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The immune system is regulated by protein-protein interactions. When a viral infection is

detected, the immune system responds by generating antibodies that can neutralize the viral pro-

teins. Meanwhile the virus replicates, generating new strains that could escape such neutralization.

Then, the race begins, not only between the virus and the adaptive immune system, but also against

the scientists who are developing antibody therapies and vaccines.

For the development of effective therapeutics and vaccine immunogens, the functional se-

quence space of the binding protein has to be studied. Current methods rely on the study of

existing variants of a viral glycoprotein. However, with every emerging variant, new therapeutics

and vaccine immunogens have to be developed. In this thesis I have used deep mutational scanning

coupled with next generation sequencing to build tools that will contribute to prospectively map

the surface of a protein. I hypothesize that being able to identify escape mutants on the devel-

oped therapies as well as characterizing the tolerable sequence variation of the targeted protein will

contribute to the generation of new and more potent therapeutics and vaccine immunogens.
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Chapter 1

Introduction

1.1 Purpose of the study

Protein-protein interactions (PPI) regulate fundamental biological processes including the

immune system and some viral infections. A general mechanism of viral infection is through the

interaction of a surface protein of the virus with a surface cell protein of the host. When the

infection is detected, the body generates antibodies that will bind to the viral protein and signal it

to be eliminated from the host. Most of the time this binding happens on the footprint of the host

cell, preventing the virus from recognizing the host and thus neutralizing the viral infection.

Mimicking the immune system, scientist are developing therapeutics, using antibodies as

well as small molecules, that also block that interaction from happening. In order to generate

this kind of therapeutics, the surface footprint between the two proteins, known as the epitope,

has to be studied and a well-established technique to do so is through epitope mapping. The

mapping of protein interactions can happen through different techniques and all give different and

complementary information. With the emergence of SARS-CoV-2 in 2019, there was a huge effort

to map the interaction of the receptor binding domain (RBD) with the host cell receptor ACE2.

All of the possible techniques were used in parallel to analyze this new protein and map were

the antibodies were binding. A more in depth review of the epitope mapping techniques used in

the study of SARS-CoV-2 S RBD have been used is given in Chapter 2. In it, I compare the
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information obtained with each technique and we put a special focus on deep mutational scanning

since, to our knowledge, there is no previous review [1].

When the viral protein is known, therapeutics can be designed to neutralize it. However,

these are designed against a specific strain of the virus. This means that when a new strain

emerges, the neutralization power of this antibody could be compromised or even completely lost.

The mutations that escape the neutralization are called escape mutants. When the escape mutants

escape neutralization of the existing therapeutics, the process has to be restarted to generate new

therapeutics that can neutralize the current strain of the virus. This renders the process inefficient

making the study of protein-protein interactions and the tolerated sequence space a research focus.

1.2 Scope of the study

I hypothesize that deep mutational scanning can be used to build tools that will facilitate the

study of viral proteins. By understanding what mutations are tolerated by the viral protein and

which ones escape antibody neutralization, we can inform the design of new therapeutics. In this

thesis, I have used deep mutational scanning in the context of SARS-CoV-2 S RBD to build widely

applicable tools for understanding the viral protein antigenic variability. In particular, I study the

Spike protein Receptor Binding Domain (S RBD) which is responsible for binding its host receptor

ACE2. Currently, any SARS-CoV-2 variant must bind the ACE2 receptor to enter the host cells,

thus, any future VOC will most likely need to maintain this binding.

First, I displayed the Wuhan-1 S RBD on the surface of yeast, verified that the protein

was folding correctly and that we could obtain reproducible results. With it, I characterized the

epitope of the monoclonal antibody 910-30 [2]. Then, using the displayed S RBD, I developed

a tool for identifying mutations on this protein that would escape antibody neutralization while

still maintaining binding to ACE2[3]. In the study, I identified single point mutations that escape

neutralization of antibodies isolated from convalescent patients [4]. Some of the identified mutants

later emerged in variants of concern such as K417N/T, N501Y or Q493R (Chapter 3). Next, I



3

used this tool to inform the engineering of broadly neutralizing antibodies in the context of the

Omicron VOC [5]. Knowing when the antibodies would fail to neutralize, our collaborators in

Jardine’s lab did several rounds of selection to engineer antibodies that not only neutralized Beta

and Gamma strains, but also Omicron (Chapter 4).

