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Abstract

In this information era, there is an urgent need for tighter integration of bioin-

formatics and experimental biology. The enormous amount of data generated

by biological experiments calls for extensive computational analysis. Many bio-

informatics textbooks at present mainly focus on theories, which hinders the

vigorous development of scientific research. As a result, most students are sim-

ply familiar with the bioinformatics theories but lack the opportunity to put

them into practice. Here, we present our bioinformatics docking project con-

ducted during the self-isolation period of the COVID-19 pandemic. Five stu-

dents used the RBD–ACE2 complex as a benchmark to conduct a systematic

comparison of several open-source online molecular docking programs. The

virus surface spike protein mediates the entry of the SARS-CoV-2 virus into

human cells by binding to its receptor, angiotensin-converting enzyme

2 (ACE2), through its receptor-binding domain (RBD). Through docking and

comparing predicted structures to the crystal structure, students gained the

opportunity to practice different bioinformatics tools independently and con-

duct research collaboratively. It opens a window for students to reach out to

the state-of-the-art bioinformatics techniques and to keep up with the research

trends. The online workshop has also proven to be an innovative method for

bioinformatics teaching. We hope our work can inspire other educators to

develop strategies to expose undergraduate students to modern bioinformatics

and turn every temporary difficulty into a possible learning opportunity.
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1 | INTRODUCTION

Novel coronavirus disease 2019 (COVID-19) first arose in
December 2019 and quickly turned into the most

damaging pandemic in the 21st century by far.1,2 This
highly transmittable viral pandemic was caused by a new
coronavirus named severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), which belongs to the
Betacoronavirus genus.3 Among this genus, SARA-CoV,
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(SARS) in 2003 and middle east respiratory syndrome
(MERS) in 2012, respectively.4,5 Similar to other cor-
onaviruses, SARS-CoV-2 has many crown-like spike pro-
teins that protrude from the viral surface. The spike
protein is made of two subunits, S1 and S2. The S1 subunit
contains a receptor-binding domain (RBD), which can rec-
ognize and bind to the receptor angiotensin-converting
enzyme 2 (ACE2) on the cell surface, while the S2 subunit
mediates viral cell membrane fusion.6 After successful
binding of the spike protein to ACE2, a serine protease
from the host cell membrane, named transmembrane pro-
tease serine 2, promotes fusion of the viral and host mem-
brane by activating the spike protein.7

Since the interaction between RBD and ACE2 is criti-
cal for the viral life cycle, the inhibition of this interac-
tion can be an efficient treatment.8 Computational
designs allow not only virtual screening to discover
potential small molecule inhibitors, but also the design of
peptide inhibitors of SARS-CoV-2 based on ACE2
sequence. For example, Benítez-Cardoza et al. used the
structure of RDB–ACE2 complex to screen out 20 possible
compounds for developing a drug9 and Han et al.
designed possible inhibitor peptides originated from the
two sequential α-helices from the RBD–ACE2 binding
interface of ACE2 protein.10 However, all these works
can hardly proceed without the critical RBD–ACE2 com-
plex structure. Therefore, structural biologists succeeded
in solving the RBD–ACE2 complex structure only
2 months after the COVID-19 outbreak.11

Molecular docking is a widely used method in struc-
tural biology and computational biology. This method
can be used to model interactions between two mole-
cules, such as protein to protein, protein to peptide, or
protein to small molecule interaction at the atomic
level.12,13 Predicted complex conformations allow the
characterization of behaviors of the two binding partners,
thereby elucidating the fundamental biochemical princi-
ples underlying their interaction. Although the structure
of the RBD–ACE2 complex can be obtained through
laborious experiments, for example, Cryo-EM and X-ray
crystallography, docking can still provide critical infor-
mation about the formation of this key complex, such as
conformations and orientations of two proteins and the
energy of the interaction. In other scenarios when prior
experimental evidence is not available, docking may be
the only way to provide a quick solution to an urgent
task. For these reasons, molecular docking constitutes a
critical component of bioinformatics.

