.3
4 -9.2 0O.2-Thr-74B 2.3,
0.3-Glu-7B 2.6
5 -9.2 0.2-Asn-88B 2.1,
0.3-Thr-74B 2.1,
0.4-Thr-74B 2.7
6 -9.1 0.1-Glu-92B 2.3,
0.2-Glu-92B 2.7,
0.3-Asn-88A 2.3,
0.4-Thr-74A 2.4
7 -9 O.3-Thr-74A 2.2
8 -9 0.1-Glu-92B 2.8,
0.3-Asn-88B 2.3,
0.4-Thr-74B 2.7
9 -8.9 O.1-Thr-74B 2.1,
0.1-Asn-88B 2.1,
0.2-Thr-74B 2.2

Table 5 details the binding affinity and H-bonds of each docking conformation for CeoOa-E.
Ces004-E has the carbonyl groups placed in a more localized region as each carbonyl creates an
electropositive region beneath the electronegative oxygens. This results in a slightly less stable
compound, but having more oxygens in one general location allows for more hydrogen bonding
to the same residue(s) and consequently stronger binding affinity. Figure 15 shows the surface
area view of HIV with the first docking pose, whereas figures 15a-1 display the docking results
for Ce0O4-E at Glu-7B, Glu-92B, Thr-4A, Asn-88B, Thr-74A, Thr-74B achieved through blind
docking.
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Figure 15: Surface area display of Figure 15a: CeoO4-E conformation 1

HIV-PR in PyMOL with pose Ce0O4-E | with the HIV-PR (-9.5 kcal/mol)
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Figure 15c: Cs0O4-E conformation 3 with the HIV-PR | Figure 15d: Cs0Os-E conformation 4 with the HIV-PR
-9.2 kcal/mol
(-9.4 kcal/mol) (-9.2 keal/mol)

Figure 15b: Ce0O4-E conformation 2
with the HIV-PR (-9.4 kcal/mol)
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Figure 15e: Cs004-E conformation 5
with the HIV-PR (-9.2 kcal/mol)

Figure 15f: Ce004-E conformation 6
with the HIV-PR (-9.1 kcal/mol)
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Figure 15g: Ce0O4-E conformation 7
with the HIV-PR (-9.0 kcal/mol)

Figure 15h: CeoOs-E conformation 8 with the HIV-PR
(-9.0 kcal/mol)

(-8.9 kcal/mol)

Figure 15i: CeoOs-E conformation 9 with the HIV-PR
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C6006-G

Table 6: Cs006-G Docking results

Docking | Affinity H Bond Location H Bond Comments

Poses (kcal/mol) Distance (A)

1 -9.6 0.1-Thr-4A 2.5, 01 and O2 bonded to two
0.2-Thr-4A 2.1, different H atoms on Thr-4A
0.3-Leu-10A 2.5

2 -9.4 O.1-Thr-4A 2.1

3 -9.3 0.1-Thr-4A 1.9

4 -9.3 0.1-Thr-74B 2.4,
0.2-Thr-74B 2.2,
0.2-Asn-88B 2.2

5 -9.3 N/A No H bond

6 -9.2 0.3-Leu-10A 2.5

7 -9.2 0.3-Thr-91B 1.8,
0.4-Thr-91B 2.5

8 -9.1 0.2-Thr-4A 2.4

9 -9.1 0.2-Thr-4A 2.1

Table 6 details the binding affinity and H-bonds of each docking conformation for CeoOs-G. Less

hydrogen bonds are observed in this docking than with CeoO4-E (24 compared to 13), but CeoOe-

G exhibits stronger binding affinity in its most stable conformation (-9.6 kcal/mol compared to -

9.5 kcal/mol from CeoOs-E). Poses 1, 2 3, 8, and 9 (Figures 16a, b, c, h, and i respectively) are
alike in that they all exhibit H-bonds with Thr-4A. The docking results for CeoOs-G at Thr-4A,

