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Week 1: Introduction to Molecular Modelling

1.0 Introduction to Molecular Docking and Molecular Dynamics Simulations

Drugs elicit their effects on biological systems by binding to molecules, such as proteins, and
this can directly affect their function. These interactions can also result in changes to signalling
pathways and the expression of genes. Establishing the mechanisms of action of compounds is
an important part of the drug discovery and drug development process, and this can be a
challenging task. In addition to investigating novel drugs, drug repurposing also has its
advantages. This involves taking existing drugs and identifying new therapeutic uses.

The drug development process is divided into different stages and it can take several years for
a compound to be tested and approved. It has become common practice to initially examine
large compound libraries against biological targets and determine whether there are any
potential leads that can be evaluated further. In silico methods, which are also known as
computational methods, can assist with this and chemical libraries that consist of a large

number of compounds can be screened in a timely and cost-effective manner.

Molecular docking is an in silico tool that can be used to predict how strongly a compound
binds to a particular site within a biological molecule of interest (ie. protein, DNA, RNA etc.).
This process requires the three-dimensional (3D) structure of the drug target and molecular
docking also allows for the interactions that are formed between the compound and the drug
target to be predicted at the molecular level. In other words, we are able to gain further insight
into the intermolecular bonds that are formed between the ligand and the protein residues, and
properties of the amino acids in the binding site. The top scoring molecules can be evaluated
further using more advanced in silico techniques, such as molecular dynamics (MD)

simulations.

In this tutorial, we are focusing on rigid molecular docking and this means that biological
molecules are treated as rigid objects, while the ligands are flexible — eg. the protein does not
change shape during the docking process. With MD simulations, we are able to examine the
conformational changes that occur in a protein-ligand complex over a period of time and can
change the conditions of the system to mimic a physiological environment. We will discuss

MD simulations in more detail at a later stage.
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1.1 Protein Data Bank

The RCSB Protein Data Bank (PDB) is the database where the structures of proteins can be
obtained (https://www.rcsb.org/) (1). If the structure of a protein has been made available, it
will be assigned a PDB identification code (PDB ID). The PDB ID can be typed into the search

bar and a page displaying information about the structure will appear. You can also type in the

name of the protein of interest in the search bar to determine if the structure is available.

For this tutorial, we will be focusing on the structure of the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) chimeric receptor-binding domain in complex with the human
angiotensin-converting enzyme 2 (ACE2) receptor (Figure 1.1.1) (2). The PDB ID for this
structure is 6VW1. To download the structure, go to “Download Files” > Select “PDB Format”

> Press “Save”.

< Biological Assembly 1 @ > 6VWA1 W Display Files -
- Structure of SARS-CoV-2 chimeric receptor-binding domain complexed with its receptor
human ACE2

DOI: 10.2210/pdb6VW1/pdb

Classification: CELL INVASION

Organism(s): Homo sapiens, Severe acute respiratory syndrome-related coronavirus, Severe acute respiratory
syndrome coronavirus 2

Expression System: Spodoptera frugiperda

Mutation(s): No @

Deposited: 2020-02-18 Released: 2020-03-04
Deposition Author(s): Shang, J., Ye, G., Shi, K., Wan_ Y.S_, Aihara, H., Li. F.
Funding Organization(s): National Institutes of Health/National Institute of General Medical Sciences (NIH/NIGMS)

Experimental Data Snapshot wwPDB Validation @ & 3D Report || Full Report
® 3D View: Structure | Electron Density Method: X-RAY DI_FFRACT\ON Metric Percentile Ranks Value
gand Interaction Resolution: 268 A Rfree I w0228
- R-Value Free: 0.229 Clashscore I __—
Global Symmetry- Asymmetric - C1 € R-Value Work: 0 7?7 Ramachandran outliers EES — —
Global Stoichiometry: Hetero 2-mer-A151 @ R-Value Observed: 0.129 Sidechain outliers I E——ge S 3.9%
RSRZ outfiers I T TR o— 15

Biological assembly 1 assigned by authors.

This is version 2.0 of the entry. See complete history
Biological Assembly Evidence: gel filtration

Macromolecule Content e
« Total Structure Weight: 192.75 kDa €
. Atom Count: 13180 €
. Modelled Residue Count 1579 @ Structural basis of receptor recognition by SARS-CoV-2.
+ Deposited Residue Count: 1628 € Shang, J. Ye, G. Shi, K. Wan, Y. Luo, C. Aihara, H. Geng, Q. Auerbach, A. Li, F.
+ Unique protein chains: 2 (2020) Nature 581: 221-224

Figure 1.1.1: Structure Summary page that is displayed for the SARS-CoV-2 RBD in complex
with the ectodomain of the human ACEZ2 receptor (PDB ID: 6VW1). At the top of the page, an
overview is provided about the classification of the macromolecule, organisms the
macromolecules are from, the expression system, whether there are mutations present in the
structure, the dates that the structure was deposited and released, the authors, and the funding
organisation. The experimental data snapshot section provides information about the quality of
the structure. If available, the paper that is linked with the structure will be listed underneath.
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Structure Summary

The SARS-CoV-2 spike protein attaches to the human ACE2 receptor and this interaction
mediates viral entry into the cell. The 6VW1 crystal structure is comprised of the receptor
binding domain (RBD) of the spike protein and the ectodomain of the human ACEZ2 receptor.
We can see that the protein complex is comprised of components from Homo sapiens and
severe acute respiratory syndrome coronavirus/severe acute respiratory syndrome coronavirus
2. This can be seen in the “Organism(s)” line. The “Expression System” is Spodoptera
frugiperda and these insect cells are used for the production of proteins and complexes. We can
also see that there are no mutations in the protein complex.

Biological Assembly and Asymmetric Unit

In the “Biological Assembly” section, the 3D structure of the macromolecule(s) will be
displayed (1). An asymmetric unit is the smallest part of a crystal structure and is used to build
the complete structure (1). An asymmetric unit may consist of one biological assembly, a
portion of a biology assembly, or multiple biological assemblies (1). The biological assembly
is believed to be the functional form of the molecule. It can be built from one copy of the

asymmetric unit, multiple copies of the asymmetric unit, or a portion of the asymmetric unit

(1).

Experimental Data Snapshot

Method
A number of techniques can be used to determine the structure of biological molecules:

o X-ray crystallography
o Thistechnique provides the detailed atomic information of proteins or nucleic acids,

as well as any molecules (ie. ligands, ions) that may be present in the crystal (1).
The resulting protein is purified and crystallised, and exposed to X-ray beams. The
crystalline atoms cause the beam of X-rays to diffract and the pattern of spots that
is produced can be analysed to determine the distribution of electrons (1, 3). The
electron density can be used to generate a 3D picture of the structure and the
accuracy depends on the quality of the crystals (1, 3).

e NMR spectroscopy
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o NMR spectroscopy can also be used to determine the structure of proteins. Once a
protein has been purified, it is placed in a strong magnetic field and probed with
radio waves (1, 4). The signal is produced by the excitation of the atomic nuclei and
the observed resonances can be analysed to characterise the conformation of atoms
(1, 4). This information can be used to build a model of the protein.

e Electron microscopy

o This process utilises a beam of electrons and system of electron lenses to image the
biomolecule (1).

o Cryo-electron microscopy is a commonly used technique, which involves flash-
freezing solutions of biomolecules, and the frozen hydrated samples can be
visualised by transmission electron microscopy (TEM) (1, 5). The images generated

can then be assembled to reconstruct the 3D structure of the molecule.
Resolution and R-value

In order to determine the accuracy of a structure, we can look at the resolution and R-value.
The resolution is a measure of details that can be seen in the diffraction pattern and electron-
density map (1). High resolution structures (resolution values that are small: 1A or lower) are
highly ordered and it is easier to see the location of atoms in these structures (1). In lower
resolution structures (resolution values that are large: 3A or higher), the basic contours of the
protein shape are shown (1). The R-value measures how well the simulated/predicted
diffraction pattern (calculated from the atomic model that is initially built by the researcher)
matches the experimentally-observed diffraction pattern (evaluates the quality of the model)
(1). The atomic model can be refined to make it fit the experimental data in a better way and
improve the R-value (1). To minimise bias, 10% of the experimental observations are removed
from the data set before refinement begins (1). The remaining 90% of experimental
observations are then used for the refinement process (1). The R-free value is calculated by
seeing how well the model predicts the 10% not used in refinement and for an ideal model, the

R-free will be similar to the R-value (1).

Macromolecules and Ligands

Macromolecules

This section will provide details about the macromolecules in the structure. The name of each

molecule will be provided and the representative protein chains will be listed. The sequence
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length will show how many amino acids the protein consists of and the name of the organism
that the protein is from will be provided. There may also be information about the number of
mutations, gene names, and function of the protein. You may also be able to access the protein
sequence on the Universal Protein Resource Knowledgebase (UniProtKB) by pressing the code
that is next to “Go to UniProtKB” (6). By clicking on the accession code that is next to “Find
proteins for”, a list of the structures that have been made available on the RCSB PDB with the

same amino acid sequence will be displayed.

For the 6VW1 crystal structure, entity 1 is the human ACE2 receptor (membrane protein).
Chains A and B of the structure are the ACE2 receptor, there are 597 amino acids in the ACE2
ectodomain, and no mutations present (Figure 1.1.2). Entity 2 is the SARS-CoV-2 chimeric
RBD (membrane protein). Chains E and F of the structure are the RBD, there are 217 amino
acids in the RBD, and no mutations. In this example, there is also an Oligosaccharides section.
Entities 3, 4, and 5 are the oligosaccharides and they are important for the interaction between

the spike protein and ACE2 receptor.

