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ABSTRACT: Undergraduate research experiences can improve student success in
graduate education and STEM careers. During the COVID-19 pandemic,
undergraduate researchers at our institution and many others lost their work−
study research positions due to interruption of in-person research activities. This
imposed a financial burden on the students and eliminated an important learning
opportunity. To address these challenges, we created a paid, fully remote, cohort-
based research curriculum in computational protein design. Our curriculum used
existing protein design methods as a platform to first educate and train
undergraduate students and then to test research hypotheses. In the first phase,
students learned computational methods to assess the stability of designed protein
assemblies. In the second phase, students used a larger data set to identify factors
that could improve the accuracy of current protein design algorithms. This cohort-
based program created valuable new research opportunities for undergraduates at
our institute and enhanced the undergraduates’ feeling of connection with the lab. Students learned transferable and useful skills such
as literature review, programming basics, data analysis, hypothesis testing, and scientific communication. Our program provides a
model of structured computational research training opportunities for undergraduate researchers in any field for organizations
looking to expand educational access.
KEYWORDS: cohort, mentorship, protein design, remote research, undergraduate research

■ INTRODUCTION
Participation in hands-on research fuels students’ interest in
pursuing STEM graduate education and careers1−3 and also
heightens graduate education performance in relevant research
skills.4 Several studies have correlated research experiences
with increased retention,5 improved academic performance,6

and persistence in STEM courses.7 Through undergraduate
research experiences, students are exposed to laboratory
techniques, analytical thinking, autonomous problem solving,
and collaboration. Students’ motivation to learn is also
enhanced by research experiences.8−10 Exposure to nonclass-
room science, guidance from mentors in the lab environment,
and peer relationships during their research experience are
particularly valuable for students learning about STEM careers
at minority-serving institutions.11 However, all of these benefits
are limited by mentor and resource availability.

Prior to the COVID-19 pandemic, undergraduate research
at the Institute for Protein Design at the University of
Washington was based on an apprenticeship model.1,10,12−14

Undergraduates spent two quarters learning about the
organization of the Institute and providing general lab support

to researchers. After these initial two quarters, undergraduates
were granted the opportunity to conduct an independent
research project under the mentorship of a graduate student or
postdoctoral researcher at the Institute. Projects ranged from
solely computational to solely experimental, depending on the
project scope decided between the mentor and trainee. Each
project was tailored to the undergraduate, who was encouraged
to present their work at a university-wide Undergraduate
Research Symposium held at the end of each academic year.15

While the apprenticeship model is a well-established approach,
it is limited by mentor availability, research ideas with an
appropriate scope for an undergraduate research project, and
the mentee’s graduation timeline. The apprenticeship model is
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particularly difficult at institutions where research is not central
to the institutional mission, especially for students who do not
actively seek out opportunities.16 Alternatives to the
apprenticeship model that still enable student creativity and
independence can help provide diverse, high-quality research
opportunities to a wider variety of students.

Due to the COVID-19 pandemic, many undergraduates,
including those at the University of Washington, spent nearly a
full year learning remotely, and undergraduate researchers lost
their on-campus work−study research positions.17,18 We set
out to re-employ the work−study undergraduate researchers at
our Institute by offering a virtual research opportunity, which
has been reported to be beneficial and valuable for students in
other undergraduate research programs.19,20 However, we
needed a different approach than our previous apprenticeship
model, as the frequent 1:1 contact central to that model was
impractical to implement remotely and too few mentors were
free to individually work with each undergraduate at our
Institute. Previous cohort-based research courses in computa-
tional protein design, in which multiple students are taught by
a smaller number of mentors, enabled them to accommodate
greater numbers of students and have shown significant success
in increasing students’ enthusiasm for biochemistry and
computational biology.21−23 We adopted this cohort-based
model and curated a completely remote computational
curriculum that allowed students to take ownership of their
portion of a team research project while learning from each
other. We called this program Jobs for Undergraduates in
PandemIc Times Emergency Response (JUPITER). Through
this pilot program, we provided tools for undergraduates to

understand basic protein structure concepts, coding con-
ventions, and data analysis, while developing transferable skills
such as critical thinking, troubleshooting, collaboration,
communication, and motivation. The JUPITER program was
designed in two phases: in the first phase, students were taught
the concepts behind the protein design process; in the second
phase, students reinforced their learning by developing and
implementing these concepts. We believe that they will use
both the technical and transferable skills they learned from this
course in their professional careers.

■ PROGRAM OVERVIEW
Nine undergraduate students participated in JUPITER. Among
these students, four identified as non-White, three identified as
members of the LGBTQIA+ community, five identified as
nonmale, and five were enrolled in some form of need-based
financial aid with the university. All students were majoring in
STEM fields at the University of Washington, on track to
graduate between the years of 2020 and 2022, and had
previously held jobs at the Institute for Protein Design which
they lost due to the COVID-19 pandemic and associated
University policies. To accommodate for their lost pay,
quarterly stipends were provided for students’ work and time
with the expectation that they work 10 h per week on average.

