ELSEVIER

Undergraduate structural biology education: A shift L
from users to developers of computation and

simulation tools

Available online at www.sciencedirect.com

ScienceDirect

Current Opinion in

Structural Biology

Check for
updates

Ashley Ringer McDonald', Rebecca Roberts?,

Julia R. Koeppe® and Bonnie L. Hall*

Abstract

The use of theory and simulation in undergraduate education

in biochemistry, molecular biology, and structural biology is

now common, but the skills students need and the curriculum
instructors have to train their students are evolving. The global
pandemic and the immediate switch to remote instruction forced
instructors to reconsider how they can use computation to teach
concepts previously approached with other instructional methods.
In this review, we survey some of the curricula, materials, and
resources for instructors who want to include theory, simulation,
and computation in the undergraduate curriculum. There has
been a notable progression from teaching students to use
discipline-specific computational tools to developing interactive
computational tools that promote active learning to having stu-
dents write code themselves, such that they view computation as
another tool for solving problems. We are moving toward a future
where computational skills, including programming, data analysis,
visualization, and simulation, will no longer be considered an
optional bonus for students but a required skill for the 21st century
STEM (Science, Technology, Engineering, and Mathematics)
workforce; therefore, all physical and life science students
should learn to program in the undergraduate curriculum.
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Introduction

The use of theory and simulation in undergraduate ed-
ucation in chemistry, biology, and biophysics has
changed dramatically over the last decade and even
over the last several years. There is a growing recogni-
tion that the modern technical workforce requires
virtually all students to have competency using
computational tools to generate and analyze data,
especially with the continually growing emphasis on
data science and machine learning in all aspects of
computational molecular science. We use the term
computational molecular science (CMS) to refer to the
wide range of disciplines that use computational tools to
solve problems related to chemistry, biochemistry, mo-
lecular biology, structural biology, and even materials
science, though the latter will not be the focus of this
review. Figure 1 illustrates the intersection of these
disciplines and methodologies.

The expansion of computational science in the under-
graduate curriculum was certainly hastened by the
SARS-CoV-2 global pandemic and the instantaneous
pivot to emergency remote instruction for most uni-
versities around the world [1]. Educators took the op-
portunity to teach the computational tools of their
discipline and to create new computational tools to
teach other concepts, including some that were previ-
ously taught with wet laboratory techniques. In this
review, we highlight some of the recent advances and
exemplars that use theory, simulation, and computation
in the undergraduate chemistry, biochemistry, molecular
biology, structural biology, and bioinformatics curricula.
We delineate the progression of these educational
resources from those that are more ‘plug and play’ and
teach students to use existing computational tools to
those that teach students programming and have stu-
dents write their own code to address chemical and
biophysical problems.

Teaching computation in structural biology
and biochemistry

A few decades ago, the thought of teaching an under-
graduate student the nuances of structural biology was
rare. 'Training in the required computational analyses
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Intersection of CMS disciplines and methodologies that contribute to
structural biology curricula.

and visualization was reserved for graduate students and
postdoctoral fellows. However, modern research and
industries began calling for these skills in the workforce
[2,3]. For example, the pharmaceutical industry was
shifting to identification of lead compounds using
computational modeling and molecular docking, yet
undergraduates were not receiving the requisite training
in these fields.

As the call for improved CMS training became louder,
undergraduate educators were faced with several bar-
riers. First, this arena is inherently interdisciplinary and
dynamic [4]. An individual educator rarely has all of the
skills needed to develop (and continuously redesign) a
robust curriculum. Second, course materials were scarce.
A field in rapid development results in textbooks, and
even web-based resources, becoming obsolete quickly.
Luckily, these obstacles are being overcome and un-
dergraduate computational structural biology is at the
start of being a norm in training the workforce for 21st
century STEM careers.