Note: On the RCSB PDB page for the 6VW1 structure, the SARS-CoV-2 RBD chains are
labelled as C[auth E], D[auth F]. This occurs when the two ID chains assigned by the PDB and
the authors do not coincide. In this case, chains E and F have been selected by the author (in
the crystal structure, chains E and F are the SARS-CoV-2 RBD). Chains C and D have been
assigned by the PDB.
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Macromolecules
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Figure 1.1.2: The Macromolecules section of the Structure Summary page is shown. The
molecules that are in the biological assembly are listed and a description is provided for each
entity. For the 6VW1 crystal structure, the molecules are the human ACE2 receptor and SARS-
CoV-2 chimeric RBD.
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Small Molecules

This section will list the ligands (ie. inhibitors, activators, cofactors) and other small molecules
that are present within the relevant chains of the structure. The small molecules that are present
for chains A and B of the 6VW1 crystal structure are 2-acetoamido-2-deoxy-beta-D-

glucopyranose, zinc, chloride, and 1,2-Ethanediol (Figure 1.1.3).

Small Molecules

Ligands QIZITD)
1] Chains Mame ! Formula { InChl Key 2D Diagram 3D Interactions
MAG Q [suth &),  Z-acetamido-2-deoxy-beta-D-glucopyranose "
GQuery on NAG Wiauth B], CzHizNO: |
X [suth 8]  OVRNDROMDRJTHE-FMDGEEDCSA-N I

Dawnload ldeal Coardinates CCO File &) - 7 L~

Dawnload Instance Coordinates -

N Mauh Al ZINCION -
Guery on ZN RawhB] Zn

PTFCOOFLOPIGGS-UHFFFACY SA-N +2

Dawnload ldeal Coordinates GO0 File Z n

Dawnload Instance Coardinates -

=l Flsuth&],  4,2-ETHANEDIOL
Guery on EDOD T [auth E] Cz Hs Oz OH

U fauth B], | LYCAIKOWRPUZTN-UHFFFAOYSA-N

Downlead Ideal Coardinates CCO Fie @ ||V [30th B]

Dawnlead Instance Coardinates - _I:I

CL 0 [suth A],  CHLORIDE ION
Guery on CL 5 [awth B] Cl

WERZGKHMUGY JMC-UHFFFADY SA-M
Dawnload ldeal Coardinates CCO File &)
Dawnload Instance Coordinates -

Figure 1.1.3: The Small Molecules section of the Structure Summary page is displayed. The
ligands that may be present in the biological assembly are provided. In the complex that the
SARS-CoV-2 chimeric RBD forms with the human ACEZ2 receptor (PDB I1D: 6VW1), the co-
crystallised ligands are 2-acetoamido-2-deoxy-beta-D-glucopyranose, zinc, chloride, and 1,2-
ethanediol.

1.2 Ligand Databases

There are a number of ligand databases available and the chemical structures of compounds
can be obtained from these libraries. This includes PubChem, ChEMBL and ZINC to name a
few. In 2018, our lab developed the OliveNet™ database and this is a curated library of 676
compounds from Olea Europaea (7-10). The compounds from these databases can be

downloaded and can be used in the molecular docking process.

e https://pubchem.nchi.nlm.nih.gov/

e https://www.ebi.ac.uk/chembl/

10
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e https://zinc.docking.org/

e https://mccordresearch.com.au/

PDB, SDF and MOL Files

Ligand files can be downloaded from databases in different formats and this includes the PDB
(Program Database), SDF (Standard Database Format) and MOL (Molfile) files. The chemical
structure file formats contain structural information about the compound. For this tutorial, we
will be downloading the structure of the anti-malarial drug chloroquine from the National
Centre for Biotechnology Information (NCBI) PubChem Database (Figure 1.2.1).

P u b © hem About  Blog  Submit  Contact Updates to the PubChem Assay Data Model »

Explore Chemistry

Quickly find chemical information from authoritative sources

Ty  covid-19 aspirin EGFR CIHBO4 57-27-2 Q=CC=C({C=C1)C=0 InChl=1S/C3H60/c1-3(2)4/h1-2H3

O use

Ty LS E=

Draw Structure Upload ID List Browse Data Periodic Table

Figure 1.2.1: The home page of the NCBI PubChem Database is displayed. The search bar can
be used to find the chemical structures of compounds of interest. Alternatively, the PubChem
Database can be searched by drawing the structure of a compound.

In the search bar that appears on the home page of PubChem, the compound name can be
entered. For chloroquine, the results demonstrate that there are 65 compounds that contain
“chloroquine” within their name. The structure of chloroquine comes under the “Compound
Best Match” section and when selected, the “Compound Summary” page will appear. Under
the “Structures” section, the two-dimensional (2D) and 3D structures of the compound are

provided. In order to download the files, click on the “Download” button and press “Save” for

11
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the sdf option. As shown in Figure 1.2.2, additional information about the compound is

provided and these details can accessed from the “Contents” list.

1 Structures @F ” Gite % Download

1.1 2D Structure @) CONTENTS

Title and Summary

Q, Find Similar Structures [ Get Image ¥ Download
| 1 structu

2 Names and Identifiers

3 Chemi

nd Physical Properties
4 Spectral Information
‘ 5 Related Records

Chemical Structure J 6 Chemical Vendors
Depiction

» PubChem

1.2 3D Conformer @B

Q_ Find Similar 3D Structures W Get Image ¥ Download

17 Biological Test Results

18 Classification

19 Information Sources

Figure 1.2.2: In the “Structures” section of the “Compound Summary” page, the 2D and 3D
structures of the ligand can be obtained.

1.3 Freely Available Software

If the chemical structure of the compound is unavailable on PubChem, then other databases
can be utilised. The chemical structure of the ligand can also be drawn in programs such as
Chem3D (Perkin Elmer, Massachusetts, USA) or ChemSketch, which is a freely available
program (11). In order to visualise the protein and ligand structures, freely available programs
including PyMOL Academic, Maestro Academic and Visual Molecular Dynamics (VMD) can
be downloaded and installed (12-14). Similarly, there are freely available molecular docking

programs such as PyRx and AutoDock Vina (15, 16).

12
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Week 2: Manipulating 3D Structures

2.0 Overview of Protein Structures

Proteins are complex macromolecules that play a crucial role in a number of biological
processes. Protein synthesis occurs in cells in two main stages: transcription and translation.
During transcription, deoxyribonucleic acid (DNA) is used as a template to make messenger
RNA (mRNA) and this occurs in the nucleus of cells. This single-stranded mRNA molecule
(pre-mRNA) is complementary to one of the DNA strands and it must undergo processing

before leaving the nucleus (ie. 5’ capping, 3’ cleavage and polyadenylation, and RNA splicing).

The next stage is translation and this occurs in the cytoplasm. The mature mRNA leaves the
nucleus and moves to the ribosome, which is the site of protein synthesis. With the help of
transfer RNAs, the correct sequence of amino acids are brought to the ribosome and
corresponding mMRNA codons. Ribosomal RNAs (rRNAs) catalyse the formation of peptide

bonds between amino acids and a polypeptide chain is produced.

The sequence of amino acids within a protein is called the primary structure. As seen in the
table below, there are 20 types of amino acids and they exhibit different properties (Table 1).
The secondary structure refers to the local folding patterns that form from the interactions that
occur between atoms of the protein backbone. This includes alpha-helices ([J-helix) and beta-
pleated sheets ([1-sheets). The overall 3D structure of a protein is called its tertiary structure,
while the quaternary structure refers to a protein that is made up of many subunits (many

polypeptide chains).

Table 1: The properties of the amino acids are provided, along with the residue codes.

Type Name 3 letter and 1 letter code

Charged amino acids | Positive Arginine ARG (R)
Histidine HIS (H)

Lysine LYS (K)

Negative Aspartic acid ASP (D)

Glutamic acid GLU (E)

Polar Serine SER (S)
Threonine THR (T)

Asparagine ASN (N)

13
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Glutamine GLN (Q)
Hydrophobic Aliphatic Alanine ALA (A)
Valine VAL (V)
Isoleucine ILE (1)
Leucine LEU (L)
Methionine MET (M)
Aromatic Phenylalanine PHE (F)
Tryptophan TRP (W)
Tyrosine TYR (Y)
Others Cysteine CYS (C)
Glycine GLY (G)
Proline PRO (P)

Modulation of Proteins by Small Molecules

The function and activity of proteins can be regulated by small molecules and the ligand may

interact with the protein in several ways:

e Active site
o If adrug binds to the active site of an enzyme, the shape of this region may change
and the natural substrate may no longer be able to bind. The inhibitor could also
interact with the cofactors within the active site, such as a metallic ion, and disrupt
the catalytic activity of the enzyme.
o Itisimportant to note that not all molecules that bind to proteins are inhibitors; there
are activators as well.
e Allosteric
o Ifadrug binds to a protein at a site other than the active site, then this interaction is
known as allosteric regulation.
e Protein-protein
o There are also inhibitors of protein-protein interactions. For example, peptide
inhibitors are being developed to target the interaction between the SARS-CoV-2

spike protein and human ACE?2 receptor.

14
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2.1 PDB Files

The structural information of a protein that has been downloaded from the RCSB Protein Data
Bank can be examined using a text editor such as Notepad, Wordpad, or Vim (Figure 2.1.1).

