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1.0 SUMMARY 

Protein design applications range from the development of therapeutics to nanomaterials and 
biosensors, but the field still has large obstacles to overcome. First, the success rate of design is 
typically low. Second, iteration between designing, testing, and learning must be improved to 
efficiently optimize methods. Our work during the Synergistic Discovery and Design (SD2) 
program has helped address both of these obstacles. 

At the start of SD2, our research focused on a relatively simple design task: designing mini-
proteins (<70 amino acids) that are stable but non-functional. This work involved designing, 
testing, and learning from hundreds of thousands of mini-proteins, and resulted in machine 
learning (ML) models that are predictive of stability, as well as improvements to Rosetta’s 
energy function. In the last two years, we have pursued much more difficult tasks: designing 
proteins that are both stable and bind to a protein or DNA target. This involved testing hundreds 
of thousands of binders, has yielded dramatic increases to our success rates, and has provided 
several high-throughput datasets for future learning. Several of the designed binders have 
therapeutic relevance, most notably mini-proteins that bind to the severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) spike protein, which have been shown to reduce 
severity of infection in animals and are now being trialed for safety and efficacy in humans. 
Collectively, this work is a significant advance in our success rate in binder design and in our 
ability to rapidly design, test, and learn, both of which will serve as springboards for tackling 
important scientific challenges in the future. 

2.0 INTRODUCTION 

The Baker lab at the University of Washington seeks to understand the fundamental principles 
underlying protein structure and function, to encode these principles in the Rosetta computer 
program, and to use them to create a new world of de novo designed proteins to address 21st-
century challenges in health and technology. In all cases, we start entirely from first principles; 
we do not re-engineer native proteins. By iterating between computation and experiment, we 
continually improve our design methodology. 

Proteins carry out the critical functions of life: among other things, they catalyze chemical 
reactions, provide scaffolding to organize cells and compartments, regulate gene expression, 
convey signals, and transport molecules within the organism. The unique sequence of amino 
acids of a given protein drives the protein to adopt a very specific three-dimensional structure, or 
fold which in turn uniquely determines its function.  If the rules by which amino acid sequences 
determine three dimensional structures and functions could be encoded in software, it would 
become possible to design molecular sensors, catalysts, and devices on the nanoscale with far 
greater potency than anything available today.  Furthermore, unlike nanoscale devices currently 
in use, these designed nanomachines could be produced at the Avogadro’s number (~6 x 1023) 
scale using a universal production pipeline:  they can be encoded in DNA, introduced into 
bacteria, and manufactured by standard protein expression and production procedures followed 
by spontaneous self-assembly (protein folding). 
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The leading software for predicting protein structure and function from sequence and designing 
new protein structures and functions is the Rosetta Molecular Modeling suite developed in our 
group1–5.  In the past several years, we have improved Rosetta to the point where an expert can 
design a small number of new folds with new functions6.  In this program, we aimed to 
dramatically improve capabilities for designing new proteins with new functions by transforming 
protein design into a data driven science.  

2.1 Designing Stable Mini-Proteins.  

Protein stability is often a prerequisite for a function. At the start of the SD2 program, one of our 
first goals was to learn basic principles of how to design stable proteins. Before SD2, the Baker 
lab had developed a high-throughput method for computationally designing and experimentally 
testing the stability of tens of thousands of mini-proteins 7. Specifically, the high-throughput 
method quantified a protein’s stability as a function of its resistance to protease degradation. 
There was no requirement for the protein to be functional in this assay -- only for it to stably 
fold. This initial study involved four cycles of design-test-learn and resulted in dramatically 
improved success rates in design. In total, the data consisted of ~16,000 miniproteins from four 
topologies. Building on this work, a central goal of the first few years of the SD2 program was to 
conduct additional design-test-learn cycles, and do so with an expanded repertoire of protein 
topologies to test the generalizability of our models. A second goal was to build SD2 
infrastructure for use in addressing more difficult design challenges later in the program. This 
involved establishing a collaboration with the UW Biofabrication Center (BioFab), using Texas 
Advanced Computing Center (TACC) to design proteins, and building a GitLab repository to 
share data with machine learning (ML) collaborators. 