The interdisciplinary nature of structural bioinfor-
matics has nurtured the formation of collaborative
endeavors to support faculty development and curric-
ulum innovation. The historical and current influence
of four organizations spearheading the reform for in-
clusion of computation in biology curricula [BioQuest,
MathBench Biology Modules, Quantitative Under-
graduate Biology Education and Synthesis, and Inter-
collegiate Biomathematics Alliance] is presented by

Akman et al. [5]. Quantitative Undergraduate Biology
Education and Synthesis and the Network for the
Integration of Bioinformatics into Life Science
Education groups embraced an incubator model. This
model facilitates production of freely available re-
sources by bringing together groups of educators with
varying skill sets in short, online collaborations [6].
The Cheminformatics Online Chemistry Course
approached the problem by bringing together educa-
tors from various institutions and external experts from
industry and/or government. Students enrolled in the
course interact with many different people who, com-
bined, provide the expertise required to run the course
[7]. Other cross-disciplinary groups have formed
organically. A team led by Vater at the University of
California, Davis, encompassing educators from 10 in-
stitutions, developed a robust Course-based Under-
graduate  Research  Experience (CURE) that
challenges students to investigate protein structure
modifications using Foldit [8]. The Biochemistry
Authentic Scientific Inquiry Lab (BASIL) is another
CURE developed by a multidisciplinary team of edu-
cators with expertise ranging from chemistry and
biology to computer programing and educational
assessment [9,10]. The BASIL CURE introduces stu-
dents to computational science in structural biology
using molecular visualization tools, molecular docking
software, and sequence and structure alignment tools.

Through these groups and individual educators, the
availability of pedagogical resources is increasing. For
the majority, students are using software to investigate
structural biology problems, in essence, a ‘plug and play’
format. Recent publications describe individual mod-
ules or courses, whereas others illuminate complete
overhauls of a major curriculum [11—18]. Hall et al.
[13] provide a helpful overview of resources including
textbooks, databases, and computer-based applications.
Augmented reality (AR) technology is a novel peda-
gogical approach; Hoog et al. [14] describe using
smartphone-based AR technology in educational appli-
cations, and a preprint posted on ChemRxiv from Cortés
Rodriguez describes interactive AR experiments for
structural biology available on the MoleculARweb
website [15]. Two recent articles highlight the use of
computational techniques to support further under-
standing of biochemistry and/or bioinformatics. Sharp
et al. [16] designed online computational modules
aimed at introducing and reinforcing structure—
function relationships. Acknowledging that third-year
students were struggling in a biotechnology course,
Zhang et al. [17] developed an elective course on pre-
liminary structural biology and showed that students
enrolled were more successful in the subsequent
biotechnology course. Gatherer reflected on a holistic
incorporation of bioinformatics into the Lancaster Uni-
versity undergraduate program [18]. No matter the
form, the need to educate undergraduates in CMS is
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being heeded, and myriad resources are now available to
any educator who wishes to increase the training levels
in their programs.

Using computational tools to incorporate
algorithmic thinking

Most curricula described in the previous section
use established software to teach biophysical principles,
focusing less on how the software works and certainly
much less on adapting or adding code to address new
problems. The next step in the evolution of computa-
tional structural biology education is to incorporate more
problem solving and algorithmic understanding in the
use of computational tools. Activities where students
change computational parameters and iterate through a
discovery process help students understand the algo-
rithm behind the calculation, think about the steps to
solving a problem, and analyze how they could change the
parameters to affect the calculation. Such activities help
students appreciate what kinds of problems a given
computational tool can address. These types of compu-
tational tools and curricula are currently less prominent
in the structural biology classroom, yet their pedagogical
strengths are numerous. Some recent examples from the
chemistry curriculum illustrate how computational tools
can be used in this way. Computation in the chemistry
curriculum often has its start in the physical or organic
chemistry course, but the shift to remote instruction
compelled more educators to think about how compu-
tation and algorithmic thinking could be applied to other
courses and disciplines. We believe that structural
biology educators can and should consider these exam-
ples in considering how to better include computation
and algorithmic thinking in their own curricula.