In the PDB file, the following details are provided:

e Record — ATOM, HETATM
o ATOM refers to the standard residues of a protein whereas HETATM applies to
non-standard residues (ie. ligands, cofactors, ions, and solvent)
e Atom number and atom type
o Each atom is designated a number and the properties of each atom are provided (1,
2,3,4,5,6...and N, CA, C, O, CB...)
e Residue
o The residue that each atom corresponds to is listed (SER, GLY, PHE)
e Chain
o The chain name is provided next to the corresponding residues — if a protein consists
of more than one chain then they may be labelled A, B etc. All the amino acids
belonging to chain A will be labelled “Residue name A” and all of the amino acids
belonging to chain B will be labelled “Residue name B”
e Residue number
o Each residue is assigned a number
e XYZ coordinates
o The atomic coordinates are provided
e Occupancy
o The fraction of atoms that appear at that location
e Beta factor
o Average displacement of the atoms
o <10 - very sharp model, atoms not moving

o >50-atoms moving, potentially flexible region

15
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File Edit Tools Syntax Buffers Window Help
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ATOM 5 CB SER B 19 92.753 29.842 79.433 1.00161.68 ¢
ANISOU 5 CB SER B 19 24771 22250 14403 -2620 4650 -3172 ¢
ATOM 6 0¢ SER B 19 93.707 30.854 79.162 1.80163.37 0
ANISOU 6 OG SER B 19 24746 22687 14640 -2512 4797 -2080 0
ATOM 7 N THRB 20 92.190 26.827 80.221 1.80167.39 N
ANISOU 7 N THR B 20 25071 22224 15404 -2518 4835 -3716 N
ATOH 8 CA THRB 20 01.247 25.800 80.630 1.00168.63 ¢
ANISOU 8 CA THR B 20 26343 22121 15607 -2641 4678 -3872 ¢
ATOM 9 ¢ THRB 20 80.973 26.431 81.190 1.86162.21 c
ANISOU 9 € THR B 20 25308 21469 14774 -2860 4180 -3645 c
ATOH 19 0 THREB 280 89.962 27.580 81.642 1.086165.09 0
ANISOU 16 0 THR B 20 25432 22063 15232 -2813 3972 -334k 0
ATOM 11 CB THR B 20 01.882 24.88% 81.679 1.806171.98 ¢
ANISOU 11 CB THR B 20 26658 22186 16502 -2308 4862 -3898 ¢
ATOM 12 cG2 THR B 20 91.160 23.544 81.746 1.80174.45 c
ANISOU 12 CG2 THR B 20 27312 22158 16811 -2430 4861 -4159 ¢
ATOM 13 061 THR B 28 03.255 24.651 81.340 1.86175.40 0
ANISOU 13 061 THR B 20 27063 22542 17041 -2023 5314 -3087 0
ATOM i N ILEB 21 88.886 25.656 81.150 1.80154.2% N
ANISOU 14 N ILE B 21 24631 20327 13645 -310 3999 -3704 N
ATOM 15 cA ILEB 21 87.636 26.099 81.762 1.004148.41 c
ANISOU 15 CA ILE B 21 23749 19712 12928 -3201 3548 -3578 ¢
ATOM 6 ¢ ILEB 21 87.828 26.312 83.257 1.86158.11 ¢
ANISOU 16 € ILE B 21 23508 19823 13616 -3018 3436 -3326 ¢
ATOM 17 0 ILEB 21 87.280 27.261 83.839 1.00147.00 0
ANISOU 17 0 ILE B 21 22938 19627 13289 -3032 3133 -3045 0
ATOM 18 €B ILEB 21 86.510 25.087 81.477 1.0014%4.51 ¢
ANISOU 18 CB ILE B 21 23584 190668 12254 -3605 3402 -3703 ¢
ATOM 19 ce1 ILE B 21 86.346 24.860 79.972 1.00146.02 ¢
ANISOU 19 c61 ILE B 21 24169 19374 11948 -3905 3508 -4865 c

Figure 2.1.1: The PDB file of the SARS-CoV-2 RBD-ACE2 ectodomain complex (PDB ID:
6VW1) was opened using the Vim text editor and the structural information is displayed.

2.2 Visualising and Manipulating Molecules

Once the structure of a protein has been downloaded from the RCSB PDB, it can be modified
and visualised using different programs.

PyMOL

Open up the PyMOL program and two windows should appear. The smaller window contains
the menu bar, shortcut buttons, and the command line. The second window is the PyMOL
Viewer and this is where the 3D models are displayed. In the smaller window, go to “File” >
“Open” > Select the pdb file in the relevant folder where it was saved > Press “Open”. We will
be using the crystal structure of the spike protein in complex with the ACE2 receptor (PDB ID:
6VW1) and the default settings display the protein in line representation.

The 6VW1 crystal structure is comprised of multiple chains. Based on the “Structure
Summary” page on the RCSB PDB, chains A and B are the ACE2 receptor. Chains E and F
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are the SARS-CoV-2 spike protein RBD. For this example, we are interested in the ACE2
receptor and we will select chain B (Figure 2.2.1). To select the chains of interest, go to
“Display” > Select “Sequence” (ensure that this option is ticked) > “Sequence Mode” > “Chain
Identifiers”. To save a single chain or multiple chains, make sure the chains of interest are
selected and go to “File” > “Save Molecule” > Choose “sele” > Press “Ok” > Access the

relevant folder where you want to save the structure > Press “Save”.

(@< 5 W EF

Figure 2.2.1: The SARS-CoV-2 spike protein RBD in complex with the human ACE2 receptor
is shown in the PyMOL viewer. Chain B, which is ACE2, is selected and is coloured red in the
complex (PDB ID: 6VW1).

Go to “File” > “Reinitialize”. A blank window will appear. Go to “File” > “Open” > Access
the relevant folder where chain B of the crystal structure was saved > Select “Open”. To check
if the structure has any water molecules or co-crystallised ligands, go to “Display” >
“Sequence” > “Sequence Mode” > “Residue Codes”. If you move to the end of the sequence,
you will see that chain B consists of ZN, CL, EDO, NAG and water molecules (O).

To remove the water molecules, go to the “Action” button (A) in the Object Control Panel on
the right-hand side of the PyMOL Viewer and select “remove waters”. We can also remove the
NAG and EDO molecules from the crystal structure. Select these ligands in the sequence and
anew line that is named “(sele)” should appear in the Object Control Panel. Go to the “Action”
button in the ‘sele’ line, and press “remove atoms”. To save the modified structure, go to “File”

> “Save Molecule” > Rename the file (eg. 6VW1chainBmodified) > Press “Save”.
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Visualising Proteins in PyMOL

B oy iewer - o X

Figure 2.2.2: Chains B and F have been selected from the crystal structure of the SARS-CoV-
2 spike protein RBD in complex with the human ACE2 receptor (PDB ID: 6VW1). The default

settings have been used and the complex appears in “line” representation.

In this example, the RBD of the spike protein and the ACE2 ectodomain can be seen and the
structure is depicted in line representation (PDB ID: 6VW1) (Figure 2.2.2). Chains B and F
have been isolated from the original crystal structure and were selected for use in this section.
Chain B is the ACE2 ectodomain, while chain F is the SARS-CoV-2 spike RBD. To display
the sequence of amino acids, go to “Display” > “Sequence”. If the “Sequence Mode” option is
selected, you can see that there are different options to display the components of the protein
(Residue Codes, Residue Names, Chain Identifiers, Atom Names and States). In the “Chain

Identifiers” mode, you can see that the protein is comprised of two chains.

If chain B is selected, then all of the residues that are part of chain B are highlighted. To change
the display of the selected molecule, go to the Object Control Panel and press the “Show”
button (S). We are using the “cartoon” mode in this tutorial. To hide the lines, which is the
default representation, select “lines” from drop-down menu that appears when pressing the
“Hide” (H) button > To colour the chain, select the “Color” button. The same settings can be

applied to chain F (Figure 2.2.3).
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Figure 2.2.3: The SARS-CoV-2 spike protein in complex with the human ACE2 receptor is
shown. The spike protein is coloured light brown and the ACE2 component is coloured silver.
Both molecules are depicted in cartoon representation. The zinc and chloride ions can be seen
as spheres and are coloured light blue.

If there are small molecules (ie. cofactors, ions, ligands) in the protein structure, they can also
be coloured differently to the main protein chains and shown in a different style. The ACE2
receptor has ions and they can be displayed as spheres. Go to “Display” > “Sequence Mode” >
“Residue Codes”. Select ZN and CL in the sequence. Go to the “Show” (S) button in the Object
Control Panel and select “spheres”. To colour the spheres differently, select the “Color” button
(Figure 2.2.3).

Manipulating and Visualising Crystal Structures With Ligands Present

The crystal structure of ACE2 in complex with the inhibitor (S,S)-2-{1-Carboxy-2-[3-(3,5-
dichloro-benzyl)-3H-imidazol-4-yl]-ethylamino}-4-methyl-pentanoic acid will be used (PDB
ID: 1RA4L) for this section (Figure 2.2.4). Open the structure in PyMOL and go to “Display” >
“Sequence”. To isolate chain A, which is the ACE2 receptor, go to “Display” > “Sequence
Mode” > “Chain Identifiers”. Select and save chain A. Go to “File” > “Reinitialize” > Open

the saved structure of chain A. Remove the water and NAG molecules from the structure.

To prepare the crystal structure for molecular docking, we need to firstly save the co-
crystallised inhibitor as a ligand. Select the XX5 ligand in the sequence and go to “File” >
“Save Molecule” > Choose the ‘sele’ option > Press “Ok” > Access the relevant folder where

you want to save the structure > Press “Save”. For molecular docking, we need the protein
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structure without the co-crystallised inhibitor present. To remove XX5, the ligand needs to be
highlighted in the sequence. Go to the ‘sele’ line in the Object Control Panel > Press the
“Action” (A) button > Choose “remove atoms” from the drop-down menu.

B o - A
1RdL 476 481 d86 491 496 501 506 511 5 26 531 536 541 546 6 561 566 571 576 581 586 591 596 601 606 611 802

AN SIS Tt

Figure 2.2.4: The ACE2 receptor in complex with the inhibitor (S,S)-2-{1-Carboxy-2-[3-(3,5-
dichloro-benzyl)-3H-imidazol-4-yl]-ethylamino}-4-methyl-pentanoic acid can be seen. ACE2
is coloured light brown and the inhibitor is coloured pink.