In our cohort-based model (Figure 1A), the students learned
from each other in a collaborative environment while
maintaining parallel research directions, following a teaching
and research program with two phases. In the first phase, the
students were taught how to read and understand a scientific
paper and received an introduction to protein structure and

Figure 1. Overview of the JUPITER model and program. (A) The cohort-based model allows mentors to instruct more students. This model
encourages more collaboration between students, compared to a one-on-one apprenticeship model. (B) In the first 10 weeks of JUPITER, students
first learned design concepts and computational approaches. These approaches were then applied to a case study that each student presented to the
rest of the cohort. (C) Over the next several months, students applied their knowledge to generate data on a large design set, proposed their own
hypotheses and the data processing pipelines required to approach them, and presented their results in an Institute-wide seminar.
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design terminology (week 1);24−28 were trained to use protein
visualization and design software such as PyMOL and FoldIt
(weeks 2−3);29,30 and practiced computational research
approaches including accessing remote computational resour-
ces, performing a protein design and analysis protocol on a
single individually assigned protein nanoparticle (described in
detail in the following section),26−28,31 and conducting basic
data analysis (weeks 4−7). This phase ended with individual
presentations to the other program participants (weeks 7−10,
Figure 1B). The undergraduates met with three regular
advisors and occasional guest lecturers via Zoom for a 1 h-
long lecture and additional optional office hours to trouble-
shoot homework assignments. Assignments were designed to
help the undergraduates learn how to evaluate nanoparticle
interfaces over the course of the quarter. Following these initial
10 weeks, one student secured a full-time research position in
another computational biology group at the University of
Washington, citing the JUPITER program as a key driver of
their motivation to pursue research. Given their ability to
understand and apply the phase one material, as qualitatively
assessed by the mentors, the remaining students were invited
to continue onto a second phase of research.

In the second phase, we embarked on a longer-term research
project with our undergraduate cohort, training them in critical
thinking. Students worked together in small teams to generate
hypotheses on what influenced a predicted assembly
phenotype, and in the process generated their own data sets,
created data analysis pipelines, and presented their work to an
audience of over 90 members of the Institute for Protein

Design (Figure 1C). A major advantage of the JUPITER phase
2 program was that students could probe different questions
regarding the mutational effects of nanoparticle interfaces
using a single data set they collectively generated. The
undergraduates used Jupyter Notebooks to write Python
scripts for data analyses and visualize their results.32 Teams
met weekly with two mentors to troubleshoot and uncover
alternative analysis methods and global trends across the
library of nanoparticles. The students’ final Institute-wide
presentations clearly demonstrated their greater understanding
of protein structure, Rosetta scripting, Python and Bash
coding, and broad scientific thinking. Among the nine
undergraduates that had started in our pilot program, six
secured full-time research/higher education positions in both
computational and wet lab projects, one applied to medical
school, and two decided to pursue alternative opportunities in
STEM.

■ RESEARCH OVERVIEW

Project Background
We designed the JUPITER curriculum to address an ongoing
scientific challenge: improving the success rate of current
computational methods for the de novo design of self-
assembling protein complexes using the Rosetta software
suite.25−28,31,33−40 These methods focus on docking oligomeric
protein building blocks into target symmetric architectures
(e.g., icosahedral point group symmetry), followed by protein−
protein interface design to generate low-energy interfaces
between the building blocks that drive assembly specifically to

Figure 2. JUPITER’s first phase of research focused on studying individual previously designed successful nanoparticles. Analysis of I3−0128

through the pSUFER protocol. (A−C), pSUFER overview: (A) An interface between two nanoparticle subunits of a relaxed design model, here
with side chains highlighted in stick representation, is selected using ResidueSelectors; (B) each interface residue (here, K23) is computationally
mutated to all possible amino acids; and (C) the free energy difference compared to the wild-type (ddG) is calculated. (D−F) Data visualization by
the students. (D) Representative barplot showing the energy difference for each possible mutation at a given sequence position (K32), highlighting
a favorable mutation (K23I, green) and an unfavorable mutation (K23Y, pink). (E) PyMOL visualization of pSUFER scores for the whole interface
by differential coloring: f rustrated residue positions (more than two favorable mutations) are in green while sensitive positions (up to two favorable
mutations) are in pink. (F) Heatmap compiling the results: columns represent each possible mutation, and rows represent each interface residue
position.
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the target structure. While such assemblies are well-suited for
molecular encapsulation or display applications such as cellular
delivery and vaccine development,40−45 current computational
models do not allow us to confidently predict the success or
stability of design models. Indeed, many designs aggregate or
fail to assemble, due to misfolding or suboptimal assembly
conditions.39,46 Protein designers often test tens to hundreds of
designs to find a handful of nanoparticles that assemble to the
desired structure.40,47,48

To better understand the pitfalls of current nanoparticle
design methods, we aimed to computationally distinguish

between successful and unsuccessful protein nanoparticle
designs. While several published efforts to stabilize monomeric
proteins demonstrated high success rates based on approaches
using phylogenetic analysis, structure-based rational design, or
sequence-based design,49−55 none of these approaches
addressed the stability of interfaces between multiple
interacting proteins and its effect on design success.56 We
thus sought to test a recently developed computational
pipeline�protein Strain Unsatisfactoriness and Frustration
findER (pSUFER)�for local sequence optimality evaluation
on previously designed protein assemblies of known assembly