Currently, bioinformatics courses are available to stu-
dents majoring in life sciences in most Chinese universi-
ties. However, most courses mainly focus on theory but
ignore case practices. Therefore, during the COVID-19
self-isolation period, we conducted an online workshop

focusing on molecular docking. In this workshop, four
sophomores and one graduate student collaborated to
systematically compare different open-source online
docking programs using the RBD–ACE2 complex as a
benchmark. The students not only mastered most of the
basic usage of the molecular visualization program,
PyMOL but also learned how to perform docking opera-
tions using different online programs. They also learned
to use Python scripts to calculate the root mean square
deviations (RMSDs), which is a standard quantitative
measure of similarity between two protein structures.14,15

Throughout the online workshop, students not only
deepened their knowledge of bioinformatics but also
gained teamwork skills through collaboration and discus-
sion with each other. We envision that in the context of
the COVID-19 pandemic, this teaching approach will
provide a great example of distance education and inspire
other educators.

2 | MATERIALS AND METHODS

2.1 | Docking procedure

In each docking program, the preprocessed RBD and
ACE2 structure files were uploaded to a specific server,
and results were retrieved through emails. For ZDOCK,
we conducted blind docking and constraint docking with
ZDOCK server 3.0.2 (http://zdock.umassmed.edu/). For
SwarmDock, we conducted blind docking, using Particle
Swarm Optimization mode (PSO mode) and Normal mode
in SwarmDock server 15.04.01 (https://bmm.crick.ac.uk/
�svc-bmm-swarmdock/submit.cgi). For HDock, we con-
ducted template-free docking and template-based docking
in HDock server (http://hdock.phys.hust.edu.cn/). For
ClusPro, we used four restraint modes, namely Balanced,
Hydrophobic-favored, Electrostatic-favored, and Van der
Waals & electrostatics, to conduct docking in ClusPro 2.0
server (https://cluspro.org). For pyDockWEB, we used
user-defined constraint docking in pyDockWEB server
(https://life.bsc.es/pid/pydockweb/). For HADDOCK, we
defined the constraint residues as active residues and all
solvent accessible neighbor residues as passive residues.
After defining the active and passive residues, we per-
formed single-constraint and double-constraint docking in
HADDOCK 2.4 server (https://www.bonvinlab.org/
software/haddock2.4/). For PatchDock, the surface of the
two molecules was first divided into patches according to
their geometric shapes, which were then matched to give
candidate complex structures using the built-in shape
matching algorithms in PatchDock server (http://
bioinfo3d.cs.tau.ac.il/PatchDock/). All the results were cat-
egorized and further manually inspected in PyMOL.
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2.2 | Automated RMSD calculations

RMSD is used to quantify the quality of reproduction of a
known structure by a computational method, such as
homology modeling and docking. RMSD is defined by
the standard deviation of the difference in atom positions
between the predicted structure and the crystal structure
(Equation 1), which can be obtained in PyMOL using the
align command.

RMSD¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

di
2

vuut ð1Þ

In Equation (1), N is the total number of atoms, i is the
index of each atom, and di is the distance between atom
i and its equivalent position in the crystal structure.

Calculating RMSDs of a considerable number of
predicted structures is repetitive and monotonous, so we
wrote a Python script to run in PyMOL for automated
RMSD calculation. The script imports the built-in os python
module to list PDB files in the target folder. The script uses
the cmd.load function from the pymol module to load the
predicted structures into PyMOL. Then, the program uses

cmd.align to align the predicted structure to the crystal struc-
ture (PDB: 6LZG) and calculates the RMSD value. Finally, it
repeats the aforementioned steps until all the PDB files are
analyzed. Between each cycle, the cmd.reinitialize function
from pymol module is applied to refresh PyMOL in order to
prevent interference from the last structure.

2.3 | Programming

Anaconda distribution of Python 3.7.3 and Visual Studio
Code editor were used to program all the python scripts
for automated RMSD calculation. Figures were generated
by ggplot2 3.3.2 package with R language 3.5.3.

3 | RESULTS AND DISCUSSION

3.1 | Workflow of docking

In this project, we evaluated the performance of several
docking programs by comparing the predicted structure of
the RBD–ACE2 complex with its crystal structure (PDB:
6LZG). The workflow encompasses four steps (Figure 1).