Note: To create figures with the co-crystallised inhibitor present, you can represent the ACE2
receptor chain in “cartoon” format, the ions as “spheres”, and the XX5 ligand (inhibitor) as

“sticks”. The colours can also be changed.
Importing and Visualising Ligands

To visualise the structure of a ligand in PyMOL, in this case the co-crystallised inhibitor that
was isolated from the ACE2 receptor, go to “File” > “Open” > Access the relevant folder where
you have saved the structure > Press “Open”. To change the representation of the ligand, press
the “Show” (S) button in the Object Control Panel and you can select a format from the drop-

down menu (Figure 2.2.5).
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Figure 2.2.5: Chemical structure of (S,S)-2-{1-Carboxy-2-[3-(3,5-dichloro-benzyl)-3H-
imidazol-4-yl]-ethylamino}-4-methyl-pentanoic acid. This compound is an inhibitor of ACE2
(PDB ID: 1RA4L).

Selecting Residues of Interest

In PyMOL, you are also able to highlight and show residues that may be of interest in the
protein (Figure 2.2.6). For this example, the interface residues of ACE2 will be selected. Go to
“Display” > “Sequence” > Select the residues His34, Glu35, Glu37, Asp38, Leu39, and Tyr41.
To represent these residues as “sticks”, press the “Show” (S) button in the ‘sele’ line of the
Object Control Panel. The colour can be changed by selecting the different options from the

drop-down menu that appears when pressing the “Color” (C) button.
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Figure 2.2.6: The ACE2 receptor in complex with the co-crystallised inhibitor is shown (PDB
ID: 1R4L). Several residues that are in the target binding site have been selected in the sequence
and are depicted in red.

Visual Molecular Dynamics (VMD)

Structures With Multiple Chains (eg. PDB ID: 6VW1)

Using PyMOL, chains B and F of the 6VW1 crystal structure have been selected, the water
molecules and ligands have been removed, and the complex has been saved as a .pdb file
(Figure 2.2.7). To visualise the structure in VMD, open the VMD program and go to “File” >
“New Molecule” > Select “Browse” in the Molecule File Browser > Access the relevant folder

where you have saved the modified structure > Press “Load”.

I o wai

File Molecule Graphics Display Mouse Extensions Help

ID T A D F Molecule Atoms Frames Vol
7 T A D F G6VWIACE2Spkepdd 6375 1 0

Figure 2.2.7: The SARS-CoV-2 spike protein RBD (chain B) and human ACE2 receptor
(chain F) that was isolated from the 6\VW1 crystal structure using PyMOL was imported into
VMD. The default settings display the complex as “lines”, the background is black, and the
axes is present.

To change the colour of the display background, go to “Graphics” > “Colors” > “Display” >
“Background”. For this example, we will be using a white background and you can select
“White” from the menu. To remove the axes from the screen, go to “Display” > “Axes” > “Off”
(Figure 2.2.8).
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Selected Molecule
[1: evw1ACE2Spike pdb =]

Create Rep | Delete Rep |

Style Color Selection
Lines Name all

Selected Atoms

Iar1

Draw style | Selections | Trajectory | Periodic

Coloring Method Material

Name v Opaque v
Drawing Method

Lines pod Default

Tmcknessqq 1 M

© Apply Changes Automatically  Apply

Figure 2.2.8: The background of the VMD Display has been changed to white and the
Graphical Representations window has been opened. Using the drop-down menus in this
window, the model can be displayed in various ways.

To change the representation of the protein complex, go to “Graphics” > “Representations”.
When a structure is imported into VMD, the default drawing method is “Lines”. Under the
“Drawing Method” section, there is a drop-down menu and the protein can be represented in
various ways depending on the option selected. If the “NewCartoon” option is selected from
the “Drawing Method” drop-down menu, then the (J-helices and [1-pleated sheets become
apparent. In the “Coloring Method” section, select “Color ID” and a menu containing a list of
colours will appear. You can also change the material (ie. how shiny or transparent) that is used

for the molecular model via the “Material” button (Figure 2.2.9).

To show the Zn?* and ClI- ions in the crystal structure, press the “Create Rep” button > In the
“Selected Atoms” section, type in “resname ZN”. Go to the “Drawing Method” drop-down
menu and select “VDW?”. The zinc ion should appear as a sphere. To display the chloride ion,
press the “Create Rep” button > In the “Selected Atoms” section, type in “resname CL”. You

can change the style and colour of the ions (Figure 2.2.9).
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Figure 2.2.9: The “Drawing Method” for the SARS-CoV-2 spike protein RBD and ACE2
receptor have been changed to “NewCartoon” and are coloured silver. The ions are shown as
spheres by choosing the “VDW” option in the “Drawing Method” drop-down menu and are
also coloured differently to the main protein chain.

To differentiate between the ACE2 receptor and the RBD of the spike protein, we can specify
the relevant chains (Figure 2.2.10). In the “Selected Atoms” section of the Graphical
Representation box, type in “Chain B”. Press the “Create Rep” button and type in “Chain F”
in the “Selected Atoms” section. You can also display the ions as previously described.
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Figure 2.2.10: Key residues of the ACE2 receptor (chain B) have been specified in the
“Selected Atoms” section of the “Graphical Representations” window and are coloured green.
The “Drawing Method” that was chosen for the residues was “licorice”.

To highlight certain residues of interest, press the “Create Rep” button and type in the residue
numbers in the “Selected Atoms” section ie. “chain B and resid 34 35 37 38 39 41”. The
residues have been coloured green and are displayed in “licorice” mode (Figure 2.2.10).

Protein-Ligand Complexes

If a protein were to have a co-crystallised ligand in the structure, the small molecule can be
displayed by typing in “resname” followed by the name of the ligand ie. “resname XX5”. XX5
is the co-crystallised inhibitor in the 1R4L structure of ACE2. XX5 is the ligand ID and this
can also be found on the RCSB PDB page. The chemical structures of ligands can also be
visualised in VMD and can be imported as new molecules. Go to “File” > “New Molecule” >
Select “Browse” in the “Molecule File Browser” > Access the relevant folder where you have
saved the ligand > Press “Load”. The ligand structure will appear in the display window and
its representation can be modified by using the “Graphical Representations” tool (Figure
2.2.11).
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Figure 2.2.11: The human ACE2 receptor with the co-crystallised ligand (S,S)-2-{1-Carboxy-
2-[3-(3,5-dichloro-benzyl)-3H-imidazol-4-yl]-ethylamino}-4-methyl-pentanoic acid is shown.
The inhibitor is coloured green, while the protein chain is coloured silver.

To save the structure in the display window as an image, go to “File” > “Render” > Select the
“Tachyon (internal in-memory rendering)” option from the “Render the current scene using:”
drop-down menu. Press “Browse” next to the “Filename” option and select the folder that you
want the image to be saved in. Name the image and add .bmp (ie. structure.omp) > Press

“Save”.

You can also save the VMD window as a visualisation state that can be accessed at a later time.
Go to “File” > “Save Visualization State” > Select the folder that you want the workflow to be
saved in > Name the file and for the “Save as type” option, select “.vmd” > Press “Save”. To
load the visualisation state at a later time, go to “File” > “Load Visualization State” > Select

the .vmd file in the folder that it was saved in.

Maestro — Schrédinger Suite

Open Maestro and the 6VW1 crystal structure that was modified in PyMOL can be imported
(consists of chain B and chain F for this example) (Figure 2.2.12). Go to “File” > “Import” >

Access the relevant folder where you have saved the modified structure > Press “Open”.
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Figure 2.2.12: The 6VW1 crystal structure was modified in PyMOL (chains B and F were

isolated) and imported into Maestro. The default settings can be seen.

To change the style of the molecular model, make sure that it is included and selected in the
entry list. The circle must be blue for the structure to be included and the file name should also
be blue for it to be selected. In the “Structure Hierarchy” section, you can press the arrow next
to the name of the structure and a drop-down menu will appear. In Figure 2.2.12, you can see
that the structure consists of two protein chains (chain B and chain F), as well as metals/ions
(Zn?* and CI"). Press the “Style” button at the top of the window and select the “Ribbons”
option. In the “Edit Ribbons” section underneath, select “Single Color”, and you can choose
the colour of the ribbon. Hide the lines by pressing the “eye” symbol in the “Style” drop-down
menu (Figure 2.2.13).
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Figure 2.2.13: The menu that appears when pressing the “Style” button is shown and the
complex is displayed as ribbons.

To colour the spike protein (chain F) differently from the ACE2 receptor (chain B), chain F
needs to be highlighted/selected in the “Structure Hierarchy” section. Press the “Style” button
at the top of the window and select the “Ribbons” option. In the “Edit Ribbons” section

underneath, you can choose the colour of the ribbon (Figure 2.2.14).

Figure 2.2.14: The SARS-CoV-2 spike protein RBD (chain F) is selected in the “Current
Selection” section and has been coloured orange.
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To display the metals/ions, highlight/select them in the “Structure Hierarchy” section and the

corresponding boxes also need to be ticked. Press the “Style” button at the top of the window

and apply the “CPK” representation. Press the “Paint” button to choose a colour for the ions
(Figure 2.2.15).

(]

Figure 2.2.15: The zinc and chloride ions that are in the complex have been selected in the
“Current Selection” section and are displayed as spheres. They have been coloured maroon.

To select residues of interest in chain B (ACE2 receptor), press the arrow next to chain B in
the “Structure Hierarchy” section so that the residues are listed. Highlight/select the residues
that you want to display and ensure that the boxes are ticked next to the residue names. Press
the “Style” button at the top of the window and apply the “Thick Tube” representation. Press

the “Paint” button to choose a colour for the residues (Figure 2.2.16).
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Figure 2.2.16: Several residues of the human ACE2 receptor have been selected and are shown
in purple.

For the 1R4L crystal structure of the ACE2 receptor, the co-crystallised inhibitor can be
represented in the “Thick Tube” format from the “Style” tab. The atoms of the ligands can also
be depicted and there are several different options under the “Color Atoms” drop-down menu
(Figure 2.2.17).
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Figure 2.2.17: The crystal structure of the human ACE2 receptor with a co-crystallised
inhibitor can be seen (PDB ID: 1R4L). The main protein chain is coloured silver, the inhibitor
is coloured light blue, and the ions are coloured maroon.