Figure 3. JUPITER’s second phase had students create and test their own hypotheses. (A) The first group hypothesized that working nanoparticles
would be more sensitive (larger predicted losses in Gibbs free energy) to mutations than nonworking nanoparticles. However, they observed no
significant difference between the mutability ranges of all working vs all nonworking nanoparticles across sensitive, moderate, and frustrated
positions (Table 1). (B) The second group hypothesized that residues near the center of the interface would be less mutable than those further
away; for I3 nanoparticles, they found that positions approximately halfway between the center of mass of the interface and the furthest residue
from the interface to be the most mutable. Each circle on the graph represents a single position of a single nanoparticle. (C) The third group
hypothesized that mutations to residues with similar properties (e.g., size, polarity, or charge) would more often be favorable than mutations to
residues of differing properties; e.g., for leucines (L) on all nanoparticles, they found that mutations to hydrophobic residues of similar size and
characteristics, such as isoleucine (I), were more favorable than to residues introducing larger changes, such as asparagine (N).
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phenotype.55,57,58 pSUFER is a Rosetta software suite-based
protocol that estimates the effect of point mutations at a
particular position in a protein. We tested the pSUFER
protocol on a set of 809 designed protein nanoparticle models
in order to (1) determine the effect of point mutations at the
previously designed protein−protein interfaces on free energy;
and (2) to identify key residue positions predicted to weaken/
strengthen the protein−protein interfaces.
Phase 1. Introduction to the pSUFER Protocol

After becoming familiar with protein design in general and
nanoparticle design concepts specifically, each student applied
the pSUFER protocol to one assigned nanoparticle. For this,
students used PyMOL to extract the asymmetric unit of their
nanoparticle and performed design model minimization with
the Rosetta all-atom energy function (Figure 2A). Students
then applied the FilterScan Mover,59 which scans all possible
mutations at a user-defined residue position and computes the
difference in a user-defined metric. More specifically, the
students computed the difference in Gibbs free energy (dG)
between the wild-type amino acid and every possible point
mutant (change in free energy, or ddG) at every residue
position they identified as belonging to their nanoparticle
interface (Figure 2B).24,30,59 A decrease in free energy was
used to define mutations that were more favorable than wild-
type (ddG < 0 Rosetta Energy Units, REU), and an increase in
free energy was used to define mutations that were less
favorable than wild-type (ddG > 0 REU) (Figure 2C). By
graphing the calculated ddG for each mutation at each position
in a barplot, the students comprehensively identified amino
acid identities that were predicted to stabilize or destabilize the
protein−protein interface (Figure 2D). Residue positions with
more than two favorable mutations were deemed “frustrated”
(Figure 2E), as these positions were more mutable than
positions with fewer favorable mutations and thus not yet fully
optimized. By contrast, residue positions with up to two
favorable mutations were deemed “sensitive” positions. Global
analysis of the effects of interface mutations through ddG
heatmaps allowed the students to identify specific amino acid
identities that were unfavorable at many positions or single
positions with many unfavorable mutations (Figure 2F).
Through phase one, students were taught literature review,
programming basics, computational protein analysis, and
technical communication, using a model that could easily be
extended to teach similar skills in other research contexts. All
teaching materials from phase 1 and example scripts to execute
the pSUFER protocol on a single protein nanoparticle and
analyze the resulting data can be downloaded at the following
link: https://files.ipd.uw.edu/pub/JUPITER/JUPITER.tar.gz.
Phase 2. Experimental Design and Results

In phase 2, the undergraduate cohort began to expand the
pSUFER protocol they learned in phase 1 to all the
nanoparticle designs ever experimentally tested at the Institute
for Protein Design between 2012 and July 2020, totalling 809

nanoparticles across 11 icosahedral, octahedral, or tetrahedral
architectures. Of these 809 designs, 64 have been exper-
imentally confirmed to adopt the target architecture (“work-
ing” designs), while the other 745 apparently failed to assemble
(“nonworking” designs). Using the pSUFER protocol, the
undergraduates generated a single data set for further analysis,
aiming (1) to identify trends that could provide insight into
why certain designs may or may not assemble as designed and
(2) to predict residue positions where mutations could be
introduced to substantially weaken or strengthen protein−
protein interfaces across all nanoparticles.

In groups, the students developed computational experi-
ments to probe three hypotheses from a collectively generated
pSUFER data set. One team hypothesized that working
nanoparticles would have larger losses in predicted binding
energy upon mutation of interface residues compared to
nonworking nanoparticles (Figure 3A, left). This group
determined the number of mutations at each position of
every nanoparticle interface with favorable ddG scores (ddG <
0). Next, the undergraduates compared the fraction of interface
positions per nanoparticle that were sensitive or frustrated
between working and nonworking nanoparticles. They
observed no significant difference in the fraction of sensitive
and frustrated interface positions between working and
nonworking nanoparticles (Figure 3A, right). Similar analyses
were performed on each individual symmetric architecture
with a similar outcome.

The second group hypothesized that positions closer to the
center of mass of a nanoparticle interface, by being buried in
the designed hydrophobic core, contribute most directly to the
protein−protein interface and therefore would be more
sensitive (have fewer favorable mutations) compared to
positions further from the interface center of mass (Figure
3B, left). This group used the pSUFER data set and the atomic
coordinates of each interface position in a nanoparticle to
estimate the center of mass of each nanoparticle interface and
calculated the number of favorable mutations for each position
relative to the position’s Cβ distance from the center of mass
of the interface. The group corrected for different interface
sizes by normalizing all absolute distances to the largest
distance within each nanoparticle interface. Following normal-
ization, the students observed that positions approximately
halfway between the center of the interface and the farthest
residue from the interface tended to be more frustrated, i.e. to
have the most number of favorable mutations per nanoparticle
(Figure 3B, right).