Leu-10A, Thr-74B, Thr-91B and Asn-88B achieved through blind docking are displayed below
in Figure 16, and Figures 16a-i.
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Figure 16: Surface area display of Figure 16a: Ce0Os-G conformation 1 | Figure 16b: Ce0O¢-G conformation 2
HIV-PR in PyMOL with pose CgoOs- with the HIV-PR with the HIV-PR

Gl (-9.6 kcal/mol) (9.4 kcal/mol)
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Figure 16c¢: Ce0O6-G conformation 3 with the HIV-PR | Figure 16d: CeOe-G conformation 4 with the HIV-PR
(-9.3 kcal/mol)

(-9.3 kcal/mol)
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Figure 16e: Ce0Os-G conformation 5
with the HIV-PR (-9.3 kcal/mol)

Figure 16f: Ce0Os-G conformation 6
with the HIV-PR

(-9.2 kcal/mol)

Figure 16g: Ce00s-G conformation 7
with the HIV-PR (-9.2 kcal/mol)

Figure 16h: CeOe-G conformation 8 with the HIV-PR

(-9.1 kcal/mol)

(-9.1 kcal/mol)
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Figure 16i: Ce0Os-G conformation 9 with the HIV-PR
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Cs00s-E
Table 7: Cs0O6-E Docking results

Docking | Affinity | H Bond Location H Bond Comments
Poses (kcal/mol) Distance
A)
1 -90.8 0.1-Thr-4A 2.5,
0.2-Thr-4A 2.2
2 -9.8 O.1-Thr-4A 2.6, 0.1 and O.2 bonded to two
0.2-Thr-4A 2.1 different H atoms on Thr-4A
3 -9.7 0.3-Asn-88B 2.2, 0.3 and O.4 bonded to two
0.3-Thr-74B 2.4, different H atoms on Thr-74B
0.4-Thr-74B 2.2
4 -9.6 0.1-GIn-92A 2.7,
0.3-GIn-92A 2.2,
0.4-Thr-74A 2.2,
0.5-Asn-88A 2.3,
0.6-Thr-74A 2.4
5 -9.5 0.3-Thr-4B 2.6,
0.4-GIn-7B 2.1,
O.5-Leu-10B 2.8
6 -9.3 O.1-Thr-74A 2.6, 0.1 and O.2 bonded to two
0.2-Thr-74A 2.3 different H atoms on Thr-74A
7 -9.3 O.1-Thr-74A 2.3, 0.1 and O.2 bonded to two
0.2-Thr-74A 2.2, different H atoms on Thr-74A
0.3-Asn-88A 2.7
8 -9.3 0.4-Thr-4A 2.0
9 -9.2 0.4-Thr-4A 2.0

Table 7 details the binding affinity and H-bonds of each docking conformation for CeoOs-E. As
seen between the two variants of CeoO4, Ce0Ose-E has a greater number of H-bonds than CeOe-G
(22 compared to 13). A stronger binding affinity is seen in pose 1 (-9.8 kcal/mol) compared to
pose 1 of Ce006-G (-9.6 kcal/mol). Below are the docking results for CeoOe-E at Thr-4A, Thr-4B,
Asn-88A, Asn-88B, Thr-74A, Thr-74B, GIn-92A, Thr-4B, GIn-7B, and Leu-10B achieved
through blind docking displayed in Figures 17, and 17a-i.
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Figure 17: Surface area display of Figure 17a: CeoO¢-E conformation 1
HIV-PR in PyMOL with pose CsOs-E | With the HIV-PR (-9.8 kcal/mol)

1

Figure 17b: Ce0Os-E conformation 2
with the HIV-PR (-9.8 kcal/mol)

Figure 17c: Ce0Os-E conformation 3 with the HIVV-PR
(-9.7 kcal/mol)

Figure 17d: CeoOe-E conformation 4 with the HIV-PR
(-9.6 kcal/mol)
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Figure 17e: Ce0Og-E conformation 5 | Figure 17f: Cs0Os-E conformation 6 | Figure 17g: Cg0Os-E conformation 7
with the HIV-PR (-9.5 kcal/mol) with the HIV-PR (-9.3 kcal/mol) with the HIV-PR (-9.3 kcal/mol)