Ligand Interaction Diagrams

The “Ligand Interaction Diagram” tool can be used to visualise the protein-ligand interactions
that occur in a complex (Figure 2.2.18). Press the “Ligand Interaction Diagram” button that is
positioned above the “Workspace Navigator”. Go to “View” > “LID Legend”. As described in
the legend that appears, hydrophobic residues will be shown in green, polar residues will be
shown in blue, positively charged residues will be shown in purple, and negatively charged
residues will be shown in red. Various intermolecular bonds will also be displayed. The cutoff

can also be changed to show the residues within a certain distance of the ligand.
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Figure 2.2.18: Protein-ligand interaction diagram for the co-crystallised inhibitor that is in the
active site of the human ACE2 receptor (PDB ID: 1R4L). The residues that are within 5
Angstroms (A) of the ligand are depicted.

2.3 Drawing Chemical Structures

If the 3D structure of a compound is unavailable from ligand databases, then the chemical
structure can be drawn using freely available software such as ChemSketch (Figure 2.2.19).
It’s important to note that the chemical notation of each compound can be described by a
Simplified Molecular Input Line Entry System (SMILES). The SMILES for chloroquine, for
example, would be CCN(CC)CCCC(C)NC1=C2C=CC(=CC2=NC=C1)CI.

QwwgZmounm
|

® o

1-ChemSketch 2-Copy to ChemSk  3-31

View |4-3D Optimization
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Figure 2.2.19: The 2D structure of the anti-malarial agent chloroquine has been drawn in
ChemSketch and the 3D structure has been obtained.

Open up ChemSketch > Sketch the structure in 2D > Open the 3D viewer > Copy the 2D
structure to 3D > Save the 3D structure as a .mol file. The 3D structure can also be optimised
by adding hydrogens and correcting the bond angles. Using PyMOL, the 3D structure can be

saved as a .pdb file.
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Week 3: Building Protein Structures

3.0 Protein Sequences

The Universal Protein Resource (UniProt) can be used to obtain the sequences and annotation

data of proteins from various organisms (https://www.uniprot.org/). The name of the protein

can be typed into the search bar and any relevant results will appear. Each entry that is assigned
the “Reviewed” symbol will have been manually annotated (based on the literature and curator-
elevated computational analysis) and those that are “Unreviewed” await full manual
annotation. This can be seen in the example below and the ACE2 receptor is the protein of
interest (Figure 3.0.1).
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cllal ion information), as much annotation information as possible is added.
u i d (TrEMBL) - C:
Records that await full manual annotation.

@Help D UNIProtkB help video I Other tutorlals and videos Y. Downloads

Filter by & Download # Columns > 11025 of 846 B Show [25_~
e T S ——
i ) QS9RRO ACE2_CANAL Cell wall transcription  ACE2 CAALFM_CRO7440WA, Candida albicans (strain SC5314 / ATCC MYA-2876) (Yeast)
factor ACE2 Ca019.13543, Ca019.6124
e nreviewed (746} O Q@BYFL ACE2_HUMAN 1 Angiotensin- ACE2 UNQBB8/PRO1885 Homo sapiens (Human) 805
h converting enzyme 2
Popular organisms ] Q8RO ACE2_MOUSE m Angiotensin- Ace2 Mus musculus (Mouse) 805
. cerevisiae (20) - converting enzyme 2
’ O QSEGZ1 ACE2_RAT . Angiotensin- Ace2 Rattus norvegicus (Rat) 805
L,
Human (19) - ng enzyme 2
Mouse (18) (] Q56H28 ACE2_FELCA N in- ACE2 Felis catus (Cat) (Felis silvestris catus) 805
B ~ converting enzyme 2
Rat (12) O Qs6NLL ACE2_PAGLA 1y  Angiotensin- ACE2 Paguma larvata (Masked palm civet) 805
Bovine (6) ) QSRFN1 ACE2_PONAB N ACE2 Pongo abelii (Sumatran orangutan) (Pongo pygmaeus abelii) 805

Figure 3.0.1: The UniProt database was used to obtain the sequence of the ACE2 receptor and
the results page is displayed. The ACE2 protein can be found in a number of organisms and
we are interested in the human ACE2 receptor. The ID is Q9BYFL1 and the entry has been
“Reviewed”.

The human ACE2 receptor is of interest for this stage of the tutorial. The UniProt entry ID is
Q9BYF1 and the status is “Reviewed”. Information is provided about its function, names and
taxonomy, subcellular location, pathology and biotechnological use, post-translational
modifications/processing, expression, interaction, structure, family and domains, sequences,
and similar proteins. There are also the cross-references, entry information and miscellaneous

sections.
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Under the “Sequences” section, there are two isoforms of ACE2 that are shown (isoform 1 and
isoform 2). Isoform 1 has been characterised as the canonical sequence and the FASTA file
can be downloaded. To download the sequence, press the “FASTA” button with the downwards
arrow symbol. A page that displays a single line description followed by the amino acid
residues or base pairs should appear (single letter codes) (Figure 3.0.2). This information can

be selected, copied and pasted into a text file, and saved in .fasta format (Text Editor).

>sp|Q9BYF1|ACE2_HUMAN Angiotensin-converting enzyme 2 0S=Homo sapiens OX=9606 GN=ACE2 PE=1 SV=2
MSSSSWLLLSLVAVTAAQSTIEEQAKTFLDKFNHEAEDLFYQSSLASWNYNTNITEENVQ
NMNNAGDKWSAFLKEQSTLAQMYPLQEIQNLTVKLQLQALQQNGSSVLSEDKSKRLNTIL
NTMSTIYSTGKVCNPDNPQECLLLEPGLNEIMANSLDYNERLWAWESWRSEVGKQLRPLY
EEYVVLKNEMARANHYEDYGDYWRGDYEVNGYDGYDYSRGQLIEDVEHTFEEIKPLYEHL
HAYVRAKLMNAYPSYISPIGCLPAHLLGDMWGRFWTNLYSLTVPFGQKPNIDVTDAMVDQ
AWDAQRIFKEAEKFFVSVGLPNMTQGFWENSMLTDPGNVQKAVCHPTAWDLGKGDFRILM
CTKVTMDDFLTAHHEMGHIQYDMAYAAQPFLLRNGANEGFHEAVGEIMSLSAATPKHLKS
IGLLSPDFQEDNETEINFLLKQALTIVGTLPFTYMLEKWRWMVFKGE IPKDQWMKKWWEM
KREIVGVVEPVPHDETYCDPASLFHVSNDYSFIRYYTRTLYQFQFQEALCQAAKHEGPLH
KCDISNSTEAGQKLFNMLRLGKSEPWTLALENVVGAKNMNVRPLLNYFEPLFTWLKDQNK
NSFVGWSTDWSPYADQSIKVRISLKSALGDKAYEWNDNEMYLFRSSVAYAMRQYFLKVKN
QMILFGEEDVRVANLKPRISFNFFVTAPKNVSDIIPRTEVEKAIRMSRSRINDAFRLNDN
SLEFLGIQPTLGPPNQPPVSIWLIVFGVVMGVIVVGIVILIFTGIRDRKKKNKARSGENP
YASIDISKGENNPGFQNTDDVQTSF

Figure 3.0.2: The sequence of the human ACE2 receptor is shown in FASTA format.
In this example, we will be utilising the protein sequences of ACE2 from Felis catus, Gorilla
gorilla gorilla, Rhinolophus ferrumequinum, Homo sapiens, Mus musculus, Macaca mulatta,

and Pongo abelii.

3.1 Sequence Alignment and Protein Structure Alignment

Pairwise and multiple sequence alignment can be used to compare nucleotide or amino acid
sequences. In Maestro, the protein structures of the ACE2 receptors can be imported into the
workspace. Select and include each of the proteins. Select the “Multiple Sequence Viewer
(Deprecated)” tool from the “Tasks” tab (Figure 3.1.1). Go to “Alignment” > Select “Multiple
Alignment” since there are more than three biological sequences. In order to visualise the
residues that are the same in each sequence, you can select the “Color Matching Residues Only”
option. To compare the sequences, go to “Tools” > “Compare Sequences” > and you can obtain
the values of the % identity, % similarity, and % homology. Instead of importing the structures
and performing sequence alignment, there is also an option to import the FASTA sequences
into the “Multiple Sequence Viewer (Deprecated)” window. Go to “File” > “Import
Sequences” > Select the relevant .fasta files > Press “Open”. You may need to rename the

sequences to make it more intuitive.
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6VW1HumanACE2 B ~~STIEEQAKRTHEL EAEDLEYOSSLASWN NTNITEENV L.EQSTLAQM
7C8DFelineACE2 A MQSTTEEL TELE EAEELSYQSSLASWNY¥NTNITDENVS EI S YEEQSKLAKT
GorillaACE2 B ~ne o TIRERQ) THE L EAEDLEYQSSLASWNYNTNITEENVQNMNNAGDKWSA L.EQSTLAQM
HorseshoebatACE2 B ~nn TRDT LDDENSEAENLSHOSSLASWEXYNTNISDENVOKMDEAGAKWS DEYEKQSKLAKNFE
MouseACE2 B ~oe s TRENARTELNNENOEAEDLSYOSSLASHWNYNTNITEENAQKMSEARAARWSAEYEEQSKTAQSF
RhesusACE2 B ~~~~TEEQAKTEL gIEAEDL OSSLASWNYNTNITEENVQNMNNAGEKWSA LIEQSTLAQMI
SumatranACE2 B ~ e~ TR O ‘THE L) EAEDLEYQSSLASWNYNTNITEENVOQNMNNAGDKNSAELKEQSTLAQM

Figure 3.1.1: The Multiple Sequence Viewer window is displayed and the sequences of interest
are shown. Multiple sequence alignment was performed in this example and the matching
residues are coloured.