Finally, the third team hypothesized that amino acid
mutations would score more favorably if they were mutated
to amino acids with properties�such as size or charge�
similar to those of the wild-type residue, as opposed to amino
acids with different properties (Figure 3C, left). Consistent
with this hypothesis, the number of leucine positions with
favorable ddG scores upon mutation to isoleucine were higher
than the number of leucine positions with favorable ddG

Table 1. Statistical information for Comparing Position Sensitivity by Assembly Competencya

experiment condition n mean summary adjusted p value t df

Sensitive positions nonworking nanoparticles 745 0.7517 n.s. 0.8444 0.1963 807
working nanoparticles 64 0.7553 n.s.

Frustrated positions nonworking nanoparticles 745 0.2483 n.s. 0.8444 0.1963 807
working nanoparticles 64 0.2447 n.s.

aTwo-tailed unpaired t-tests were used to compare means (Figure 3A, right) with α = 0.05 in Graphpad Prism Software.
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scores upon mutation to asparagine (Figure 3C, right). Even
though leucine, isoleucine, and asparagine are similar in
molecular weight, leucine and isoleucine are similar in property
as they are both nonpolar residues while asparagine is a polar
residue.

Following our teaching model, the undergraduates could
further easily generate three additional data sets to evaluate
their hypotheses using simple tweaks to the pSUFER protocol.
First, the undergraduates expanded the pSUFER protocol to
residues neighboring but not directly participating in the
previously analyzed nanoparticle interface (Figure 4A). While
the number of neighboring residues was lower than that of the
interface residues, residues in both groups were generally
mostly tolerant of mutations further away from the interface,
without many differences observed between groups.

The undergraduates also introduced simple modifications to
how ddG scores were evaluated. The score function initially
used was an all-atom Rosetta energy score function, dominated
by pairwise atomic interactions between protein backbones
and side chains, including packing interactions, electrostatic
interactions, and implicit solvation.24 The undergraduates
additionally tested pilot burial- and distance-based score terms
added to the original score function (manuscript in
preparation). The burial score term penalized unfavorable
polar interactions based on how deeply atoms were buried in

the core or interface of the protein, while the distance-based
score term rewarded more favorable electrostatic interactions
within an optimal distance (Figure 4B). The undergraduates
added just the burial-dependent score term to generate one
data set and both the burial- and distance-dependent score
term to generate the second data set. By comparing these new
data sets to the original one, the undergraduates observed
significant differences in the number of favorable mutations
across amino acids, especially among polar amino acids.

■ DISCUSSION
The JUPITER program successfully re-employed under-
graduates who lost research positions due to COVID-19,
following a model that could be extended to any research
group looking to mentor multiple students at once. The
program enabled two to three core advisors to take on a cohort
of undergraduate students and invite guests to host one-time
lectures and office hours. In this cohort-based learning model,
undergraduate researchers can take ownership of one part of a
project while working with others to weave their subprojects
together into a full story. Our computational study in particular
fits well with the remote learning environment imposed by the
COVID-19 pandemic. Students successfully learned how to
design computational experiments, maintain and analyze large
amounts of data in collaboration, and develop scientific

Figure 4. JUPITER students further refined their hypotheses and developed new tests. (A) Students updated their hypotheses to analyze residues
neighboring but not directly participating in the previously analyzed interfaces. The students found that residues neighboring the interface had the
most favorable mutations halfway between the center of the mass of the interface and the furthest residue from the interface. Each circle on the
graph represents a single position of a single nanoparticle. (B) The Rosetta score function can be refined by adding distance- and burial-dependent
score terms to reward favorable electrostatic interactions (distance) or to penalize buried polar residues (burial) based on their depth from the
protein surface. By applying two different variants of the score function, the students observed that the addition of burial- and distance-dependent
score terms shifted the degree to which different residues lead to favorable mutations across all nanoparticles.
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hypotheses. Data collected by students are being used to
inform future design protocols and improve models that assess
protein nanoparticle assembly competency.39 As hybrid
research environments become more popular, the under-
graduates from the JUPITER program are returning to
research laboratories, citing the JUPITER program as a
major reason for their interest in continuing research.

The student presentations in both phase 1 and 2 provided
opportunities to practice scientific communication through
both oral presentations and literature review, enabling students
to explore the background behind protein nanoparticle design
and to develop an understanding of the energetics and
kinematics underlying a protein−protein interface. The
lecturers observed that the students’ ability to interpret the
effects of point mutations at a nanoparticle interface was
strengthened as the students developed their own hypotheses
and followed up on experiments in phase 2. After the second
phase, students reported in a debriefing meeting that their
experiences in coding and data interpretation were crucial
elements in their desire to further pursue computational
research.

