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ABSTRACT: In response to the closure of many university laboratories due to the Covid-19 pandemic in 2020, a handbook and
remote webinar approach designed to support students in the use of software tools for computer-aided drug design has been
developed. Specifically, the course has been designed for chemistry and pharmacy students who have little or no experience of
computational techniques and can use open-source software on their own machines. In this way a flexible and relevant course, giving
a rigorous academic experience, could be delivered even in the most challenging of circumstances. We believe that this laboratory
protocol will help to “democratize” the scientific process in this field.
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Understanding the basis of computer-aided drug design
(CADD) is a vital part of the training of students

specializing in medicinal chemistry, chemical biology, or
pharmacy. The ability to select a target, explore the
interactions between protein and ligand, design small molecule
drug candidates and evaluate their potential in silico provides
students with a crucial skill-set for a successful career as
medicinal chemists.1−4 In March 2020, at the beginning of the
COVID-19 pandemic, there arose the need for simple access to
training and software for this purpose that could be followed
by students working remotely; universities around the world
scrambled to translate their laboratory-based teaching and
research projects to remote working. At University College
London (UCL), we were faced with the daunting task of
transferring 30 students on our MRes Organic Chemistry:
Drug Discovery and MSc Drug Design and Development
courses from laboratory research projects based around organic
synthesis to meaningful and topical research projects in
computational drug design. In the UK, students who have
chosen to specialize in medicinal chemistry, chemical biology,
or pharmacy generally do not have extensive backgrounds or

expertise in computer programming. The students were
nervous about engaging with the “command line” and were
not experienced in downloading specialist software, getting it
operational, and transferring data from one stage of the CADD
process to the next. Moreover, during lockdown the students
had mostly left the university, and we were now without the
means to deliver hands-on training or provide computational
facilities on campus.
In pharmaceutical companies, CADD is carried out by well-

resourced specialized groups, who have access to powerful
software packages with high-end graphical user interfaces. The
cost of providing such packages and training for the numbers
of students involved was prohibitive. We wished to provide a
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solution that would equip students to carry out such analyses
in less well-resourced settings, and also give them more of an
insight into the different stages of computational drug design.
If students could use freely available (ideally open source)
software, this would additionally allow them to work with
other students (perhaps also those beyond UCL) using a
common platform, which would improve their ability to share
data and collaborate on the underlying science. However,
open-source computational drug design software is usually
written by experts, for experts, with little time or resource to
invest in optimization. Thus, user interfaces are usually
minimal and not written with the inexperienced user in
mind. A limited number of groups have developed courses and
protocols to teach CADD to undergraduate students.
However, these have mainly focused on using open-source
software to teach the basic principles of drug design,5−10 or
using specific tools and approaches to illustrate specific drug-
target interactions.11−13

These factors motivated us to put together a “laboratory
handbook” to enable students to carry out complete CADD-
based research projects, using readily accessible, open-source
software. More significantly it prompted us to reassess how our
masters’ courses were designed and delivered, specifically to
integrate CADD with the synthesis of the resulting drug
candidates. In this way we believed that we could deliver a
flexible course in the most challenging of circumstances while
still providing a relevant and rigorous academic training for the
student. UCL has pioneered a framework for research-based
education, the Connected Curriculum.14−16 The central aim of
this framework is to empower students at all levels to learn
through participating in research, and to fully integrate
research and teaching throughout all aspects of undergraduate
and postgraduate courses. With this in mind, we sought to
build an integrated line of research activity throughout the
Masters’ courses, connecting the students with current research
projects in medicinal chemistry throughout UCL, and building
research partnerships between the participating staff and
students on the course. Hence, the “laboratory handbook” is
not focused on one particular drug target or stage of the drug
design process. Rather, it is intended to equip senior
undergraduate and Masters’ level students with the skills
necessary to independently carry out their own research
investigations, on targets chosen in discussion with their
research supervisors.
We worked with students from our first such cohort to put

together a handbook that would allow us to incorporate these
tools into our course as a guide for future students who have
little or no experience of this area. This resource is intended to
help students to access, download, use, and interpret the
outputs from a complete suite of open-source software and
guide them through all stages of the process of computational
drug design. This provides a complete workflow, from the
initial downloading and evaluation of a target protein structure
from the PDB, through searching databases for candidate
structures, designing and inputting drug candidates, molecular
docking experiments, evaluation of the results and subsequent
rounds of molecular redesign. Importantly, all of the software
used is open source and so can be downloaded onto the
students’ own laptops and run remotely: the laboratory
handbook provides guidance to the students on how to
accomplish this. Universities and colleges where students have
access to central servers may wish to allow their students to use
these for the molecular docking itself, as this is computationally

intensive; however, we have also included instructions for
alternatives that could be run locally or using GoogleCoLab.17