Additionally, the protein structures can be aligned and this can be performed using the “Protein
Structure Alignment” tool that can be accessed through the Tasks tab (Figure 3.1.2). In
PyMOL, the sequence alignment can also be performed using the crystal structures that are
available. Import the proteins that you want to align and in this example, we want to align the
protein sequences to the human ACE2 receptor. If we want to align the Gorilla gorilla gorilla
sequence to the human ACE2 receptor, go to the “Action” (A) button of the Gorilla gorilla
gorilla protein. From the drop-down menu, select “Align” > Select “To molecule” > Select the

human ACE2 receptor.

| @

and Interaction Protein Preparatio

Protein Structure Alignment l

Use proteins from:
Workspace (included entries) v

_Reference residues

(X3« ] +

V] Pick: | Residues v []Markers

i _Residues to align:

®) Use same ASL as reference residues
() Use separate ASL:

Residues to align

r % oAl

» & 6VWiHumanACE2

k Residues

Align [] Force alignment
cecee c o ~
(7)

ST 5| Close

» & 7C8DFelineACE2

Figure 3.1.2: The structure of the feline ACE2 receptor was aligned to the human ACE2
receptor using the “Protein Structure Alignment” tool.
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Basic Local Alignment Search Tools (BLAST) also allow for regions of similarity between
biological sequences to be identified. The National Center for Biotechnology Information has
a freely available BLAST server for nucleotides and proteins (17). Go to “Protein BLAST” >
Enter the FASTA sequence of the protein into the text box or you can upload the file > In the
“Database” component of the “Choose Search Set” section, select “Protein Data Bank proteins
(pdb)”. In the “Program Selection” section, select “blastp (protein-protein BLAST)”, and then
press the “BLAST” button. This can also be performed in the “Multiple Sequence Viewer
(Deprecated)” window in Maestro. Go to “Tools” > “Find Homologs (BLAST)” > In the “Blast
Search Settings” window > Select “Remote (NCBI)” > Select “Start Job”.

3.2 Homology Modelling

In order to gain further insight into the protein-ligand complex, a reliable 3D structure of the
macromolecule is required. If a macromolecule is difficult to crystallise (ie. the protein is
embedded in a membrane or has flexible regions) or is novel (ie. the structure has not been
determined), then homology modelling can be used. Homology modelling is a method that
allows for proteins to be constructed from amino acid sequences and requires a suitable
template. The template is a 3D structure of a related homologous protein and in general,
evolutionary related proteins share a similar structure. The structural conformation is more
highly conserved than the amino acid sequence in proteins, as small or medium changes in the
sequence usually have little impact on the overall 3D structure. Homology modelling can be
used for a number of different functions including drug design, substrate specificity, function
annotation and generating starting models for solving structures (X-ray crystallography, NMR

and electron microscopy).

Homology modelling consists of four main steps and they are template identification, target-
template sequence alignment, model building and model evaluation. As aforementioned, one
or more existing experimental structures similar to the protein of interest can be used as a
template to construct a model of the target sequence. The target sequence is used as a query to
search for a suitable template that has an experimentally determined structure. This involves
searching structural databases, such as the Protein Data Bank, or performing a protein-BLAST.
The next step involves examining the identity between the target and template sequence, and
this is a determinant in model quality. The sequence identity should be greater than 30% and

to be used in molecular docking, the identity should be greater than 70%.
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The model is then built using atomic and residual information from aligned sequences. There
are four main aspects of model building and this includes backbone construction, side chain
modelling, loop modelling and model optimisation. Several protein structure prediction

resources are available for use:

e SWISS-MODEL (http://swissmodel.expasy.org/)
e |-TASSER (https://zhanglab.ccmb.med.umich.edu/lI-TASSER/)
e MODELLER (https://salilab.org/modeller/)

Once the model has been obtained, it is important to assess its quality. Ramachandran plots can
be used to assess the stereochemistry of a model (bonds, bond angles, dihedral angles, non-
bonded atom distances) and can allow for the distribution of the [J[Jand v torsional angles to
be visualised (Figure 3.2.1). In order for a model to be considered good quality, more than 90%
of the residues should be in the favoured regions. Model evaluation resources, such as

PROCHECK, can be used to generate the Ramachandran plots (https://saves.mbi.ucla.edu/).

Ramachandran Plot
saves

Psi (degrees)

135 180

Phi (degrees)

Figure 3.2.1: The crystal structure of the SARS-CoV-2 spike protein RBD in complex with
the human ACE2 receptor was uploaded to PROCHECK and the Ramachandran plot was
obtained (PDB ID: 6VW1).
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Once again, we will be focusing on the protein sequences of ACE2 from Gorilla gorilla gorilla,
Rhinolophus ferrumequinum, Mus musculus, Macaca mulatta, and Pongo abelii. The crystal
structure of the ACE2 receptor for each of these organisms is unavailable on the Protein Data
Bank and as a result, a model can be built using homology modelling. The crystal structures of
the ACE2 receptors for Homo sapiens and Felis catus are available (their structures have been
solved experimentally). We will be using the SWISS-MODEL server and the sequence of the
ACE?2 receptor from Macaca mulatta (18). Once on the website, press “Start Modelling” and
you can either paste the FASTA sequence obtained from UniProt into the text box or upload

the target sequence file. Select “Search for Templates™.
& demm  SWISS-MODEL

Untitled Project created: today at 08:5¢

Template Results o

Build Models @
Selection

Figure 3.2.2: The template results for the Gorilla gorilla gorilla ACE2 receptor are shown. The
human ACE2-BOAT1 complex (PDB ID: 6M18) was the top-ranking template and it has a
sequence identity of 99.0%.

A page displaying the template results will appear and details about the quaternary structure,
sequence similarity and alignment can also be found (Figure 3.2.2). For each template,
information is provided about the target sequence coverage, GMQE, QSQE, the sequence
identity to the target, the experimental method used to obtain the structure, the oligomeric state,
the ligands (if any), the sequence similarity to the target, and the template search method used.
In homology modelling, it is preferable to use structures that are determined by X-ray
crystallography with a resolution higher than 2.2 A as templates (it may be necessary to trade-
off between high sequence similarity and experimental resolution). The Global Model Quality
Estimation (GMQE) is expressed as a number between 0 and 1 and the value reflects the
expected accuracy of a built model (18). Higher numbers indicate higher reliability. The
Quaternary Structure Quality Estimate (QSQE) is a number between 0 and 1 that reflects the
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expected accuracy of interchain contacts for a built model (18). This number is only calculated
if it is possible to generate an oligomer and only for the top ranked templates (18). A high score

(above 0.7) is generally better and the model can be considered reliable.

Once the appropriate templates are selected, press “Build Models”. On the “Model Results”
page, information is provided about the predicted oligomerisation state, ligands, the GMQE
and the QMEAN (Figure 3.2.3). The built model is compared to experimentally determined
structures and the QMEAN Z-score is provided (18, 19). If the QMEAN Z-score is around 0,
it indicates good agreement between the model structure and experimental structures of similar
size (18). Scores that are below -4.0 indicate that the model is low quality (can be seen by the
thumbs up and thumbs down symbol) (18). The “Structure Assessment” option can also be

selected and the Ramachandran plot, quality estimate and residue quality results will appear.

mary  Templates €0 TR Project Data +
Orderty:  GMQE v

Oligo-State. Ligands GMQE QMEAN
Monomer (matching 1XZNT & 0.81 116
prediction}
1xZINC ION A
ZN.22: 3 residues within 4A ¥
No protein-ligand interaction detected (PLIP)

Global Quality Estimate Local Quality Estimate (=i
ovean T T T 1 18
Al atom [ L. Il om
soivation I | 1M 101
torsion L ¢1 | Tl-165

Template  Seqldentity Coverage

6mi1818B 99.00% L]

Modal-Template Alignment

Figure 3.2.3: The “Moc;el Results” page is dis@ed and the homology model of the Gorilla
gorilla gorilla ACE2 receptor that was built from the 6M18 cryo-EM template can be seen.

The results from homology modelling can be downloaded and the quality of the model can be
assessed further using PROCHECK, which is a structure validation server (20). The model
(.pdb file) that was generated from SWISS-MODEL can be uploaded to the server and the

PROCHECK option can be selected.

3.3 Mutations

Protein residues can be mutated in programs such as Maestro and PyRx (Figure 3.3.1). Once
the crystal structures of interest have been imported into Maestro, go to “Tasks” > select

“Mutate Residues”. In the “Mutate Residues” window, you can specify the protein chain that
consists of the residues of interest, the residue number, and the new amino acid for the mutated
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residue. In PyMOL, import the protein of interest and display the sequence of amino acids. Go
to “Wizard” > “Mutagenesis”. In the menu on the right-hand side, select “No Mutation” >

Select an amino acid from the drop-down menu > Select “Apply” and “Done”.

File  Edit  Select

T
M A ;

@ Mutate

[ Pick to select residue
Chain: B
Residue: | 30

Ligand Interaction Protein Preparation Align ~ Measure

ALA ~
ARG

ASP 4 W

= = U 8 3
i i | - 'a { L]
a SO G L
HIS P A £
e ‘v‘\»,ﬁ-\ls"‘_ A
- el N gl
e 3 o [ (e

.
5

» & G6YWIHumanACE2

00

Figure 3.3.1: The amino acids of a protein can be mutated in Maestro using the “Mutate
Residues™ tool.
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Week 4: Molecular Docking Using PyRx
4.0 PyRx

PyRx is a virtual screening software tool that can be used for drug discovery. It uses a large
body of open source software such as AutoDock Vina, Python and Open Babel. The structure
of the protein and the chemical structures of the compounds must first be converted to PDBQT
format for docking with AutoDock Vina (Figure 4.0.1). The 3D structure of the protein and the
compounds can be imported into the “Molecules” window of the Navigator section. In the
“Molecules” window, right click, and select “Load Molecule” > Access the folder with the
structures of interest > Choose “Open”. The .sdf file of the ligands that have been downloaded
from PubChem can be converted to .pdb format in programs such as PyMOL or Maestro. The
structure of the protein must be prepared as a macromolecule. Right click on the protein in the
“Molecules” workspace > Choose the “AutoDock” option > In the menu that appears, select
“Make Macromolecule”. To prepare compounds as ligands, right click on its structure in the
“Molecules” workspace > Choose the “AutoDock” option > In the menu that appears, select
“Make Ligand”. In the “Preferences” tab, expand the AutoDock section and go to “Ligand

Preparation” > To generate flexible ligands, ensure that all torsions are activated.