2.2 Improving Rosetta’s Energy Function.  

Another one of our earliest goals in SD2 was to use high-throughput data on protein stability to 
improve Rosetta’s energy function, which models the physics of proteins. An accurate energy 
function is crucial to design success, and improving its accuracy would presumably benefit the 
entire field of protein design, not just in designing proteins that are stable, but also ones that are 
functional. Before SD2, the energy function was trained almost exclusively on proteins from 
nature. While the energy function does a reasonable job of modeling these native proteins, many 
de novo protein designs still fail. Thus, we reasoned that it would be highly informative to retrain 
the energy function using data on do novo designs, allowing the energy function to learn from its 
past successes and failures, thereby resolving physical inaccuracies that lead to failure. 

2.3 Designing Protein Binders.  

After primarily focusing mainly on designing stable proteins for the first few years of SD2, we 
then advanced to a more difficult challenge: designing proteins that not only fold, but bind a 
protein target. Such binders have many applications, such as therapeutics against diseases like 
viruses or cancer. At the start of SD2, our success rate at designing protein binders was very low. 
For instance, it was not uncommon to get ~0-10 successful binders from a library of ~100,000 
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designs. And, before SD2, we had just started improving methods for rapidly designing and 
testing binders, but there was still much room for improvement. 

2.4 Designing SARS-CoV-2 binders.  

 In early 2020, our team designed over two million candidate antiviral minibinder (MB) proteins 
targeting SARS-CoV-2 (Fig. 2A). Through computational modeling with Rosetta, and the 
reported nature of epitopes recognized by potent coronavirus neutralizing antibodies elicited 
upon infection, we identified several vulnerable sites on Sars-CoV-2 Spike (Spike or S protein), 
including the angiotensin converting enzyme 2 (ACE-2) cellular receptor recognition interface 
and the fusion peptide region.  

2.5 Designing DNA Binders.  

By the last year of the SD2 program, we had started to see a dramatic increase in the success rate 
of designing protein binders. We sought to leverage this success to address an even more 
difficult challenge: designing DNA binders. To our knowledge, before SD2, no one had ever 
designed a de novo DNA binder. If successful, such binders could be applied to engineering 
cellular circuits like the ones being used in other parts of the SD2 program, helping to fill the 
void left by the limited number of orthogonal native DNA binders that are currently available for 
use in the field. 

3.0 METHODS, ASSUMPTIONS AND PROCEDURES 

3.1 Designing Stable Mini-Proteins.  

We designed proteins with Rosetta using computational resources from the University of 
Washington Baker lab, TACC, and Rosetta@Home. We collaborated with the BioFab to teach 
them how to perform the high-throughput stability assay from Rocklin et al.7. Briefly, this assay 
involves ordering tens of thousands of DNA oligonucleotides encoding computational protein 
designs. Next, it involves cloning these oligonucleotides into a plasmid for yeast display and 
transforming these plasmids into yeast, generating a library of cells, each displaying many copies 
of a single design. Designs are linked to a fluorescent marker for detection via fluorescence-
activated cell sorting (FACS). Next, the library of yeast is treated with protease for a short time. 
Unfolded proteins tend to be cleaved much faster than folded proteins, and upon cleavage 
proteins will be detached from cells, along with their fluorescent tag, causing the cell to lose this 
label. FACS can then be used to separate populations of labeled cells with protease-resistant 
(“stable”) designs from unlabeled cells with cleaved (“unstable”) designs. Finally, deep 
sequencing is used to quantify the extent that each cell is enriched or depleted upon selection, 
allowing us to quantitatively estimate the stability of each protein.The BioFab went on to run this 
assay on several libraries. Note: this assay assumes that the stability scores from the protease 
assay are correlated with stability, which may not always be the case due to artifacts from yeast-
display and since protease susceptibility is not a direct measurement of folding thermodynamics. 
We used a GitLab repo on TACC to share data with ML collaborators. 
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3.2 Improving Rosetta’s Energy Function.  