Computation can be particularly valuable to help stu-
dents conceptualize and visualize concepts that are
otherwise hard to illustrate. For example, in the past,
many students would encounter programs that could
simulate spectra (including NMR and MS) of small
organic molecules, and they would be introduced to the
use of spreadsheets for data analysis. These tools and
new ones were used for remote learning during the
pandemic, and there was particular emphasis on
computation to simulate wet laboratory experiments,
including titration and HPLC [19—22]. Even with the
return to traditional labs after the pandemic, many of
these simulation tools can be useful for demonstrating
concepts before students carry out experiments in the
laboratory. There has also been a concerted effort to use
computational tools to assist students in their under-
standing of more complex physical chemistry concepts
such as NMR and the Boltzmann distribution using
interactive Python programs [23,24].

A key insight from these examples is the importance of
using algorithmic thinking to enhance understanding of

chemical principles; that the computations are not
performed for the sake of doing calculations, but
because the calculations can provide unique insight and
solve unique problems about chemical phenomena. We
note several common characteristics among activities
that facilitate student learning in this way: make simu-
lations interactive with several decision points; use
visualization to help conceptualize concepts that are
hard to otherwise understand; and recognize that more
than just computational concepts can be taught with
computational tools. For example, it is relatively
straightforward to use the Mol* [25] viewing tool in the
Protein Data Bank to explore structures highlighted in
biochemistry and molecular biology textbooks, creating
a much more interactive experience for students. Con-
cepts such as structure—function relationships and the
role of intermolecular forces can be demonstrated with
specific examples, bringing static images to life and
empowering students to explore these concepts on
their own.

The availability of several new software packages will
facilitate these kinds of activities in more specialized
contexts. Examples include RNA-Puzzles [26], a tool kit
for predicting and comparing RNA structures, and
ProDy [27] which models protein dynamics. There are
also several Python libraries that provide tools for
sequence and structure analysis and the ability to work
with large data sets, including iFeature [28], Biopython
[29], and Graphein [30; preprint on bioRxiv]. Impor-
tantly, these libraries can be used to introduce concepts
in bioinformatics and the study of large data sets, which
are routinely wused in understanding evolution,
structure—function relationships, and drug design.

Table 1 summarizes some of the computational tools and
resources that are used in the curriculum and activities
discussed previously. To aid the reader in accessing the
resources, we have included the URL of any relevant
websites or GitHub repositories for each resource.

Teaching programming in the
undergraduate CMS curriculum

Beyond using computation in a more interactive way to
help students develop algorithmic thinking skills, the
final step in giving students the theory and simulation
skills required for the 21st century STEM workforce is
teaching students to program. Only then can students
identify new problems and develop their own compu-
tational tools to solve these problems. Students them-
selves recognize this benefit; in a recent article from the
Earlham Institute, undergraduate student Georgia
Whitton describes how teaching herself to code made
her recognize that not knowing how to program had
been a barrier and that her new skill opened up new
research opportunities (Article available at https://www.
earlham.ac.uk/articles/students-need-their-

www.sciencedirect.com

Current Opinion in Structural Biology 2022, 72:39-45


https://www.earlham.ac.uk/articles/students-need-their-bioinformatics-game-why-i-am-learning-code-python
https://www.earlham.ac.uk/articles/students-need-their-bioinformatics-game-why-i-am-learning-code-python
www.sciencedirect.com/science/journal/0959440X

42 Theory and Simulation/Computational Methods

Table 1

Selected resources and websites for computational tools related to each of the focus areas discussed in the review. The references
listed for each computational tool are not necessarily the primary references for that computational tool, but rather are articles
discussed in this review which use the tool. All URLs were accessed on July 13, 2021.