ﬂ PyRx - Virtual Screening Tool
File Edit View Help

hdal BRI
%7 Molecules | ¥ AutoDock | BATVIK | )= Mayavi s 83D Scene | [ DPlots | I Documents | | | Tables | 4 Open Babel
® [ # evwi Borotein P EEYTZZ® 8 40 H@
Display L

AutoDock > Make Ligand

Save as PDB Make Macromolecule

Remaove from Scene

Figure 4.0.1: The PyRx Virtual Screening Tool window is displayed. Protein structures and
compounds can be imported into the “Molecules” section and can be prepared as
macromolecules and ligands, respectively.

Prior to molecular docking, the ligands can also be energy minimised (Figure 4.0.2). In the
“Open Babel” window of the “Controls” section, the structures of the ligands can be imported
by selecting the symbol with the addition sign (“insert new item”). Right click on the compound
> Choose “Minimize Selected” > Once the ligand has been minimised, you can choose the

“Convert selected to AutoDock Ligand (pdbqgt) option”. If there are multiple ligands, they can
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all be selected > Right click and choose “Minimize All” > Once minimised, choose the
“Convert all to AutoDock Ligand (pdbqt) option”.

@ PyRx - Virtual Screening Toal — O X
File Edit View Help
ITPRYw O
View 8
|| ' Molecules | % AutoDock | BATVIK | Do Mayavi | v ||| B swene | 2 0Pots | ZfDouments | | |Tables | ‘% Open Babel
EEYENZEZ@ B &L WHG

Chloroquine

Controls =]

| vinawizard | % AutoDockWizard | 4 OpenBabel ¢ Pythonshel | &Wlogger |

V\ew:|NoﬁIber V|| Results: All 2 items | [ ] M
Tite | Formula ‘ Weight Mumber of atoms |

Chloroguine C18H26CIN3 319.87214 48

MLN-4780 C19H23CI2MN304 428.30962 51

‘Welcome to PyRx - Virtual Screening Tool

Figure 4.0.2: The ligands can be imported into the “Open Babel” window in the “Controls”
section and can be energy minimised. Once minimised, they can be saved as .pdb files and can
be converted to an AutoDock ligand (.pdbqt file).

Select the “Vina Wizard” tab under the “Controls” panel. Select “Local” for the “Vina
Execution Mode” > Press “Start”. For the “Select Molecules” tab, the prepared protein and
compounds can be selected from the “Ligands” and “Macromolecules” folders in the
“AutoDock” window > Press “Forward” (Figure 4.0.3).
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W PyRx - Virtual Screening Tool -

File Edit View Help

(We Y W@
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-5 Ol it

-pdbey
%P Resveratrol_modell.pdbqt

B Macromolecules
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Controls 8

J Vina Wizard | @ AutoDockWizard | S OpenBabel | # PythonShel | #logger |

Y StartHere g% SelectMolecules RunvVina [ Analyze Results
Select Ligand(s) and Macromelecule from Navigator ~> AutaDock panel

Use Control and Shift buttons to select multiple Ligands.

1ligand(s) selected. | H:\\ yRi\Macr cules\Gywl_B-pr 1_B-protein pdbqt selected.

| +J] Add Ligand H +[] Add Macromolecule ‘ [ Back || Forwad |

Figure 4.0.3: The energy minimised ligand (chloroquine) and ACE2 receptor that are found in
the “Ligands and “Macromolecules” folders, respectively, can be seen. In the “Selected
Molecules” tab of the “Vina Wizard”, it is evident that 1 ligand and 1 macromolecule are
selected.

In the “Run Vina” tab of the “Controls” panel, the receptor grid can be generated and the size
and position of the grid can be altered (Figure 4.0.4). If the binding site of interest is known,
the receptor grid can be positioned around the residues that form that region. To highlight
protein residues, press the addition symbol next to the structure in the “Molecules” window
and the sequence will appear. Select the residues of interest and press the “Toggle Selection
Spheres” button. If the binding site is unknown, blind docking can be performed. The grid can
be generated around the entire protein by maximising its size. The exhaustiveness can also be
changed from the default number of 8.
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Figure 4.0.4: The receptor grid has been generated around several residues in the target binding
site in the human ACE2 receptor and are coloured pink.

Click “Forward” to start the docking calculations and after virtual screening is completed,
PyRx will go to the “Analyse Results” page. The nine best binding poses for each ligand are
shown and the more negative the binding affinities are (kcal/mol), the stronger the predicted
affinity. The binding affinities can be exported in a spreadsheet as a .csv file and the output
structures can be saved as a .sdf file. To save all poses, change the preferences. Go to “Edit” >
“Preferences” > “Open Babel” > “AutoDock Ligand” > “Number of Poses to Retain: 0”. The
docking outputs will appear under the “Macromolecules” folder. The structures can be opened

in PyMOL and converted to .pdb format. They can be imported into Maestro for analysis.

4.1 Binding Site Prediction

Ligand binding site prediction tools such as PrankWeb can be used to predict potential ligand
binding sites in protein structures (Figure 4.0.5) (21). The PDB code or the file of the protein
of interest can be uploaded to the PrankWeb server and the results can be downloaded as a
compressed (zip) folder. The predictions spreadsheet contains the pocket scores, residues, and
surface atoms. There is also a residues spreadsheet and a visualizations folder that contains the
structure.pdb.pml file that can be opened in PyMOL.
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Figure 4.0.5: The human ACEZ2 receptor was uploaded to the PrankWeb server and the results
are shown. The pocket that is coloured blue is predicted to be the top-ranking ligand binding

site.

45



N
ErigENOMIC

MEDICINE

Week 5: Introduction to the Command Line

5.0 Overview of the Command Line

To generate the receptor grid in PyRx, we need to change the size of the box and move it around
to the target region manually. To be consistent and more accurate, the coordinates of the grid
should be the same each time and this can be a tedious process. Alternatively, the command

line can be used.

The graphical user interface (GUI) allows users to interact with system graphical elements such
as windows, icons, and menus. The command line is an interface (CLI) that allows users to
view and manage computer files, and run applications by executing text commands (Table 2).
There are different command line interpreter applications (command line shells) and examples
include Windows Powershell, Command Prompt, Ubuntu, and Cygwin. There are also
different operating systems. Linux, which is derived from UNIX (UNIX is not free to use and
not open source) is one of the most commonly used operating systems. Windows is a
commercial operating system and users do not have access to the source code. On a MacOS

operating system, commands can be run through the Terminal.

File systems are arranged in a hierarchy, with the working directory being the current folder
where commands will take place (Figure 5.0.1). The root directory, which is denoted by the
slash (/) sign, is the highest directory in the hierarchy and a user has control of all files and
folders in the system. The home directory is a subdirectory of the root directory and it is denoted

by “/home”. The files for a given user can be found in the home directory.

root /

[bin | [boot | [dev | [etc | [nome| [ 1ib | [media] [mnt | [opt | [sbin | [ stv | [proc | [tmp | [(usr | [ var |

Figure 5.0.1: Files and folders are organised in a hierarchical system.

By typing in the command “pwd” (print working directory), it will tell you the current working
directory (Figure 5.0.2). To change the working directory, type in the command “cd” (change
directory). To go back to the parent directory (one level above), type in the command ‘cd ..
(change directory with two dots). You can use this command multiple times to move through
multiple levels and a single dot (.) means the current directory. Previous commands use relative

paths and this means that it depends on the current working directory. The absolute paths will
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allow you to navigate from anywhere. To switch to the root directory, which is the top-level
directory of a file system, type in the command “cd /”. To switch to the home directory, type
in the command “cd ~”. To create a folder, type in the command “mkdir” (make directory).
To look at files and folders in a directory, type in the command “Is” (list). The “cat”

(concatenate) command can be used to look at the contents of a file.

Y cd
cd Users/username
:‘\Usershusername> pwd

>
B
o

Path

C:\Users\username

PS C:\Usershusername> 1s

Directory: C:‘\Users\username

LastlriteTime Length MName

Documents

Figure 5.0.2: Commands executed in Windows Powershell. The C: drive is the root directory
and the home directory is “C:\Users\username.” The “Users” directory will contain a list of the
users that have access to the computer and “username” will be used in this example. Once in
the “username” directory, the command “IS” can be used to display the contents and it can be
seen that the “Documents” folder is within the “username” directory.

To copy files, type in the command “cp”. A copy of file 1 can be made in the current working
directory and can be called file 2 by typing in the following command “cp filel file2”. To move
or rename files, the command “mv” can be used. To move or rename file 1 to file 2, type in the
command “mv filel file2”. In order to carefully delete files and delete folders, the commands
“rm” and “rmdir” can be used respectively. Use these commands with caution as the files will
be deleted forever. It is important to name your folders and files carefully, as commands and
file names are case sensitive (Figure 5.0.3). Punctuation should be avoided and this is also the

case with spaces. Spaces can be used if necessary but they need to be put in quotation marks.
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Slashes can also be used if necessary: forward slashes are used in Linux (/), back slashes (\) are
specific for Windows.

PS C:\Usersh\username» cd Documents
PS C:ZWUsershusernamehDocuments:> 1s

Directory: C:‘\Users\username\Documents

LastlriteTime Length MName

Figure 5.0.3: The “Course notes” folder has been accessed from the “Documents directory”
and the notation that is used is depicted.