FIGURE 1 Workflow of the docking-based training program. In the cartoon representation of the RBD–ACE2 crystal structure, the
ACE2 is colored in olive and the RBD is colored in red, and the interface residues are colored in green. The predicted complex structure is

colored in blue. Through aligning the predicted structure and the crystal structure, we calculated the RMSDs and then evaluated the

performance of different docking programs
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In step 1, students retrieved the crystal structure of RBD–
ACE2 from the RCSB Protein Data Bank. Then, they used
PyMOL to process the complex structure and separated
the RBD and ACE2 structure into individual files. These
individual files were then used as input for docking. In
step 2, students attempted to identify important interacting
residues at the RBD–ACE2 complex interface by analyzing
the forces at the complex interface and by mining the liter-
ature. These interacting residues were used as constraints
in the following docking procedures. In step 3, students
learned to use ZDOCK, a typical docking program, to pre-
dict possible structures of the RBD–ACE2 complex with or
without constraints. In step 4, each student was assigned
to evaluate several different docking programs. In this pro-
ject, seven popular docking programs (ZDOCK,16

ClusPro,17–19 HDock,20 HADDOCK,21 SwarmDock,22

pyDockWeb,23 and PatchDock24) were selected according
to their citation ranking in Google Scholar. The complex
structures predicted by the different programs were com-
pared. At the end of each step, each student prepared a
report and shared it weekly via online meetings.

3.2 | Acquisition and visualization of the
RBD–ACE2 complex structure

The Protein Data Bank (http://www.rcsb.org/) is an
open-source archive for structures of proteins and nucleic
acids. The structures are mostly acquired from X-ray crys-
tallography, NMR spectroscopy, and Cryo-EM.25 Students
were informed that a considerable amount of protein
structures are publicly available, and they are supposed
to search for open-source data to support their study in
the future. As a test case, the structure of the RBD–ACE2
complex is retrieved from the Protein Data Bank (PDB:
6LZG). Typically, protein structures are stored in a spe-
cific file format with the .pdb suffix. This file format is a
readable text file that contains thousands of lines. Stu-
dents can directly open it with a text editor, such as Note-
pad and Microsoft Word, to check its anisotropic
temperature factors, atom coordinates, connectivity
records, conformation information, etc. Furthermore,
students were informed that dedicated python scripts
could process PDB files to fulfill specific needs, such as
changing the chain index.

PDB files can also be processed by software with a
graphical user interface, such as PyMOL, VMD, UCSF
Chimera, and Mastero, of which PyMOL is known for its
user-friendly graphical interface and outstanding render-
ing ability. Mastering PyMOL is thus critical for
researchers. Students learned to perform basic operations
on protein structures such as moving, zooming, rotating,
and aligning two structures with PyMOL. To prepare for

docking, students first removed the water, ligands, and
metal ions from the protein structure in PyMOL to avoid
interference. Then, students split the RBD–ACE2 com-
plex into two separated files with the Selection and Save
functionality in PyMOL. These files were used as input
for the following docking procedure.

3.3 | Analysis of RBD–ACE2 interaction
interface to obtain possible docking
constraints

To prepare constraints for docking, we further analyzed
the RBD–ACE2 complex interface. After loading the PDB
file in PyMOL, students learned to measure the distance
between two atoms in a protein structure (Figure 2). Stu-
dents used Action-Find functionality to identify critical
interacting residues at the complex interface by setting a
cutoff value. The interacting residues within the cutoff
distance were further categorized by the type of interac-
tions (Table 1). Students used the Show functionality to
visualize and color bonds, atoms, and chains. Students
also learned to deploy open-source Python scripts to
highlight the interface residues. By mapping the identi-
fied interactions to the structure, we picked 13 interacting
residue pairs as constraints for docking from three
regions of the RBD–ACE2 interface. Notably, three iden-
tified residues in region 3 including K353 on ACE2,
Q493, and N401 on RBD (marked with * in Table 1) were
reported to abolish the interaction between RBD and
ACE2 upon mutations.26