The undergraduate researchers provided feedback after both
phases of JUPITER through surveys, in which they expressed
overwhelming satisfaction. Specifically, out of the eight
responses received on our student surveys, at least six students
enjoyed each of the weekly lectures in understanding the
research topic in phase 1, and seven students agreed that the
JUPITER program gave them a better sense of whether they
would like to pursue a career in research. Students expressed
that the introductory lectures during phase 1 of the program
prepared them well for the large-scale project they carried out
in phase 2 and expressed interest in learning more about
research topics in protein design. At the end of phase 2, most
of the undergraduates expressed appreciation for learning
protein design concepts and were excited to learn more about
other research projects at our Institute.

There are also opportunities to improve the program for
future iterations, which were revealed by the survey and
observed by mentors throughout the course. Students
experienced difficulty studying conceptual topics about protein
structure when they were more focused on learning to code
and analyze their data, so a future update to the program
should provide a more thorough Python or Bash course prior
to the start of the research project. The surveys further
highlighted the need for good communication and better data
management, as well as a desire for undergraduate participants
to interact more with researchers outside of the direct
JUPITER program. This feedback could inform future
cohort-based research programs at our Institute and elsewhere;
for example, future iterations of JUPITER should provide more
time and resources for learning new programming languages,
and also require the use of a lab notebook.

During this pilot program, we demonstrated that rigorous
research can be achieved in a virtual environment. The
undergraduate students learned the necessary coding skills
while generating novel scientific data sets that each under-
graduate subgroup took into different analysis directions. Such
a course format can be applied to any protein system�not
only nanoparticles�and nearly any cohort size, and we
continue to expand cohort-based mentorship programs in
our laboratories using other protein design protocols. While
our project was exclusively computational due to the COVID-
19 pandemic and our Institute’s focus, the format of cohort-

based research approaches can be extended to noncomputa-
tional projects by adapting the idea of one central research
question with individual subhypotheses; in fact, future
iterations of JUPITER are planned for hybrid computational
and wet lab projects. This general cohort-based approach
allows multiple students to be trained simultaneously
regardless of the host lab’s specific expertise. We hope that
our model for cohort-based undergraduate research can inspire
new research programs across any scientific field, in order to
increase the number of highly beneficial research opportunities
for aspiring scientists.
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Painter, P. P.; O’Brien, T. E.; Nuñez, N. N.; Nouri, D. H.; Lodewyk,
M. W.; Hudson, B. M.; Hare, S. R.; Davis, R. L. Computer-Aided
Drug Design for Undergraduates. J. Chem. Educ. 2019, 96 (5), 920−
925.

(22) Le, K. H.; Adolf-Bryfogle, J.; Klima, J. C.; Lyskov, S.; Labonte,
J. W.; Bertolani, S.; Burman, S. S. R.; Leaver-Fay, A.; Weitzner, B. D.;
Maguire, J.; Rangan, R.; Adrianowycz, M. A.; Alford, R. F.; Adal, A.;
Nance, M. L.; Wu, Y.; Willis, J.; Kulp, D. W.; Das, R.; Dunbrack, R. L.;
Schief, W.; Kuhlman, B.; Siegel, J. B.; Gray, J. J. PyRosetta Jupyter
Notebooks Teach Biomolecular Structure Prediction and Design.
Biophysicist 2021, 2 (1), 108−122.

(23) Vater, A.; Mayoral, J.; Nunez-Castilla, J.; Labonte, J. W.; Briggs,
L. A.; Gray, J. J.; Makarevitch, I.; Rumjahn, S. M.; Siegel, J. B.
Development of a Broadly Accessible, Computationally Guided
Biochemistry Course-Based Undergraduate Research Experience. J.
Chem. Educ. 2021, 98 (2), 400−409.

(24) Alford, R. F.; Leaver-Fay, A.; Jeliazkov, J. R.; O’Meara, M. J.;
DiMaio, F. P.; Park, H.; Shapovalov, M. V.; Renfrew, P. D.; Mulligan,
V. K.; Kappel, K.; Labonte, J. W.; Pacella, M. S.; Bonneau, R.; Bradley,
P.; Dunbrack, R. L., Jr; Das, R.; Baker, D.; Kuhlman, B.; Kortemme,
T.; Gray, J. J. The Rosetta All-Atom Energy Function for
Macromolecular Modeling and Design. J. Chem. Theory Comput.
2017, 13 (6), 3031−3048.

(25) King, N. P.; Sheffler, W.; Sawaya, M. R.; Vollmar, B. S.; Sumida,
J. P.; André, I.; Gonen, T.; Yeates, T. O.; Baker, D. Computational
Design of Self-Assembling Protein Nanomaterials with Atomic Level
Accuracy. Science 2012, 336 (6085), 1171−1174.

(26) King, N. P.; Bale, J. B.; Sheffler, W.; McNamara, D. E.; Gonen,
S.; Gonen, T.; Yeates, T. O.; Baker, D. Accurate Design of Co-
Assembling Multi-Component Protein Nanomaterials. Nature 2014,
510 (7503), 103−108.

(27) Bale, J. B.; Gonen, S.; Liu, Y.; Sheffler, W.; Ellis, D.; Thomas,
C.; Cascio, D.; Yeates, T. O.; Gonen, T.; King, N. P.; Baker, D.
Accurate Design of Megadalton-Scale Two-Component Icosahedral
Protein Complexes. Science 2016, 353 (6297), 389−394.