Table 2. Summary of the commands that are commonly used.

pwd Print working directory Display path of current directory
cd dir Change directory Change working directory

cd. Single dot (change to) Current directory

cd .. Two dots (change to) Parent directory

Is List Lists files and folders

mkdir dir Make directory Creates new folder

cat file Concatenate Display contents of file on screen
cp filel file2 | Copy Copy a file

mv filel file2 | Move Moves or renames a file

rm file Remove Deletes files

rmdir dir Remove directory Deletes folders
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5.1 Molecular Docking Using Vina Through the Command Line

The prepared protein and ligand PDBQT files that were generated through PyRx can be
obtained from the “Macromolecules” and “Ligands” folders in the “mgltools” directory (Figure
5.1.1). The path can be checked in PyRx by going to: “Edit” - “Preferences” - “Workspace”
(eg. H: \\.mgltools\PyRx).

EB Preferences X
&- AutoDock AutoDock Preferences

[~ Open Babel

‘.- Logger Autododk: ‘aub:udu:udﬂ Browse...

Vina: |C:'|,Program Files {x86)\PyR\vina.exe Browse. ..

Autogrid: ‘autogridﬂf | Browse. ..
| Browse...

Workspace: |H:'n'u-mgltoolsﬁP3fo

Available CPUs: |3

DK Cancel

Figure 5.1.1: The “Preferences” window of PyRx is displayed and these settings can be
changed.

The input files that are needed for docking include the ligand pdbqt file, protein pdbqt file,
configuration text file, and vina.exe application file. The configuration file is a text file that
specifies the docking input (conf.txt). This includes the receptor and ligand PDBQT files, the
receptor grid coordinates and dimensions, the docking options and the output files. The same
configuration file can be used to dock ligands to the same protein and the ligand input/output
file name will need to be changed as required. The coordinates and size of the receptor grid can

be obtained from Vina Search Space section in PyRx (Figure 5.1.2).

receptor = receptorname.pdbqt

ligand = ligandname.pdbqt

center_x = x coordinate of the center
center_y =y coordinate of the center
center_z = z coordinate of the center
size_x = x direction

size_y =y direction
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size_z =z direction

out = vina_nameofligand.pdbqt

log = vina_nameofligand.txt

exhaustiveness = represents the computational effort

num_modes = represents the number of ligand conformations to be produced — the default is 9
| conf - Notepad — O x

File Edit Format WView Help
receptor = protein.pdbgt ~
ligand = ligand.pdbqgt

|
(53]
]
=

center x =
center_y =
center_z = 96.80

|
(]
o
=

size x = 25.8
size y = 25.8
size z = 25.8
exhaustiveness = 8

num_modes = 9

out
log

ligand-protein_out.pdbqt
ligand-protein log.txt

Figure 5.1.2: The configuration file (conf.txt) that can be prepared using a text editor is shown.
The names of the receptor and ligand must be specified, as well as the coordinates and
dimensions of the grid. The exhaustiveness and the number of conformations produced for each
ligand can be changed.

To run the docking calculations, the command “./vina —config conf.txt” should be executed
(Figure 5.1.3). The docking progress will be displayed on the screen. The docked ligand
structure will appear as an output file (ligand-protein_out.pdbqt) and this contains all binding
modes in a single file. This can be opened in PyMOL. The ligand-protein_log.txt file lists the

binding affinities of the binding modes in kcal/mol.
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EXN Windows PowerShell — O x

PS5 D:%WEPIMOL-2318%1_WK85_Command-line\Sample-docking> ./vina --config conf.txt
R R N R N N R I R R S N R NN R R R R N N R R R RS
# If you used AutoDock Vina in your work, please cite: E

#
#
#
# with a n #
# multithreading, Journal of Computational Chemistry 31 (2818) #
¢ 455-461 #
#
#
#
#
%

18.1882/jcc.21334

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

. done.
ring function ... done.

from best mode

b [ W I R Yy Sy =

Woa

Writing outp

Figure 5.1.3: Chloroquine was docked to the target binding site in the human ACE2 receptor
using AutoDock Vina via the command line (Windows Powershell). The binding affinities
(kcal/mol) are displayed.

These values can be recorded for further analysis. Once again, the poses can be saved as
separate files in PyMOL. Go to “File” > “Save Molecule” > “Save to “Multiple Files” > Save
state “All” > Save as a .pdb file. The docking poses and interactions formed with the protein

can be visualised in Maestro (Figure 5.1.4).
Example:

e C:Users\username\> cd Documents\Coronavirus\Course\Docking\Chloroquine

e C:Users\username\Documents\Coronavirus\Course\Docking\Chloroquine> Is
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e C:Users\username\Documents\Coronavirus\Course\Docking\Chloroquine> ./vina.exe -

config conf.txt

(@ 2D Workspace - Ligand Interaction Disgram - o X

| ligand-protein_log - Notepad — O * G Bt e
File Edit Format WView Help [ Syncwith D Ligand: [N: UNK 0 | Cutoff: [4.00 2] HBonds [ Salt ridges (7] Waters [] Protein-Water H-5ends [] Metals
Performing search ... done. A - R
Refining results ... done. N
& G @
mode | affinity | dist from best mode ¢ )
| (kcal/mol) | rmsd 1.b.| rmsd u.b. / & o
————— e e (
1 -6.1 8.608 B.6e0 £,
2 -6.0 1.713 3.015 N
3 5.7 9.669  11.891 A
4 -5.6 3.859 8.852 \
5 -5.6 3.563 6.551 If;"\ P -
6 5.4 9.599  10.471 a 7
7 -5.4 3.145 7.112
8 -5.4 2.881 6.843 T
9 -5.3 2.537 4.387 - k e
Writing output ... done. \ /
L ALA LEU
< > = 391
) Charged (negative) Polar Distance —e Pi-ction
o Charged (positive) ) Unspecified residue - H-bond — Saltbridge
Glyane Water Halogen bond Solvent exposure
Hydrophobic Hydration site —  Metal coordination
J Metl X Hydration sice (displaced) e-e Pi-Pi stacking

Figure 5.1.4: The ligand-protein_log.txt file that was produced from molecular docking is
shown and the binding affinities of chloroquine are listed. The structures of the poses produced
from blind docking were imported into Maestro and the “Ligand Interaction Diagram” tool was
used to examine the protein-ligand interactions.
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Week 6: Docking Multiple Ligands Via the Command Line

6.0 Multiple Ligand Docking

Multiple ligands can also be docked using a script that can be run using Vina through the
command line. We will be using an SH script named “vina_screen_local.sh” that has been
developed for the Bash language. Bash is a command line interpreter and a UNIX scripting
language. In order to perform virtual screening on Windows using the Bash script, the
“Windows Subsystem for Linux” setting must be on. This allows for a Linux environment to
be run directly on Windows. To install the “Windows Subsystem for Linux”, go to “Settings”
> “Turn Windows features on or off” > Check “Windows Subsystem for Linux” > Press “OK”.
Open the Microsoft Store and download Ubuntu, which is another Linux open source operating
source system. The Ubuntu console window will open and it will take a few minutes to install.

A new username/password can be made however, it is not necessary to use the program.

The ligands of interest need to be prepared as pdbqt files in PyRx (energy minimised using
OpenBabel and saved as pdbqt files) and the structures can be located under the “Ligands”
folder in the PyRx working directory. The files need to be renamed as ligand_1.pdbqt,
ligand 2.pdbqt...etc. It’s very important to keep track of the ligand names and a spreadsheet

can be created for this purpose (Figure 6.0.1).

A B
1 |Drug name Ligand number
2 |amentoflavone ligand 1
3 brompheniramine ligand 2
4 |chloroguine ligand 3
5 |cimicoxib ligand_4
6 |delavirdine ligand 5

Figure 6.0.1: An Excel spreadsheet that contains the names of the ligands can be created and
this is important when screening a library of compounds.

The files that are required include the protein pdbqt file, named ligand pdbqt files, vina.exe
application file, the configuration file, and the wvirtual screening script. The
vina_screen_local.sh file is a Bash script that can be used to dock multiple ligands using Vina
(Figure 6.0.2).
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B

File Edit Tools Syntax Buffers

SQEDE 9 @|
Mt sbin/bash

for £ in ligand *.pdbqt; do
[ b="basename %f _pdbgt’

Window Help

BIRREB[SSAIT@C ?2 %

eche Processing ligand $b

mkdir -p b

.fuina.exe --config conf.txt --ligand $f —-out ${b}/out.pdbqt --log ${b}/log.txt

done

Figure 6.0.2: The contents of the vina_screen_local.sh script are shown.

In order to execute the script in Windows Powershell, type “bash” to enter the Linux
environment and to leave the Linux environment, type in “exit”. In the directory containing the
relevant files, type in the command “./vina_screen_local.sh” to execute the script. The docking
calculations will be performed on ligands one after another. Individual folders will be created

for each ligand and they will consist of the out.pdbqt file (all binding modes for the ligand in a

single file) and a log.txt file (lists the binding affinities in kcal/mol).

The Ubuntu console window can also be opened and the relevant folder can be accessed by
navigating through the files. In Ubuntu, the C: drive can be accessed executing the “/home”
command followed by “/mnt/c”. The directory containing the relevant files can be specified

and the “vina_screen_local.sh” script can be executed.

:~# cd /home
:/home# cd /mnt
:/mnt# cd ¢
:/mnt/c# cd Users2

:/mnt/c/Users2# cd Username

:/mnt/c/Users2/Username# cd Documents
:/mnt/c/Users2/Username/Documents# cd Examplecommand
:/mnt/c/Users2/Username/Documents/Examplecommand# cd Ligandname
:/mnt/c/Users2/Username/Documents/Examplecommand/Ligandname# ./vina_screen_local.sh

Figure 6.0.3: The commands that have been used to navigate to the directory of interest and

run the script for multiple ligand docking in Ubuntu are shown.
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