3.4 | Predicting the complex structure
using ZDOCK

ZDOCK is one of the popular docking programs in acade-
mia for its usability, robustness, and cherished history.
We first conducted blind docking using ZDOCK. Except
for one predicted structure with RMSD = 1.8 Å, RMSDs
of the complex structures generated by blind docking
ranges from 31.4 to 36.2 Å, which is generally not accept-
able. We therefore continued to perform one-constraint
docking operations using the 13 identified constraints.
Then, we aligned each of the predicted complex struc-
tures to the crystal structure of RBD–ACE2 and calcu-
lated the RMSD. Here, according to a previously reported
standard, we consider the crystal structure is accurately
reproduced in a specific prediction if the RMSD value is
less than 3 Å.27

Docking with one constraint improved the best
RMSD to 1.01 Å. ZDOCK reports the top 10 complex
structures in a ranked order that is based on a built-in
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empirical force field.14 However, because the RMSD
values are not consistent with the rank order reported by
ZDOCK, we set up a standard to evaluate which con-
straint performs better to obtain a more accurate struc-
ture in ZDOCK. First, we calculated the RMSDs of the
10 predicted structures obtained by using each constraint.
Then, for those with RMSD values less than the 3 Å cut-
off, we summed up their rank number reported by
ZDOCK to obtain the accumulated rank sum. The
smaller the accumulated rank-sum, the higher the rank-
ing of these structures in ZDOCK, which indicated that

this constraint could better guide the prediction by
ZDOCK. We found that except for constraint ID 11 and
12, other constraint ID docking results all yielded three
results with RMSD less than 3 Å to mostly reproduce the
crystal structure. In addition, constraints 1–6 performed
better than others (Figure 3a).

We further tested whether docking with double con-
straints can further improve the predictions. Five
constraints were carefully chosen based on their posi-
tions, types of the bond, and their one-constraint-docking
performance. However, we found that docking with dou-
ble constraints has a marginal advantage over one-
constraint docking (Figure 3b). Nevertheless, constraint
pairs, 1 + 10 and 4 + 10, are better compared to others,
which might imply that distant H-bonds constraints are
more helpful to obtaining better ZDOCK docking results.

3.5 | Predicting the complex structure
using other docking programs

After we successfully performed a docking trial in
ZDOCK as a group, we further trained students to
explore more docking programs individually. Each stu-
dent was assigned to one or two docking programs.
Students were informed that each program has its own
online manual, which they should refer to and study. Stu-
dents should note that docking programs typically have
different preferences for protein files, and they should
read the manuals carefully and follow the instructions to
modify PDB files to meet the program's requirements if

FIGURE 2 Identification of RBD–ACE2 complex interface residues. Residues from RBD are labeled in red and those from ACE2 in

black. The interface residues distribute in three regions. Region 1 encompasses hydrophobic interactions between residue pairs F486-M82

and Y83-L79, and H-bonds between N487-Q24 and Y489-Y83. Region 2 shows a salt bridge between E484 and K31, as well as two H-bonds

formed between Q493 and residues K31/E35. Region 3 shows three H-bonds between Q498-Q42, G496-K353, and N501-Y41, respectively

TABLE 1 Docking constraints chosen by identifying the

interactions at the RBD–ACE2 interface

Constraint ID RBD ACE2 Type of interaction

1 F486 M82 Hydrophobic

2 F486 Y83 Hydrophobic

3 F486 L79 Hydrophobic

4 Y489 Y83 H-bond

5 N487 Y83 H-bond

6 N487 Q24 H-bond

7 E484 K31 Salt bridge

8 Q493* K31 H-bond

9 Q493* E35 H-bond

10 Q498 Q42 H-bond

11 N501* Y41 H-bond

12 N501* K353* H-bond

13 G496 K353* H-bond
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(a) (b)

FIGURE 3 ZDOCK performance in predicting RBD–ACE2 complex with single constraint (a) and double constraints (b). (a) single-

constraint docking in ZDOCK. A dashed line on RMSD = 3.0 represents the cutoff. The predicted complex structures are considered valid

and used for comparison if RMSD is smaller than 3.0. (b) Double-constraint docking in ZDOCK. Constraint pairs were generated by