Park et al. describes the standard set of benchmarks used to assess the energy function’s physical 
accuracy, and an automated ML protocol for optimizing parameters in the energy function based 
on these benchmarks 8. We used this protocol when training and evaluating the energy function 
during SD2-related work. Briefly, this protocol involves quantifying Rosetta’s performance on a 
standard set of benchmarks, which quantify Rosetta’s accuracy in modeling high-resolution 
crystal structures, as well as thermodynamic data of small molecules. Scores from all 
benchmarks are summed together to generate a single number. This number is the output of the 
loss function that is minimized during parameter optimization. In parameter optimization, the 
Nelder-Mead simplex optimization method is used to efficiently search over parameter space to 
improve the loss function. During SD2, we used this approach to retune parameters in a way that 
reduced Rosetta’s bias to introduce steric clashes. The updated energy function also had an 
improved aggregate score across benchmarks.  

3.3 Designing SARS-CoV-2, Protein, and DNA Binders.  

As with the design of stable proteins, we designed binders with Rosetta using computational 
resources from the Baker lab, TACC, and Rosetta@Home. The BioFab conducted a large 
number of the high-throughput binding assays that we used to experimentally test binders. In 
brief, these assays involve display of binder designs on the surface of yeast, incubating the yeast 
with a fluorescently labeled protein target, flow cytometry of yeast to select for cells with 
functional binders that have bound the target, and deep sequencing of cells before and after 
selection to determine which binders passed the selection. 

4.0 RESULTS AND DISCUSSION 

4.1 Designing Stable Mini-Proteins.  

During the first few years of SD2, we designed and tested hundreds of thousands of new mini-
proteins that spanned several new topologies. This >10X increase in testing was made possible 
by a few key pieces of infrastructure from SD2. First, we worked closely with the BioFab to help 
them master the high-throughput assay. This allowed them to rapidly and reproducibly test 
several mini-protein libraries within only a few years. Second, we leveraged the computational 
resources from TACC to analyze experimental results and then share them with ML 
collaborators in a structured and versioned-controlled GitLab repository. These data have led to 
multiple important discoveries, including improvements to Rosetta’s energy function (described 
below), and ML models that are predictive of mini-protein stability (currently described in Jed 
Singer’s manuscript in the publication pipeline). As part of this work, we also experimentally 
validated an improvement to a core computational algorithm used in protein design9, and 
developed a method to systematically design mini-proteins with pockets with programmable 
shapes and sizes that are amenable to binding small molecules10.  

Aside from these discoveries, the first few years of work on protein stability were very useful in 
setting the stage for tackling more challenging design problems in the last few years. For 
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instance, our initial collaboration with the BioFab to run the high-throughput stability assay 
made it very easy to transition into running high-throughput binding assays. And our initial 
familiarity with TACC made it easy to transition into using TACC to help computationally 
design hundreds of thousands of mini-protein binders. Thus, being part of this ecosystem early 
on allowed us to use it later on to make rapid progress in designing binders. 

4.2 Improving Rosetta’s Energy Function.  

At first, we only had limited success in this area, even after testing multiple libraries specifically 
tailored to help achieve this goal. However, in the second year of SD2, we finally had a 
breakthrough. With ML collaborators, we identified a set of ~20 designs that were highly 
interesting: although our models predicted that these designs should be highly stable, they were 
actually unstable in experiments. To gain insight into these designs, we experimentally tested the 
effects of all possible single-amino-acid mutations to each design. Excitingly, for most designs, 
we identified mutations that rescued the design, making it stable. By analyzing these mutations, 
we found that many of them relieved energetically unfavorable steric clashes that Rosetta had 
designed in the protein core, suggesting a physical inaccuracy in Rosetta’s energy function—
specifically, that it is too tolerant of such clashes. By re-tuning parameters in the energy function, 
we were able to resolve this bias (Fig. 1). Moreover, these changes substantially improved 
Rosetta’s performance in a standard set of benchmarks used to quantify Rosetta’s physical 
accuracy. Thus, we expect our changes to be generally useful in any design or modeling task. 