Figure 17h: Ce0O¢-E conformation 8 with the HIV-PR Figure 17i: Ce0Os-E conformation 9 with the HIV-PR
(-9.3 kcal/mol) (-9.2 kcal/mol)
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Ce00s-G
Table 8: Cs00gs-G Docking results

Docking | Affinity H Bond Location H Bond | Comments
Poses (kcal/mol) Distance
(A)

1 -9.8 N/A No H bond

2 -9.6 0.1-GIn-7B 2.4

3 -9.4 0.1-Thr-91B 1.9,
0.2-Thr-91B 2.5

4 -9.4 0O.1-Thr-4A 2

5 -9.4 0.1-GIn-7A 2.3, 0.4 bonded to two
0.3-Arg-87B 2.2, different H atoms on
0.4-Arg-87B 2.2, Arg-87B
0.4-Arg-87B 2.4

6 -9.4 0.1-GIn-7A 2.1, 0.4 bonded to two
0.2-GIn-7A 2.6, different H atoms on
0.3-Arg-87B 2.0, Arg-87B
0.4-Arg-87B 2.2,
0.4-Arg-87B 2.3

7 -9.3 N/A No H bond

8 -9.3 0O.1-Thr-4A 1.9

9 -9.3 0.1-Thr-74B 1.8,
0.1-Asn-88B 2.2,
0.2-Thr-74B 2.5

Table 8 details the binding affinity and H-bonds of each docking conformation for CegOs-G. The
following docking run yielded a lower number of hydrogen bonds compared to Ce0Oe-E (17
compared to 22) with an equal binding affinity between each structure’s most stable pose (-9.8
kcal/mol). Interestingly, the most stable pose in this set had no H-bonds, indicating strong dipole
and van der waals interactions between neighboring residues are present. Pose 6 (Figure 18f) has
the highest number of H-bonds out of any conformation in the entire experiment. Below are the
docking results for CeoOg-G at GIn-7A, GIn-7B, Thr-91B, Thr-4A, Arg-87B, Thr-74B, and Asn-
88B achieved through blind docking displayed in Figures 18, and 18a-i.
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Figure 18: Surface area display of
HIV-PR in PyMOL with pose CgoOs-

G1

Figure 18a: Cs00s-G conformation 1 | Figure 18b: CeoOs-G conformation 2
with the HIV-PR (-9.8 kcal/mol) with the HIV-PR

(-9.6 kcal/mol)

/ '-
‘ " Thr-91B

Figure 18c: Ce0Os-G conformation 3 with the HIV-PR
(-9.4 kcal/mol)

Figure 18d: Ce0Os-G conformation 4 with the HIV-PR
(-9.4 kcal/mol)
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Figure 18e: Cs0Os-G conformation 5 | Figure 18f: Cs0Os-G conformation 6 | Figure 18g: Cs00s-G conformation 7
with the HIV-PR (-9.4 kcal/mol) with the HIV-PR (-9.4 kcal/mol) with the HIV-PR

(-9.3 kcal/mol)

Figure 18h: CeOs-G conformation 8 with the HIV-PR
(-9.3 kcal/mol)

Figure 18i: CeoOs-G conformation 9 with the HIV-PR
(-9.3 kcal/mol)
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Ce00s-E

Table 9: Ce0Og-E Docking results

Docking | Affinity H Bond Location H Bond Comments

Poses (kcal/mol) Distance (A)

1 -10.4 0.2-Thr-74B 2.2, 0.2 and O.3 bonded to two
0.5-Thr-74B 2.4, different H atoms on Thr-74B
0.6-Asn-88B 2.2

2 -10.2 0.6-Asn-88B 2.2,
0.6-Thr-74B 2.5,
0.8-Thr-74B 2.2

3 -10.1 0.1-GIn-92A 2.6, 0.4 and O.5 bonded to two
0.2-GIn-92A 2.3, different H atoms on Thr-74B
0.4-Thr-74A 2.1,
O.5-Thr-74A 2.6