(28) Hsia, Y.; Bale, J. B.; Gonen, S.; Shi, D.; Sheffler, W.; Fong, K.
K.; Nattermann, U.; Xu, C.; Huang, P. S.; Ravichandran, R.; Yi, S.;
Davis, T. N.; Gonen, T.; King, N. P.; Baker, D. Design of a
Hyperstable 60-Subunit Protein Icosahedron. Nature 2016, 535, 136.

(29) Kleffner, R.; Flatten, J.; Leaver-Fay, A.; Baker, D.; Siegel, J. B.;
Khatib, F.; Cooper, S. Foldit Standalone: A Video Game-Derived
Protein Structure Manipulation Interface Using Rosetta. Bioinfor-
matics 2017, 33 (17), 2765−2767.

(30) Schrödinger, L. L. C. PyMOL Molecular Graphics System, ver.
1.8; November 2015.

(31) Ueda, G.; Antanasijevic, A.; Fallas, J. A.; Sheffler, W.; Copps, J.;
Ellis, D.; Hutchinson, G. B.; Moyer, A.; Yasmeen, A.; Tsybovsky, Y.;
Park, Y.-J.; Bick, M. J.; Sankaran, B.; Gillespie, R. A.; Brouwer, P. J.;
Zwart, P. H.; Veesler, D.; Kanekiyo, M.; Graham, B. S.; Sanders, R.
W.; Moore, J. P.; Klasse, P. J.; Ward, A. B.; King, N. P.; Baker, D.
Tailored Design of Protein Nanoparticle Scaffolds for Multivalent
Presentation of Viral Glycoprotein Antigens. Elife 2020, 9, No. 57659,
DOI: 10.7554/eLife.57659.

(32) Kluyver, T.; Ragan-Kelley, B.; Pérez, F.; Granger, B. E.;
Bussonnier, M.; Frederic, J.; Kelley, K.; Hamrick, J. B.; Grout, J.;
Corlay, S.; et al.et al. Jupyter Notebooks. a publishing format for
reproducible computational workflows. Positioning and Power in
Academic Publishing: Players, Agents and Agendas; IOS Press, 2016;
pp 87-90. DOI: 10.3233/978-1-61499-649-1-87

(33) Fallas, J. A.; Ueda, G.; Sheffler, W.; Nguyen, V.; McNamara, D.
E.; Sankaran, B.; Pereira, J. H.; Parmeggiani, F.; Brunette, T. J.;
Cascio, D.; Yeates, T. R.; Zwart, P.; Baker, D. Computational Design
of Self-Assembling Cyclic Protein Homo-Oligomers. Nat. Chem.
2017, 9 (4), 353−360.

(34) Leaver-Fay, A.; Tyka, M.; Lewis, S. M.; Lange, O. F.;
Thompson, J.; Jacak, R.; Kaufman, K.; Renfrew, P. D.; Smith, C. A.;
Sheffler, W.; Davis, I. W.; Cooper, S.; Treuille, A.; Mandell, D. J.;
Richter, F.; Ban, Y.-E. A.; Fleishman, S. J.; Corn, J. E.; Kim, D. E.;
Lyskov, S.; Berrondo, M.; Mentzer, S.; Popovic,́ Z.; Havranek, J. J.;
Karanicolas, J.; Das, R.; Meiler, J.; Kortemme, T.; Gray, J. J.;
Kuhlman, B.; Baker, D.; Bradley, P. ROSETTA3: An Object-Oriented
Software Suite for the Simulation and Design of Macromolecules.
Methods Enzymol. 2011, 487, 545−574.

(35) Gonen, S.; DiMaio, F.; Gonen, T.; Baker, D. Design of Ordered
Two-Dimensional Arrays Mediated by Noncovalent Protein-Protein
Interfaces. Science 2015, 348 (6241), 1365−1368.

(36) Ben-Sasson, A. J.; Watson, J. L.; Sheffler, W.; Johnson, M. C.;
Bittleston, A.; Somasundaram, L.; Decarreau, J.; Jiao, F.; Chen, J.;
Mela, I.; Drabek, A. A.; Jarrett, S. M.; Blacklow, S. C.; Kaminski, C. F.;
Hura, G. L.; De Yoreo, J. J.; Kollman, J. M.; Ruohola-Baker, H.;
Derivery, E.; Baker, D. Design of Biologically Active Binary Protein
2D Materials. Nature 2021, 589 (7842), 468−473.

(37) Shen, H.; Lou, Q.; Quan, Z.; Li, X.; Yang, Y.; Chen, X.; Li, Q.;
Bai, G.; Qi, Y.; He, B.; Zhou, J. Narrow-Linewidth All-Fiber Amplifier
with up to 3.01 kW Output Power Based on Commercial 20/400 μm
Active Fiber and Counterpumped Configuration. Appl. Opt. 2019, 58
(12), 3053−3058.

(38) Sahasrabuddhe, A.; Hsia, Y.; Busch, F.; Sheffler, W.; King, N.
P.; Baker, D.; Wysocki, V. H. Confirmation of Intersubunit
Connectivity and Topology of Designed Protein Complexes by
Native MS. Proc. Natl. Acad. Sci. U. S. A. 2018, 115 (6), 1268−1273.

(39) Wargacki, A. J.; Wörner, T. P.; van de Waterbee, M.; Ellis, D.;
Heck, A. J. R.; King, N. P. Complete and Cooperative in Vitro
Assembly of Computationally Designed Self-Assembling Protein
Nanomaterials. Nat. Commun. 2021, 12 (1), 1−14.