Area Computational Tools and Resources References
Visualization of 3D structures Visual molecular dynamics (VMD): https://www.ks.uiuc.edu/Research/ [43]
vmd/
MoleculARweb: https://molecularweb.epfl.ch/ [15]
Swiss PDB viewer: https://spdbv.vital-it.ch/ [12]
Mol*: https://molstar.org/, https://www.rcsb.org/3d-view/ [25]
BioMolViz: https://biomolviz.org/ [46, 47]
Molecular dynamics GROMACS: https://www.gromacs.org/ [43]
Visual molecular dynamics (VMD): https://www.ks.uiuc.edu/Research/ [43]
vmd/
Alignment tools ProMOL.: http://www.promol.org/ [9]
BLAST: https://blast.ncbi.nim.nih.gov/Blast.cgi [9]
PFam: http://pfam.xfam.org/ [9]
Dali: http://ekhidna2.biocenter.helsinki.fi/dali/ [9]
Bioinformatics Tutorials on Structural Bioinformatics: https:/github.com/pb3lab/ibm3202 [45]
Cheminformatics OLCC: https://chem.libretexts.org/Courses/ [7]
Intercollegiate_Courses/Cheminformatics_ OLCC_(2019)
Molecular modeling RNApuzzles: https://www.rnapuzzles.org/ [26]
ProDy: http://prody.csb.pitt.edu/ [27]
Design2Data: https://d2d.ucdavis.edu/ [8]

bioinformatics-game-why-i-am-learning-code-python;

accessed July 13, 2021). Although many people associate
mathematical skills as the precursor to learning to pro-
gram, language aptitude is a better predictor of the
learning rate when approaching Python [31]. Thus,
learning to program can actually help students see
themselves as a person who has the aptitude for STEM,
which will make STEM jobs more accessible to a wider
range of individuals. Programming has become main-
stream and important enough in life sciences that
WIRED magazine recommended in 2017 that all bi-
ologists learn to program, to keep up with ‘the era of big
data.” (Article available at https://www.wired.com/2017/
03/biologists-teaching-code-survive/;  accessed  July

13, 2021).

As we approach a future where programming is not just a
bonus or ancillary skill for scientists but a required
competency, all physical and life scientists need to learn
to program as part of the undergraduate curriculum.
This requires current university faculty to embrace
some level of programming proficiency or to introduce
programming even earlier in students’ education. Many
countries teach some form of programming in secondary
school or even as early as primary school. For this to
happen widely, many more future teachers need expo-
sure to computational thinking to gain some level of
proficiency with programming. Teaching programming
in undergraduate science courses designed for future
educators could provide the necessary exposure, in turn,
preparing their future students for programming as they
reach the undergraduate curriculum (Report from the

Brookings Institute available at https://www.brookings.
edu/research/what-do-we-know-about-the-expansion-
of-k-12-computer-science-education/; accessed July

13, 2021).

Efforts to include programming in the undergraduate
curriculum have been growing over the last five years. A
significant support for this effort has been the work of
the Molecular Sciences Software Institute (the
MolSSI), which was founded in 2016 [32]. This Na-
tional Science Foundation funded institute has served as
a leader in improving software, education, and training
in CMS through their Software Fellows program, com-
munity workshops, and the development of numerous
educational resources that introduce best practices in
programming and software development. A recent
review of the MolSSI Education program highlights the
resources they offer to support teaching students
Python programming, data analysis, and visualization
techniques, as well as best practices in software engi-
neering [33]. Another thorough discussion of teaching
general programming principles comes from Weiss [34],
who has developed a Creative Commons textbook that
teaches scientific computing principles using Python
and Jupyter notebooks. This open-source textbook
covers everything from basic Python programming to
data processing, data visualization, and
signal processing.

In a special issue of the Journal of Chemical Education
highlighting insights gained while teaching during the
COVID-19 pandemic, Stewart et al. [35] describe a
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curriculum to teach programming in a physical chemis-
try course. Examples include plotting wave functions
and probability distributions and evaluating expectation
values and uncertainties. Numerous examples of
teaching programming in the physical chemistry cur-
riculum can be found in the 2019 American Chemical
Society Symposium series book Using Computational
Methods to Teach Chemical Principles [36], especially
chapters 12, 13, and 14 [37—39]. Of particular note, all
these chapters highlight the importance of discipline-
specific context to illustrate the importance of using
programming to solve chemical problems. This approach
helps students retain and apply the programming skills
they learn to new contexts and new problems. Teaching
programming in chemistry is not limited to physical or
computational chemistry courses; Menke [40] presents
a set of Jupyter notebooks that introduce Python pro-
gramming in an analytical chemistry course to perform
statistical analysis.