Our intention was always that each student would work on
their own project (target, hit, therapeutic area), and be
supervised by one academic member of staff on a day-to-day
basis. Yet staff and students have mixed levels of experience in
CADD, so it was essential that the course supported all
participants through the use of webinars, discussion fora, and
email-based assistance where appropriate (outlined in the next
section).
At this juncture it is important to stress that the

development of this CADD project was not intended as a
replacement for laboratory-based inquiry. Rather, we saw an
opportunity to connect both CADD and “traditional”
laboratory synthetic endeavor. Our vision has always been
that the student would undertake a CADD project and then
proceed to the laboratory where they can then prepare the
molecules that they themselves have designed. Thus, we aim to
deliver a rich, immersive learning experience connected
throughout the year by a single theme and goal.

■ RATIONALE FOR THE SELECTION OF SOFTWARE
PACKAGES

The software packages to be used by the students were
selected with accessibility and usability in mind. While there
are many excellent commercial software packages, these often
require expensive licenses; in addition, many packages require
access to dedicated software license management software.
Since most of the students would be in lockdown in student
halls, or at home in different countries, and perhaps using
communal hardware, we felt the use of open-source software
would offer greatest access. It was also recognized that multiple
platforms would need to be supported: Mac OS, Windows, and
Linux.
Much open-source software is written by experts to be used

by other experts and not written for students with no prior
knowledge of the use of the command line. We sought to
minimize the learning curve by selecting packages that could
be installed using conventional “drag and drop” installation. In
the cases where there was no simple “drag and drop” installer,
or where additional nonstandard software libraries needed to
be installed, we chose to install these on a central server that
provided students with access to a Jupyter notebook,18 an
open-source web application that allows anyone to create and
share documents that contain live code, equations, visual-
izations, and narrative text. This meant the student would only
need a web browser on their local machine to access the
software. An additional advantage was that all students had
access to effectively the same hardware for some of the more
computationally intensive exercises.

■ EXAMPLE PROJECTS

The decision to promote the use of freely available software
was taken in part to aid students’ options for collaboration with
others, and we envisaged adopting open science principles in
future iterations if the students felt comfortable sharing their
work as they went along.19,20 In selecting targets, starting
points, and therapeutic areas on which to work, the students
were presented with two options: (i) work on a target of
interest to their supervising academic; or (ii) work on an
existing open science project. Both of these bring interesting
opportunities for the students, though the second would allow
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the student to interact with a potentially wider scientific team.
Locally we have considerable experience in encouraging and
mentoring students as part of open science projects such as
“Open-Source Malaria”21,22 and “Open-Source Antibiotics”,23

where validated small molecule hits currently require improve-
ment against known but therapeutically novel targets. At the
time of development, there were also emerging opportunities
for students to make contributions to ongoing COVID-19
research.24 The publication of the crystal structure of the
SARS-CoV-2 main protease (MPro), with structural data on
fragment screens and inhibitors,25,26 along with continuously
updated structural data27 from the open source XChem
fragment screen at the Diamond Light Source (UK national
synchrotron science facility) made this a compelling target. In
both cases, as for many of the less-open projects available
locally, it was important to ensure that resources were available
for biological evaluation of the proposed molecules, were they
to be so promising that their synthesis was justified. In other
words, it was motivating for the students to see that there was
the possibility of a complete design−synthesis−test cycle
within one project. Indeed, for the MPro project, there was the
possibility of submitting promising structures to the COVID
Moonshot, a fully open initiative to crowdsourcing, synthesiz-
ing, and assaying molecule designs from medicinal chemists
worldwide.28,29

■ WORKFLOW

Software Employed

We wanted students to be able to open, and perhaps edit, files
using a commonly available text editor (e.g., Notepad, BBEdit,
or TextEdit) so we made the decision to use only generic
chemical file types that use plain text (e.g., SMILES, sdf, PDB).
All students had access to ChemDraw; however, alternative
chemical drawing packages could also be used (Marvin,
ChemDoodle, JME, Ketcher).
DataWarrior30 is a desktop chemically intelligent spread-

sheet and data analysis tool that combines spreadsheet filtering
and interactive plotting. The website provides downloadable
installers for Mac, Windows, and Linux. It comes with
comprehensive help and there are several introductory videos
available.31