combining two constraints of ID 1–13

HADDOCK
Constraints

Single

H-bond Region 1

Y83-Y489

Y83-N487

Hydrophobic interactions Region 1 M82-F486

Salt bridge Region 2 K31-E484

Double

Same Region

Same Type A.
M82-F486

Y83-F486

Diff. Type B.
M82-F486

Y83-Y489

Region 1, Hydrophobic

Region 1, H-bond

Region 1, Hydrophobic

Different Region

Same Type C.
Y83-Y489

Q42-Q498

Region 1, H-bond

Region 3, H-bond

Diff. Type

D.
M82-F486

K31-E484

Region 1, Hydrophobic

Region 2, H-bond

E.
M82-F486

Q42-Q498

Region 1, Hydrophobic

Region 3, H-bond

FIGURE 4 Detailed HADDOCK procedure exemplified docking in other programs. In HADDOCK, we used single-constraint docking

and double-constraint docking. By distinguishing the interaction types and interaction regions, we obtained different results. Students also

practiced other docking programs following customized procedures similar to the HADDOCK procedure
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necessary. After obtaining the predicted structures from
different online docking programs, students wrote a
Python script to automate the calculation of the RMSDs
between the crystal structure and predicted structures.
The overall procedure is summarized in Figure 4, using
HADDOCK as an example.

SwarmDock requires the input of all the residues con-
stituting the binding site because the server only pro-
duces solutions in that region defined by users. The
performance under the PSO mode was better than the
Normal mode, while docking with constraints performed
better than blind docking. In general, it performed better
than ZDOCK.

HDock was performed under both template-
dependent and template-free procedures. We found that
all the minimum RMSDs of template-free docking are
smaller than the minimum RMSDs of the template-
dependent procedure.

ClusPro provides users with four types of energy min-
imization: Balanced, Hydrophobic-favored, Electrostatic-
favored, and Van der Waals & electrostatics for docking.
Results showed that H-bond and salt bridge out-
performed other types.

pyDockWEB gave better predictions using the
double-constraint strategy than the single-constraint
strategy. In general, we found that pyDockWEB per-
formed better than ZDOCK.

HADDOCK results showed that there is no accurate
predicted complex from single-constraint docking.
Double-constraint docking results are generally better
than single-constraints docking. The best RMSD value
reached 0.56 Å.

PatchDock with blind docking methods yielded no
accurate predicted complex (the best RMSD = 11.87 Å).
With the binding site-constraint algorithm, none of the
binding site constraint strategies achieved reliable dock-
ing results. However, with the distance-constraint algo-
rithm using carefully designed atom distance, PatchDock
can produce better results (RMSD = 0.95 Å).

4 | STUDENTS' PARTICIPATION
AND DISCUSSION

Four undergraduate students participated in this project
with the assistant of a graduate student. They learned
how to retrieve open-source resources, basic principles of
molecular docking, the usage of PyMOL, and some
Python programming skills. In the context of COVID-19,
rather than panic about the number of infections, stu-
dents learned to stay calm and tried to join the cutting-
edge research on SARS-CoV-2. Unlike on-scene experi-
ments, molecular docking and literature review were not

affected by quarantine or isolation. Through online meet-
ings, students and their supervisors kept sharing their
results and checking the status of each other. The online
workshop was proven to be a feasible way of teaching
under unconventional conditions.

5 | CONCLUDING REMARKS AND
PERSPECTIVES

Bioinformatics is still in its infancy. Through this docking
benchmark, we found that no docking program can
achieve the same level of accuracy compared to the
experimental results in blind docking. Nevertheless, there
may be some silver lining that some programs did predict
decent complex structures under the use of defined con-
straints. Although this swift procedure still cannot out-
perform experimental methods to provide emergent
support against the pandemic, from another standpoint,
docking expands our understanding of how RBD can pos-
sibly interact with ACE2 and reveals many energetically
possible conformations that the complex may adopt.
Blocking certain interactions may be the key to drug
design and vaccine development. With a tighter combina-
tion of experimental biology and computational biology,
we believe that progressive algorithms and rapidly grow-
ing compute power will completely change our under-
standing of disease and cure. Also, docking provides
perfect introductory materials for bioinformatics teach-
ing. It spans structural biology, bioinformatics, and bio-
chemistry, which can broaden students' insight and help
nurture future researchers.
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