4 -10 0.4-Thr-74B 1.9,
0.4-Asn-88B 2.4,
0.8-Thr-74B 2.5

5 -10 0.1-Thr-74B 2.7, 0.1 and O.3 bonded to two
0.2-Asn-88B 2.2, different H atoms on Thr-74B
0.3-Thr-74B 2.3

6 -9.9 0.4-Asn-88A 2.4, 0.8 bonded to a different H
0.4-Thr-74A 2.0, atom on Thr-74A than O.4 and
O.5-Thr-74A 2.7, 0.5
0.8-Thr-74A 2.5

7 -9.9 O.7-Thr-4A 2.4

8 -9.7 0.2-GIn-92B 2.8, 0.4 and O.5 bonded to two
0.2-Asn-88B 2.6, different H atoms on Thr-74B
0.4-Thr-74B 2.4,
0.5-Thr-74B 2.0

9 -9.5 N/A

Table 9 details the binding affinity and H-bonds of each docking conformation for CeoOs-E. The

results for this docking run exhibit the same patterns as observed previously, more hydrogen

bonds (25 compared to 17 in CeoOg-G) and stronger binding (-10.4 kcal/mol compared to -9.8
kcal/mol from CeoOg-G). Below are the docking results for CeoOs-E at Thr-74B, Asn-88B, GIn-
92A, Thr-74A, Asn-88A, Thr-4A achieved through blind docking. Surface area view is shown in

Figure 19, and the docking results are shown in Figures 19a-i.
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Figure 19: Surface area display of Figure 19a; CeoOs-E conformation 1 | Figure 19b: CeoOs-E conformation 2

HIV-PR in PyMOL with pose Cs00s-E | with the HIV-PR (-10.4 kcal/mol) with the HIV-PR (-10.2 kcal/mol)
1
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Figure 19c: Cs0Og-E conformation 3 with the HIV-PR | Figure 19d: CeOs-E conformation 4 with the HIV-PR
-10.0 kcal/mol
(-10.1 kcal/mol) (-10.0 keal/mol)
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Figure 19e: Cs0Os-E conformation 5
with the HIV-PR (-10.0 kcal/mol)
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Figure 19f: Cs0Os-E conformation 6
with the HIV-PR (-9.9 kcal/mol)

Figure 199: Ce0Os-E conformation 7
with the HIV-PR (-9.9 kcal/mol)
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Figure 19i: CeoOs-E conformation 9 with the HIV-PR
(-9.5 kcal/mol)
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Discussion:

The blind docking simulations yielded high stability docking conformations (binding
affinities -10.4 <-8.1 kcal/mol). Generally, more oxygens in a fullerene structure yielded a
greater number of hydrogen bonds and a higher binding affinity in docking. Between the
geometrical and electrostatic variants of each fullerene structure, the latter displayed higher
binding affinity in its conformations. The electrostatic structures can form more H bonds to the
same localized residues, resulting in more stable conformations. Dipole-dipole and van der waals
interactions were found to have played a significant role in binding as many conformations
exhibited strong binding (> -9.8 kcal/mol) with 0 hydrogen bonds. The electrostatic variants of
structures had a higher chemical energy of x= 4447.44 KJ/mol (x= 4192.39 KJ/mol for the
geometric structures according to Spartan) making these structures less stable and therefore less
probable to form during synthesis. It is posited that the ability to inhibit the HIV-PR observed in
Kumar’s study is largely due to the strong binding affinity CsoOx fullerenes have to the HIVV-PR.
In Chang et al.’s report on the first phase of FightAIDS@Home, binding affinities <-7.0
kcal/mol were considered effective for inhibiting HIV-PR replication.'® Following this, it is easy
to see how these fullerene structures were able to act as effective inhibitors in Kumar’s work

with a minimum of -8.1 kcal/mol.