(40) Khmelinskaia, A.; Wargacki, A.; King, N. P. Structure-Based
Design of Novel Polyhedral Protein Nanomaterials. Curr. Opin.
Microbiol. 2021, 61, 51−57.

(41) Butterfield, G. L.; Lajoie, M. J.; Gustafson, H. H.; Sellers, D. L.;
Nattermann, U.; Ellis, D.; Bale, J. B.; Ke, S.; Lenz, G. H.; Yehdego, A.;

Journal of Chemical Education pubs.acs.org/jchemeduc Article

https://doi.org/10.1021/acs.jchemed.2c00500
J. Chem. Educ. XXXX, XXX, XXX−XXX

I

https://doi.org/10.1187/cbe.09-08-0057
https://doi.org/10.18833/spur/1/1/7
https://doi.org/10.18833/spur/1/1/7
https://www.washington.edu/undergradresearch/symposium/
https://www.washington.edu/undergradresearch/symposium/
https://doi.org/10.1187/cbe.11-03-0028
https://doi.org/10.1187/cbe.11-03-0028
https://doi.org/10.1038/d41586-021-01209-2
https://doi.org/10.1038/d41586-021-01209-2
https://doi.org/10.1038/d41586-021-01209-2?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.washington.edu/coronavirus/2020/04/24/as-we-face-challenges-ahead-the-uw-will-put-people-first/
https://www.washington.edu/coronavirus/2020/04/24/as-we-face-challenges-ahead-the-uw-will-put-people-first/
https://www.washington.edu/coronavirus/2020/04/24/as-we-face-challenges-ahead-the-uw-will-put-people-first/
https://doi.org/10.1187/cbe.21-05-0125
https://doi.org/10.1187/cbe.21-05-0125
https://doi.org/10.1187/cbe.21-05-0125
https://doi.org/10.35459/tbp.2021.000199
https://doi.org/10.35459/tbp.2021.000199
https://doi.org/10.1021/acs.jchemed.8b00712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.8b00712?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.35459/tbp.2019.000147
https://doi.org/10.35459/tbp.2019.000147
https://doi.org/10.1021/acs.jchemed.0c01073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jchemed.0c01073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.7b00125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1219364
https://doi.org/10.1126/science.1219364
https://doi.org/10.1126/science.1219364
https://doi.org/10.1038/nature13404
https://doi.org/10.1038/nature13404
https://doi.org/10.1126/science.aaf8818
https://doi.org/10.1126/science.aaf8818
https://doi.org/10.1038/nature18010
https://doi.org/10.1038/nature18010
https://doi.org/10.1093/bioinformatics/btx283
https://doi.org/10.1093/bioinformatics/btx283
https://doi.org/10.7554/eLife.57659
https://doi.org/10.7554/eLife.57659
https://doi.org/10.7554/eLife.57659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3233/978-1-61499-649-1-87
https://doi.org/10.3233/978-1-61499-649-1-87
https://doi.org/10.3233/978-1-61499-649-1-87?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nchem.2673
https://doi.org/10.1038/nchem.2673
https://doi.org/10.1016/B978-0-12-381270-4.00019-6
https://doi.org/10.1016/B978-0-12-381270-4.00019-6
https://doi.org/10.1126/science.aaa9897
https://doi.org/10.1126/science.aaa9897
https://doi.org/10.1126/science.aaa9897
https://doi.org/10.1038/s41586-020-03120-8
https://doi.org/10.1038/s41586-020-03120-8
https://doi.org/10.1364/AO.58.003053
https://doi.org/10.1364/AO.58.003053
https://doi.org/10.1364/AO.58.003053
https://doi.org/10.1073/pnas.1713646115
https://doi.org/10.1073/pnas.1713646115
https://doi.org/10.1073/pnas.1713646115
https://doi.org/10.1038/s41467-021-21251-y
https://doi.org/10.1038/s41467-021-21251-y
https://doi.org/10.1038/s41467-021-21251-y
https://doi.org/10.1016/j.mib.2021.03.003
https://doi.org/10.1016/j.mib.2021.03.003
pubs.acs.org/jchemeduc?ref=pdf
https://doi.org/10.1021/acs.jchemed.2c00500?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Ravichandran, R.; Pun, S. H.; King, N. P.; Baker, D. Evolution of a
Designed Protein Assembly Encapsulating Its Own RNA Genome.
Nature 2017, 552 (7685), 415−420.

(42) Marcandalli, J.; Fiala, B.; Ols, S.; Perotti, M.; de van der
Schueren, W.; Snijder, J.; Hodge, E.; Benhaim, M.; Ravichandran, R.;
Carter, L.; Sheffler, W.; Brunner, L.; Lawrenz, M.; Dubois, P.;
Lanzavecchia, A.; Sallusto, F.; Lee, K. K.; Veesler, D.; Correnti, C. E.;
Stewart, L. J.; Baker, D.; Loré, K.; Perez, L.; King, N. P. Induction of
Potent Neutralizing Antibody Responses by a Designed Protein
Nanoparticle Vaccine for Respiratory Syncytial Virus. Cell 2019, 176
(6), 1420−1431.e17.