PyMOL32−34 is an open-source biomolecule viewer that can
be used to view proteins and their ligands. It can be installed
by downloading a compressed file or by using Anaconda.
Again, there is a freely accessible introductory video.33

SMINA35 is a fork of AutoDock Vina. There are many
different docking software packages; most require familiarity
with the command line and defining the binding site can be
daunting for inexperienced users. We chose SMINA because
the ligand in the crystal structure can be used to define the
binding site. We also chose to install SMINA on the UCL
cluster and provide access via a Jupyter notebook. While this
notebook is specific for the UCL cluster, we have also provided
two other versions. The first version runs locally and requires
the user to install RDKit,36 OpenBabel,37 SMINA,35 and
py3Dmol.38 The second version can be run using GoogleCo-
Lab17 and thus only a web browser is required. To enable facile
communication, a Slack39 channel was set up and all students
given access. Individual channels were set up for the different
software packages.

Step 1: Identifying a Target

Students select their protein of interest through discussion
with their supervisor. Once they have settled upon a target,
crystal structures of the protein must be obtained from either
the Protein Data Bank or another online source. The students
were directed to obtain their protein structures as pdb files, as
discussed in chapter 3 of the laboratory handbook (see the
Supporting Information).
Step 2: Visualizing the Target Protein

Students examine their protein of interest through molecular
modeling in PyMOL.17 Chapter 4 of the laboratory handbook
details how to analyze the targets in PyMOL (through mouse-
clicking and command line tutorials) and demonstrates how to
derive meaningful binding information from ligand-bound
structures.
Step 3: Developing a Compound Library

A collection of molecules for docking experiments are gathered
through the use of online databases. There are many excellent
databases available such as ZINC 15,40,41 Enamine,42

Pubchem,43 and ChEMBL,44,45 with millions of structures
readily accessible. In addition to compiling data sets from
online sources, students are encouraged to modify existing
ligands and/or design their own novel compounds.
Step 4: Preparation for Docking Experiments

Preparing Compounds for Docking. The students
review their compound data sets and filter out structures
based on key properties such as LogP, TPSA, MW and other
drug likeliness values in DataWarrior. After refining their lists
of compounds, minimized 3D conformations of each structure
are generated and written into sdf files for use in docking
experiments as detailed in chapter 6 of the laboratory
handbook.

Preparing PDB Files for Docking. The quality of the
protein structure is critical for successful docking. Some of the
potential issues and solutions are described as follows:

• Alternates. Residues with alternate locations and/or
ambiguous sequence identities are examined, and those
with the highest occupancy are chosen.

• Termini. Protein chain C- or N-termini that need to be
charged or capped require attention. Similarly, for DNA
structures the terminal phosphate may only have three
oxygen atoms bonded to the phosphorus. Accordingly,
an additional oxygen atom should be added.

• Sometimes loops are very disordered and appear as
breaks in the chain. It may be possible to use a loop
library to model a replacement.

• Hydrogen atoms are usually not visible and so need to
be added and checked. In particular, hydrogen atoms on
heteroatoms and water molecules should be checked,
especially at the active site where the local environment
may influence a residue’s pKa value.

• Ligand. Novel ligands in particular need checking to
confirm that atoms and bond orders are correct.

• Conformation. Check that torsions are reasonable and
there are no clashes.

• Charge. The charge on all ionizable groups should be
checked.

Step 5: Performing Molecular Docking Experiments

In chapter 9 of the laboratory handbook, students are taken
through the process of running their own docking experiments.
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Experiments are designed by the students to dock specific lists
of compounds into their target protein. The docking is
facilitated by using a Jupyter Notebook that can be accessed on
the students’ own machines through use of a VPN to the UCL
Teaching Cluster or via alternative methods (such as
GoogleCoLab). The notebook provides an environment
suitable for performing docking simulations, including RDKit
to generate conformations for docking and SMINA to perform
the docking experiments.

Steps 6, 7, and 8: Analysis of Docking Results

Finally, the students are shown how they might go about
analyzing the results from their docking experiments. The
poses generated from SMINA are assessed through visual-
ization in PyMOL and the docking scores (RFScore) and
binding affinities (minimized affinity) calculated by SMINA for
each pose are examined in DataWarrior. Students then go on

to perform repeated cycles of design, docking, and analysis to
further develop their compounds.
The workflow process is illustrated diagrammatically in

Figure 1, which gives an overview of the process related to the
sections included in the laboratory handbook.