Examples of teaching programming in biochemistry and
structural biology are less numerous than in chemistry
but are increasing. Mariano et al. [41] discuss the
importance of teaching programming to life science
students and give several examples of scaffolded as-
signments designed for students with no background in
algorithmic thinking, starting with teaching basic algo-
rithm structure and mathematical operations, advancing
to strings, detecting patterns, and, ultimately, to align-
ing sequences and manipulating large amounts of data
such as a PDB file. Critically, they also discuss the
challenges of including programming lessons and how
these challenges can be addressed. A report from David
[42] in The American Biology Teacher discusses
teaching Python programming in the undergraduate
biology curriculum. The curriculum introduced was
used in a parasitology course, so perhaps not directly
applicable to structural biology, but the article does
discuss the importance of and techniques to include
programming lessons in a biological context.

More specifically applicable to biochemistry and struc-
tural biology, Justino et al. [43] introduce programming
to the biochemistry curriculum through molecular dy-
namics simulations and visualizations. Students do learn
to use existing molecular dynamics software tools but
also write their own code to identify noncovalent in-
teractions. In a preprint posted on bioRxiv, Santana de
Aratjo [44] proposes teaching Python to bioinformatics
students and discusses how to move students from
being bioinformatics users to software developers.
Finally, Engelberger et al. [45] present a comprehensive
curriculum that combines using bioinformatics and
visualization software as well as coding in Python to
teach structural bioinformatics.

Table 2 summarizes some of the tools and resources that
are used to teach programming in the curriculum and

Table 2

Selected resources for teaching programming. All URLs were
accessed on July 13, 2021.

Resource References

MolSSI education resources: http://education.molssi. [33]
org/resources.html

iFeature: https:/ifeature.erc.monash.edu/ [28]

Biopython: https://biopython.org/ [29]

Graphein: https:/github.com/a-r-j/graphein [30]

Free textbook for teaching scientific computing: [34]

https://github.com/weisscharlesj/
SciCompforChemists

Jupyter notebooks for analytical chemistry statistical [40]
analyses: https://github.com/erik-menke/
AnalyticalProjects

MolSSI, Molecular Sciences Software Institute.

activities discussed previously. To aid the reader in
accessing the resources, we have included the URL of
any relevant websites or GitHub repositories for
each resource.

Summary and outlook

The future of biochemistry, molecular biology, and
structural biology will include theory, computation, and
simulation. To prepare students to contribute in these
disciplines, students must be able to not just use soft-
ware but also develop it. Innovation, discovery, and
success in the field rely on students not being limited in
the tools they can use to tackle problems.

The lofty goal of teaching all physical and life science
students to program introduces challenges to educators.
Many feel their curriculum is already crowded and worry
that taking time to introduce programming will take away
coverage from other critical concepts. Faculty may lack
sufficient computational skills themselves to introduce
these concepts in their classes. Convincing colleagues
and administrators that this is a required skill for bi-
ologists may be difficult. Even with a growing body of
curricular resources such as those presented in this
review, there is the significant matter of validating these
resources in the classroom. Educational assessment is yet
another skill set necessary to complement the push for
improved undergraduate CMS curricula. Several stand-
alone studies evaluate newly developed resources, the
majority through Likert-scale questionnaires on student
experience [8,12,14,19,41,45]. Direct assessment of
student learning is less frequent [10]. BioMolViz, a group
of educators focused on promoting biomolecular visuali-
zation literacy, provides a framework for assessing bio-
molecular visualization, offers faculty development
workshops on assessment design, and is developing an
open-access repository of assessment [46,47]. Two
broadly useful collections of resources available to assess
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learning were curated in 2020: one from CBE Life Sci-
ence Education [48] and the other from the American
Society for Biochemistry and Molecular Biology (https://
www.asbmb.org/education/online-teaching).

Addressing these challenges will require an interdisci-
plinary solution. Fortunately, educators in structural
biology are up to the challenge, as this field inherently
sits at the intersection of multiple disciplines, and so it
is a natural fit to expand to include training in compu-
tation, simulation, and programming,.
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