(43) Walls, A. C.; Fiala, B.; Schäfer, A.; Wrenn, S.; Pham, M. N.;
Murphy, M.; Tse, L. V.; Shehata, L.; O’Connor, M. A.; Chen, C.;
Navarro, M. J.; Miranda, M. C.; Pettie, D.; Ravichandran, R.; Kraft, J.
C.; Ogohara, C.; Palser, A.; Chalk, S.; Lee, E.-C.; Guerriero, K.; Kepl,
E.; Chow, C. M.; Sydeman, C.; Hodge, E. A.; Brown, B.; Fuller, J. T.;
Dinnon, K. H., 3rd; Gralinski, L. E.; Leist, S. R.; Gully, K. L.; Lewis, T.
B.; Guttman, M.; Chu, H. Y.; Lee, K. K.; Fuller, D. H.; Baric, R. S.;
Kellam, P.; Carter, L.; Pepper, M.; Sheahan, T. P.; Veesler, D.; King,
N. P. Elicitation of Potent Neutralizing Antibody Responses by
Designed Protein Nanoparticle Vaccines for SARS-CoV-2. Cell 2020,
183 (5), 1367−1382.e17.

(44) Boyoglu-Barnum, S.; Ellis, D.; Gillespie, R. A.; Hutchinson, G.
B.; Park, Y.-J.; Moin, S. M.; Acton, O. J.; Ravichandran, R.; Murphy,
M.; Pettie, D.; Matheson, N.; Carter, L.; Creanga, A.; Watson, M. J.;
Kephart, S.; Ataca, S.; Vaile, J. R.; Ueda, G.; Crank, M. C.; Stewart, L.;
Lee, K. K.; Guttman, M.; Baker, D.; Mascola, J. R.; Veesler, D.;
Graham, B. S.; King, N. P.; Kanekiyo, M. Quadrivalent Influenza
Nanoparticle Vaccines Induce Broad Protection. Nature 2021, 592
(7855), 623−628.

(45) Divine, R.; Dang, H. V.; Ueda, G.; Fallas, J. A.; Vulovic, I.;
Sheffler, W.; Saini, S.; Zhao, Y. T.; Raj, I. X.; Morawski, P. A.;
Jennewein, M. F.; Homad, L. J.; Wan, Y. H.; Tooley, M. R.; Seeger, F.;
Etemadi, A.; Fahning, M. L.; Lazarovits, J.; Roederer, A.; Walls, A. C.;
Stewart, L.; Mazloomi, M.; King, N. P.; Campbell, D. J.; McGuire, A.
T.; Stamatatos, L.; Ruohola-Baker, H.; Mathieu, J.; Veesler, D.; Baker,
D. Designed Proteins Assemble Antibodies into Modular Nanocages.
Science 2021, 372 (6537), No. abd9994, DOI: 10.1126/scien-
ce.abd9994.

(46) Magliery, T. J. Protein Stability: Computation, Sequence
Statistics, and New Experimental Methods. Curr. Opin. Struct. Biol.
2015, 33, 161−168.

(47) Lai, Y.-T.; King, N. P.; Yeates, T. O. Principles for Designing
Ordered Protein Assemblies. Trends Cell Biol. 2012, 22 (12), 653−
661.

(48) Cannon, K. A.; Park, R. U.; Boyken, S. E.; Nattermann, U.; Yi,
S.; Baker, D.; King, N. P.; Yeates, T. O. Design and Structure of Two
New Protein Cages Illustrate Successes and Ongoing Challenges in
Protein Engineering. Protein Sci. 2020, 29 (4), 919−929.

(49) Lehmann, M.; Pasamontes, L.; Lassen, S. F.; Wyss, M. The
Consensus Concept for Thermostability Engineering of Proteins.
Biochim. Biophys. Acta 2000, 1543 (2), 408−415.

(50) Guerois, R.; Lopez de la Paz, M. Protein Design: Methods and
Applications; Springer Science & Business Media, 2006.

(51) Borgo, B.; Havranek, J. J. Automated Selection of Stabilizing
Mutations in Designed and Natural Proteins. Proc. Natl. Acad. Sci. U.
S. A. 2012, 109 (5), 1494−1499.

(52) Jacak, R.; Leaver-Fay, A.; Kuhlman, B. Computational Protein
Design with Explicit Consideration of Surface Hydrophobic Patches.
Proteins 2012, 80 (3), 825−838.

(53) Lawrence, M. S.; Phillips, K. J.; Liu, D. R. Supercharging
Proteins Can Impart Unusual Resilience. J. Am. Chem. Soc. 2007, 129
(33), 10110−10112.

(54) Goldenzweig, A.; Goldsmith, M.; Hill, S. E.; Gertman, O.;
Laurino, P.; Ashani, Y.; Dym, O.; Unger, T.; Albeck, S.; Prilusky, J.;
Lieberman, R. L.; Aharoni, A.; Silman, I.; Sussman, J. L.; Tawfik, D.
S.; Fleishman, S. J. Automated Structure- and Sequence-Based Design
of Proteins for High Bacterial Expression and Stability. Mol. Cell 2016,
63 (2), 337−346.

(55) Listov, D.; Lipsh-Sokolik, R.; Yang, C.; Correia, B. E.;
Fleishman, S. J. Assessing and Enhancing Foldability in Designed
Proteins. bioRxiv 2021, No. 11.09.467863, DOI: 10.1101/
2021.11.09.467863.
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