While investigating this first inaccuracy, we unexpectedly identified two other inaccuracies in 
the energy function, which we are currently working to resolve. Although these discoveries did 
not directly come from high-throughput experiments through SD2, it was the original high-
throughput experiment that set this chain of discoveries in motion. The first discovery came from 
analyzing crystal structures of designed proteins. We were curious to see if steric clashes 
designed by Rosetta were actually present in reality and found that many were actually absent in 
the experimentally determined structure, supporting our initial hypothesis. However, we also 
noticed a second difference: many of the designed salt bridges were also absent in the 
experimental structure. We traced this difference to a physically unrealistic bias in the energy 
function. In reality, salt bridges on the surfaces of proteins are weak due to electrostatic shielding 
from water. However, Rosetta is not aware of whether salt bridges are on the surface of proteins 
or buried in the core, so it does not model this shielding effect. Earlier this year, we implemented 
a new electrostatics term to resolve this inaccuracy. In turn, this fix helped us identify a third 
inaccuracy related to how Rosetta models the interaction between protein atoms and water. We 
have since implemented a new solvation term to resolve this third inaccuracy. We are eager to 
test whether these two newest fixes improve Rosetta’s performance, which we will test using 
standard benchmarks and by designing and testing new mini-protein binders. 
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Figure 1: By retuning parameters in Rosetta’s energy function, we eliminated a bias that led to 
energetically unfavorable steric clashing between atoms. Before SD2, Rosetta’s energy function was 
too tolerant of steric clashing. A) For instance, we took ~80 high-resolution crystal structures of native 
proteins, relaxed their structures with Rosetta, and quantified distances between atoms. The left plot in 
this panel shows results from doing so with the standard Rosetta energy function, which was the baseline 
at the start of SD2. Specifically, it shows the distribution of all interatomic distances between pairs of 
methyl carbons, with the blue and orange distributions showing data before and after the relax, 
respectively. The vertical dashed line shows the sum of the van der Waals radii of these atoms -- atom 
pairs closer than this distance are considered to be “clashing”. The orange distribution is shifted to the left 
of both the blue distribution and the vertical line, pointing to an unrealistic physical bias in Rosetta to 
introduce clashes. The right plot in this panel shows results of repeating this experiment with the new 
energy function that we retuned during SD2. This energy function does not show the same bias, as shown 
by the increased overlap between the orange and blue distributions. The numbers at the top left of each 
plot quantify this overlap as the Kullback–Leibler (KL) divergence, with numbers closer to zero 
indicating better overlap. B) This panel shows the same data as panel A, but with a protocol that allows 
Rosetta to completely redesign the protein sequence, as opposed to just relaxing the structure with a fixed 
sequence. As in (A), we observe a bias with the baseline energy function that is reduced upon retuning. C) 
Panels A and B show data for pairs of methyl carbons (CH3). This panel summarizes results across 
several pairs of atom types, for both the baseline energy function (left matrix) and fixed energy function 
(right matrix). Each box reports the KL divergence (number in top left of plots from panels A and B) for 
the indicated atom pair. Boxes in purple correspond to the data from panel A. The fixed energy function 
has improved KL divergence values across multiple atom pairs, showing general improvements upon 
retuning. (CH1, CH2, and CH3 are aliphatic carbons with different numbers of bonded hydrogens; aroC 
are aromatic carbons; Hapo and Haro are hydrogens from aliphatic and aromatic carbons, respectively; 
OCbb are oxygens from the protein backbone; OH are hydroxyl oxygens; S and SH1 are sulfur atoms 
without or with a bonded hydrogen).4.3 Designing Protein Binders, Including for SARS-CoV-2.  
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During SD2, TACC gave us resources for high-throughput design of millions of binders, and we 
used this resource to design libraries with ~100,000 binders for >20 different protein targets 
(Figure 2A). In turn, the BioFab helped us rapidly test each of these libraries in high-throughput 
binding experiments. Of note, the close collaboration between the UW and Biofab that we 
developed during work on protein stability made for a smooth transition to work on protein 
binding. Excitingly, our success rate dramatically improved over the course of the SD2 program. 
At the start of SD2, libraries of ~100,000 designs often yielded zero binders. During SD2, the 
success rate increased to 10s-100s of binders. Overall, this has led to a dramatic increase in the 
total number of successful binders identified via high-throughput experiments by the BioFab 
(Figure 2B). Following these experiments, the Baker lab has been validating and thoroughly 
characterizing individual binders using more precise low-throughput experiments. We have now 
validated multiple binders.  