■ NEW DEGREE STRUCTURE: PEDAGOGICAL
RATIONALE

The development of the “laboratory handbook” and the
restrictions imposed by the COVID-19 pandemic presented a
pedagogical opportunity for us to refine and improve the
original design of the course.46 In particular, the migration of
taught material and examinations to online platforms gave us
the freedom to organize the course in a way that was relevant
to the students while still giving them maximum exposure to a

Figure 1. Workflow for open source computer-aided drug design.

Figure 2. Redesigned course following the Covid-19 pandemic.
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diverse skillset and a holistic overview of the drug discovery
process.
The new structure (Figure 2) allows a more streamlined

approach. Academic modules are taken in the first term, with
the choice of subject (particularly Principles of Drug Design)
supporting the ethos of the course and preparing students for
later activities. Significantly, students choose a project at the
beginning of their course and then use the first term to
research the literature background to the field of their interest.
This allows students to immerse themselves in the theoretical
aspects of their project before beginning any “hands-on”
computational techniques. The early choice of project also
gives students the incentive to learn the techniques that they
would later use.
The incorporation of all (or most) of the academic and

theoretical aspects of the course into term 1 allowed us to be
creative in the training and research experience that we could
offer in terms 2 and 3. We were keen to offer both the vital
synthetic chemistry experience that is required in modern
pharmaceutical and biotechnology industries as well as an
industry-leading training in computational molecular docking.
With our new degree structure, we realized that we could offer
a rigorous and valuable training in molecular docking
techniques in term 2, using the “laboratory handbook” and
supported by webinars, discussion fora, and email-based help,
as described above. This is then followed by an immersive
synthetic laboratory experience in term 3 and through the
summer. Crucially, the students would work on the same target
throughout their course; writing a literature review on the
target in term 1, undertaking molecular docking studies on this
target in term 2, and then, for the remainder of the course,
preparing molecules in the laboratory that they have designed
themselves. We have found that this structure works well
because it gives students a sense of value and ownership of
their project, it trains them in all of the modern drug discovery
techniques, and is an original research area to justify the award
of an advanced degree.

■ OUTCOMES
Following the first iteration of this redeveloped course (May−
September 2020) we were delighted with the achievements of
the students. Several students generated novel compound
structures that had profiles worthy to be taken forward to be
synthesized and tested as inhibitors of their chosen target
(Figure 3). In terms of the pedagogical outcomes, from student
feedback, despite some initial reticence, most students
reported having a good experience and to have learned skills
that they felt would be valuable for their future careers.
Although this is only anecdotal and meaningful data are
difficult to collect in such a disrupted year, this was reflected in
the degree outcomes, with more than three-quarters of the
cohort obtaining the highest (distinction) classification for
their degree.

■ SUMMARY
We envisage that this will be an invaluable resource for
students undertaking postgraduate MSc, MRes, or MPharm
programs in which there is a substantial element of drug
design, and potentially for final-year students on MSci,
MChem, or MPharm four-year undergraduate courses. The
development of this course has been undertaken specifically to
give the students a research experience in which laboratory
work was not viable but still has wider relevance to organic
chemistry and the development of skills within that discipline.
Pedagogically, this has both engaged and enthused the
students, and this has been reflected in their degree outcomes.
For the former students who are authors on this work (B.A.C.,
Y.W.) and who worked to prepare the handbook for future
cohorts, their efforts have been received well by the current
cohort who appreciate the fact that the handbook has been
written by students for students. Accordingly, future iterations
of the handbook will evolve with subsequent cohorts’ feedback.
To facilitate this, and to encourage contributions from the
broader community, we have made the manual available online
and are now converting it to a wiki-based living document for
ease of future editing.47

Figure 3. An example of one of the final compounds selected for synthesis from the CADD projects of the 2019−2020 cohort. The compound is
the student’s own design for a small molecule targeting the SARS-CoV-2 Mpro, visualized in PyMOL.
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More widely, although disruptive at the time, the develop-
ment of this course was a timely one for the University College
London cohorts. For some time focus at UCL has been
moving from “teach-and-exam”-based assessment, (particularly
at the postgraduate level) toward a more immersive approach
informed by research (the Connected Curriculum). The
necessity for reinvention in mid-2020 allowed us to effect
such changes with a degree of freedom that rarely presents
itself. A particular focus of this redevelopment was that all
aspects (projects, software packages) should be open-source
and therefore the research undertaken should not only be
valuable to the students themselves but freely available to the
scientific community. Because access to powerful computer
servers or expensive software packages is not required, we
believe that this laboratory protocol will help to democratize
the scientific process in this field, making computational drug
design readily accessible to students and researchers in a
variety of settings, including less well-funded institutions, and
even to final-year students in secondary schools.

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available at https://pubs.ac-
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