The use of blind docking did not cause issues for experiment run time as AutoDock Vina
was effectively able to utilize all twenty cores in the CPU used for the experiment. At a glance,
the blind dockings between different structures appear vastly inconsistent in terms of the residues
bonded to. However, counting the number of times each residue experienced hydrogen bonding
displays a generalized preference to certain binding sites across all CeoOx structures. Figure 20
below provides a visualization of the number of times each amino acid residue in the HIV-PR

experienced hydrogen bonding from CeoOx ligands across all docking simulations:

47



Hydrogen Bond Count by Residue for C.,0, ¢ Dockings
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Figure 20: Hydrogen bonded residues in docking studies

Figure 20 shows a strong preference across all conformations for a select few residues,
particularly Thr-74B, Thr-4A, Thr-74A and Asn-88B. These residues are near the Asp-29A,
Asp-29B active site for this HIV-PR structure. This implies a preference for oxygenated
fullerenes to bind to the general active site region of the HIVV-PR in blind docking simulations
even under default docking parameters. Unlike other ligand inhibitors, the larger size of Ceo
(1.1nm or 11A) makes it more difficult to fit directly into the open space where the Asp-29A and
Asp-29B active site residues reside?. These docking simulations suggest that oxygenated
fullerene structures do not inhibit the reproduction of the HIV-PR by directly binding to the
active sites during replication, but rather via allosteric inhibition causing an upset in the
conformation equilibrium of the HIV-PR that prevents it from carrying out its proper function.
Figure 21 presents the stick form of the HIV-PR in PyMOL with the active site Asp-29A and
Asp-29B residues depicted in red and Thr-74B, Thr-4A, Asn-88B and Thr-74A depicted in cyan.
The red boxes are enclosed around the active site residues whereas the blue circles are around the

residues where hydrogen bonding was commonly observed to the latter residues with CgoOx.
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Figure 21: HIV-PR in PyMOL comparing active site and common binding sites in the docking
study

Future work would focus on improving reproducibility of blind docking experiments,
investigation of more fullerene structures, and the use of more software. An alternate variant of
AutoDock Vina titled “QuickVina,” produced by Amr Alhossary and Nafisa Mohamed, was
found to have higher accuracy/reproducibility for blind docking experiments.?® Exhaustiveness
levels within the configuration files for docking runs should be increased to augment accuracy
beyond default parameters. Structures like Cs0O3, Ce00s, Ce007, Ce0O10, and CeoO12 could be
experimented with as well as more than two variants per structure. More probable isomers of
these structures can be experimented with as well (structures like Ce0Os-E and CegoOs-E are less
likely to appear as depicted due to poor stability from electron repulsion due to close placement
of the oxygens). More trials run of each experiment would improve quality control and

validation of data gathered.
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Conclusion:

Kumar’s experiment on oxygenated fullerenes found that oxygenated
buckminsterfullerene (Ceo) structures produced via ozonolysis displayed 1Cso at 1mg/mol®.
Models of the oxygenated buckminsterfullerene compounds (CsoOx) were created in Spartan
software and docked to an HIV-PR crystal structure from The Brookhaven Protein Data Bank.
Blind docking simulations were performed using AutoDock Vina under default parameters and
analyzed in PyMOL software. The scoring function from AutoDock Vina depicts a strong
binding affinity (< -8.1 kcal/mol) for all CeoOx variants. The strong binding affinity is posited to
be a major factor in CeoOx’s ability to inhibit HIV-PR replication. Several hydrogen bonds were
observed and measured using PyMOL for all CeoOx structures. Analysis in PyMOL depicted a
strong preference for hydrogen bonding to residues close but not at the active site of the HIV-PR
(Asp-29), implying that the oxygenated fullerenes disrupt the HIV-PR through allosteric
inhibition. These hydrogen bonds are theorized to play a key role in the CsoOx’s binding affinity
and HIV-PR inhibition. An effective antiretroviral drug will inhibit viral replication at low
concentration with low cytotoxicity and high bioavailability. Docking studies will continue to
play a vital role in discovering the characteristics of compounds at the molecular level that result

in these desired properties.
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