Figure 2. During SD2, we saw dramatic increases in the number of successful binders, for both 
protein binders and DNA binders. Panels A and B show data for protein binders, while C and D show 
data for DNA binders. A) Over a two year period, we dramatically increased the number of protein targets 
(e.g., SARS-Cov-2 RBD) that we put through our pipeline for binder design and testing. B) This increase, 
combined with improvements to design protocols, yielded a corresponding increase in the number of 
successful protein binders. C) In the last year of the SD2 program, we began designing and testing mini-
proteins that bind to DNA, such as the one illustrated in this panel. D) During that year, we conducted 
three cycles of the design-test-learn pipeline, each time creating a new library with tens of thousands of 
DNA binders and experimentally testing them in the lab. Excitingly, our success rate has increased with 
each cycle. 

Based on known binding modes of neutralizing mAbs, we focused our minibinder design 
pipeline on the ACE-2 receptor binding domain (RBD) at the distal end of CoV2 Spike. The best 
monomeric anti-CoV2 minibinders neutralize the virus with activities rivaling the most potent 
known antibodies11, blocking infection of human cells with a half maximal inhibitory 
concentration (IC50) of ~15pM. When administered intranasally to K18-hACE2 transgenic 
mice13and Syrian hamsters14 (Fig. 3B), these proteins also prevent infection as prophylaxis and 
prevent disease as a therapeutic at doses as low as 1 mg/kg12.  
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Figure 3. De novo Designed Anti-CoV2 RBD Minibinders. (A.) Rosetta design was used to compute 
the structures of high affinity MBs with slightly different binding modes predicted to bind the CoV2 viral 
Spike receptor binding domain and antagonize binding to cellular receptor ACE-2. The most potent 
antiviral MBs were then further designed as avid multi-headed daisy chained versions with flexible 
linkers, or geometric homotrimers to match the Spike trimer architecture. (B.) Syrian hamsters (N=9) 
received intranasal administration (i.n., 50 uL x 2 in both nostrils) of 1.5 mg/ml test articles (150 ug of 
LCB1v3, a monomeric anti-CoV2 MB with 15 pM affinity to the Wuhan RBD) or PBS control 16h prior 
to CoV2 challenge WA1/2020 (10^3 plaque forming units / mL @ 50 ul / nostril). Protein endotoxin 
levels are <10 E.U. / mg. Weight was measured daily (Courtesy of Drs. Lisa Tostanoski and Daniel 
Barouch). (C.) The multi-headed MB constructs are capable of neutralizing the most important CoV2 
variants of concern in live virus neutralization assays with EC50s of ~0.02 nM conducted in the BSL-3 
lab of Dr. Michael Diamond13. (D.) Single intranasal dosing of the AHB2 homotrimeric antiviral MB 
protects hACE-2 mice from lethal infection by the major CoV2 variants of concern as measured by 
weight loss over time following infection performed by the BSL-3 laboratory of Dr. Michael Diamond13. 
K18-hACE2-transgenic mice were dosed with 50ug C326-AHB2-1rfo by intranasal administration (i.n., 
50 uL= 25 ul x 2 in both nostrils) 24h prior (T-24h) to infection with 10^3 plaque forming units of CoV2 
Variants B.1.1.7, B1.351, B.1.1.24 intranasally at Day 0. Weight was measured daily thereafter and at 6 
days post infection (6dpi) animals (n=6/timepoint). (E.) CryoEM structure determination of the AHB2 
fused to a homotrimerizing domain (SB175) forms a highly avid bound structure to Spike trimer protein 
with RBDs in their open configuration, revealing a near atomic level accurate match with our design 
model (Structure determined in collaboration with Dr. Michael Jewett and David Veesler). (F.) The 
mininders can be readily produced in soluble form out of E. coli expression following auto induction 
(Time 0 vs Time 18 hours post induction). Following cell lysis by heating to 95°C and centrifugation to 
separate insoluble from soluble material, the LCB1v3 monomer MB, an AHB2 homotrimer, and three 
domain daisy chain AHB2-LCB3-LCB1 proteins are all >90% pure. Samples shown were analyzed by 
SDS-PAGE with reducing agent and Coomassie blue staining (molecular weight standards shown). 

Based on proven strategies for generating multivalent minibinders to improve avidity for 
homotrimeric influenza hemagglutinin15, the Baker, Veesler, Bloom, Diamond, Whelan, and 
Jewett labs collectively initiated a major campaign to design, select and characterize multivalent 
forms of MBs that resist escape mutagenesis, and are effective by single dose intranasal 
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administration in K18-hACE mice against all known mutant variants of concern25 that escape 
antibody responses16–22 (Fig. 3C-D). The Veesler lab has solved cryo-EM structures confirming 
the binding modes to S trimers as designed (Fig. 3E).  
 

4.4 Toward Clinical Development 
 

Collectively, our data provides strong proof of concept for de novo designed anti-SARS-CoV-2 
minibinders as viable agents for prevention or treatment of COVID-19. DARPA support together 
with philanthropic support (e.g. Schmidt Futures) has made this possible. The results have 
attracted the attention of the Bill & Melinda Gates Foundation (BMGF) and International AIDS 
Vaccine Initiative (IAVI) further amplifying your impact on our work. Both organizations will 
begin working with us to carefully define the target product profile for a multi-valent, escape 
resistant anti-SARS-CoV-2 minibinder as a preventative countermeasure for (i) preventing severe 
COVID-19 disease after infection, or (ii) protecting people from infection in high risk 
environments.  We expect the final drug product to be a nebulized formulation that can be applied 
to the nasal cavity and/or inhaled into the lungs.  
 
IAVI is a nonprofit research organization that develops vaccines and antibodies for human 
immunodeficiency virus (HIV), tuberculosis and emerging infectious diseases including COVID-
19.   We have also identified South Korea-based SK Chemical as a key partner for exploring 
manufacturing processes for our lead candidates and have completed material transfer agreements 
to initiate technology transfer in a multi-party collaboration with University of Washington (UW), 
BMGF, IAVI, and SK. Based on manufacturing and formulation development outcomes, we will 
be finalizing one primary candidate and one backup candidate for preclinical safety toxicology 
studies and eventual testing in people. Hence, we have now fully transitioned to conducting all the 
necessary preclinical research activities in manufacturing, formulation, and toxicology to submit 
an investigational new drug (IND) application to the Food and Drug Administration (FDA), 
enabling the initiation of human clinical trials in late 2022 or early 2023. 
 
Additionally, the several high-throughput datasets generated during SD2 has provided an 
excellent opportunity for learning. And the Baker lab has recently used ML to identify multiple 
features that are predictive of success. One of the most predictive features is the size of the 
interface: larger interfaces tend to be more successful. Another feature is the hydrophobicity of 
the interface, where more hydrophobic interfaces tend to be more successful. However, this 
second feature is also nuanced. We discovered that large hydrophobic interfaces are more likely 
to fail if hydrophobic residues form large clusters. In contrast, they tend to be more successful if 
hydrophobic residues are interspersed with polar residues, which presumably help prevent 
designs from non-specifically aggregating via hydrophobic patches. A final predictive feature is 
the structural quality of the binder design in the absence of its target. Recently, the lab trained an 
ML algorithm to recognize crystal structures of native proteins. This model can be used to 
quantify how “native-like” designs are, which in part relates to whether the designed structure is 
physically realistic. We found that this quantity is also predictive of whether binders can 
successfully bind their target in an experiment. Overall, we have made considerable progress in 
designing protein binders in the last few years of SD2. With TACC, we have developed 
infrastructure to rapidly design binders. With the BioFab, we have developed infrastructure to 
rapidly experimentally test these binders. And we have learned features that are predictive of 



Approved for public release; distribution is unlimited 
10 

binder success that can be applied to future design challenges. Together, these have all 
contributed to increasing our success rate in binder design from near zero successes per 100,000 
designs to tens or hundreds of successes, which is a significant advance for the field. 
Manuscripts describing this work are either published or in the publication pipeline23,24 (see 
Appendix I). 

4.5 Designing DNA binders.  

During the last year of SD2, we have tested three libraries of DNA binders, each with tens of 
thousands of designs. Our success rate has progressively increased with each attempt: a single hit 
with the first library, ~10 hits with the second library, and dozens of hits with the third library 
(Figure 2C and 2D). The increased success rate has likely come from multiple sources. First, we 
have made improvements to Rosetta’s energy function for modeling protein-DNA interactions. 
Before SD2, this part of the energy function had not been updated for over a decade. During 
SD2, we established a set of biochemical benchmarks to quantify Rosetta’s physical accuracy in 
modeling protein-DNA interactions. We then refit parameters in the energy function to optimize 
its performance on these benchmarks, which resulted in a large performance increase. Updated 
versions of the energy function were used to design the second and third libraries and may have 
contributed to increased experimental success. A second source of increased success may have 
come from improvements to our design protocol. As noted above, we identified multiple features 
that are predictive of success in designing protein-protein interactions. We also established an 
updated protocol for interface design that leads to higher-quality interfaces. We used this updated 
protocol in designing the second and third libraries, and used the predictive features to select 
which designs to order. These updates may have also contributed to increased experimental 
success. 

With only ~100 successful binders, it has been difficult to use ML to learn principles that govern 
DNA binding. However, we are taking two approaches to improve our design pipeline. First, we 
are performing in-depth experimental characterization of a few of the successful binders. For 
example, for each of these binders, we have experimentally measured the effects of all single 
amino-acid mutations on binding. We plan to use these results to help validate that the design is 
binding at the expected location, and to test Rosetta’s ability to predict the experimental results, 
which may reveal inaccuracies in Rosetta, as above. Next, we are comparing and contrasting our 
designed DNA binders with DNA binders from nature. We hypothesize that we can identify 
differences in binding mode that may reveal problems in our design protocol. Overall, this work 
has been a breakthrough in showing that it is possible to design DNA binders. We are eager to 
continue iterating on this challenge with design-test-learn cycles, with the eventual goal of using 
these binders to make synthetic cellular circuits. 

5.0 CONCLUSIONS 

A central goal of the start of the SD2 program was to use design-test-learn cycles to make rapid 
advances in design challenges. By applying this approach to protein design, we have made 
substantial advances in three design challenges of increasing difficulty: designing stable proteins, 
designing protein binders, and designing DNA binders. Not only have we increased our success 
rate in each of these challenges, but we have developed high-throughput methods that allow us to 
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rapidly design and test tens of thousands of proteins in each cycle. These methods leveraged 
computational resources from TACC, as well as the collaboration with the BioFab, which 
conducted a large number of high-throughput experiments. Learning from these data involved 
working with ML collaborators from SD2, as well as applying ML methods in the Baker lab, 
which included retraining the Rosetta energy function. All together, the above computational, 
experimental, and human resources through SD2 created an ecosystem that led to several 
exciting advances, from ML models that are predictive of stability, to improvements in Rosetta’s 
energy function, to improvements in success rates of designing protein and DNA binders. The 
increase in success rates sets the stage for design to tackle important scientific challenges in the 
future. And the detailed framework that we developed for rapid and high-throughput design-test-
learn cycles sets the stage for increasing these success rates even more. 
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8.0 SYMBOLS, ABBREVIATIONS, AND ACRONYMS  

ACE-2 Angiotensin Converting Enzyme 2 
BioFab  UW Biofabrication Center 
BMGF  Bill & Melinda Gates Foundation 
CH3 Methyl  
DARPA Defense Advanced Research Projects Agency 
DNA deoxyribonucleic acid 
FACS Fluorescence Activated Cell Sorting 
HIV Human Immunodeficiency Virus 
IAVI  International AIDS Vaccine Initiative 
IND Investigational New Drug 
IC50 Half maximal Inhibitory Concentration 
KL Kullback–Leibler  
MB Minibinder  
ML  Machine Learning 
RBD Receptor Binding Domain 
SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2 
SD2 Synergistic Discovery and Design 
TACC   Texas Advanced Computing Center 
UW University of Washington 