Finally, I wanted to better understand the mutational space on the RBD with highly mutage-

nized libraries. For this, I benchmarked a cassette-based method using Golden Gate that allows for

building custom, user-defined libraries on the order of 104 to 107 unique protein encoding variants

[6]. A limitation of deep mutagenesis is the generation of the libraries. Usually the mutagenesis

methods are time consuming, the final library contains considerable amounts of WT and the final

sequences not always match exactly the initial design. Using customized oligos and Golden Gate

assembly, in a single day, I generated libraries containing less than 2% WT and containing all the

designed mutations (Chapter 5). I used this method to build large customized libraries and train

a computational model to predict the effect of the combination of different mutations on ACE2

binding (Manuscript in preparation). The built libraries cover a sequence space far away from

current variants of concern and interest that, to our knowledge, has not been previously studied.

I have identified a low mutational space on the surface of S RBD that could be used as target for

new therapeutics (Chapter 6).

1.3 Limitations

Yeast surface display is widely used for understanding protein-protein interaction as well

as for engineering proteins. It has many advantages like the incorporation of post-translational

modifications, the inclusion of epitope tags and the compatibility with flow cytometric analysis.

Nonetheless, it also has some limitations regarding the size of the library that can be screened, a

different glycosylation pattern than that of human cells or the limitation of the protein size that

can be properly expressed and folded[7]. In this studies, a potential limitation of using yeast surface

display as the main platform is the accurate folding of the RBD compared to the packaging of this
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protein in the virus within the whole Spike. To overcome this limitation, I have used pseudovirus

analysis when convenient to reproduce the behaviour of the RBD libraries. The results have been

in agreement with the yeast surface display.

While the RBD of the S protein is responsible for recognizing the ACE2 host protein, it is

not the sole protein on the surface of the virus. Other proteins as well as different parts of the

Spike protein play an important role on cell entry and infection. [8]. This is another limitation of

using yeast surface display is the study of RBD by itself. Using pseudovirus assay, the behaviour

of the generated yeast plasmid libraries can be studied in the context of full virus.

I have used the S RBD to build deep mutational tools that I believe are widely applicable

to other protein-protein interactions. However, I have not had the chance to tested them on a

different protein. To ensure the applicability of these tools I have used general plasmid backbones

in which any protein can be encoded and generalized the protocols.



Chapter 2

An overview of methods for the structural and functional mapping of epitopes

recognized by anti-SARS-CoV-2 antibodies

This mini-review presents a critical survey of techniques used for epitope mapping on the

SARS-CoV-2 Spike protein. The sequence and structures for common neutralizing and non-

neutralizing epitopes on the Spike protein are described as determined by X-ray crystallography,

electron microscopy and linear peptide epitope mapping, among other methods. An additional

focus of this mini-review is an analytical appraisal of different deep mutational scanning workflows

for conformational epitope mapping and identification of mutants on the Spike protein which escape

antibody neutralization. Such a focus is necessary as a critical review of deep mutational scanning

for conformational epitope mapping has not been published. A perspective is presented on the use

of different epitope determination methods for development of broadly potent antibody therapies

and vaccines against SARS-CoV-2.
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2.1 Introduction

The interaction of proteins with other proteins is foundational to cellular life [9]. Understand-

ing the structural, functional, and mechanistic basis of such noncovalent protein-protein interactions

can help rationalize emergent cellular behavior [9], can be exploited for design of biologics like anti-

bodies [10] and can also be used to map and predict the next moves in the trench warfare between

humoral immunity and pathogen evasion and evolution [3].

An important class of protein-protein interactions are antibody interactions with antigens.

Here, the epitope is defined as the antigenic surface recognized by a given antibody. Identifying

the structures, sequences, and sequence constraints on such antigen epitopes is essential for solving

difficult problems in basic and applied immunology. For example, a key idea in modern vaccine

design has been that antigen structures can be modified rationally to present critical epitopes

that elicit antibodies that neutralize infection (neutralizing antibodies or nAbs) that, in turn,

confer long-lasting protection. The first proof of concept demonstration of such structure-based

vaccine design in Phase I clinical trials was published [11] for an immunogen mimicking a key

conformational epitope of a viral protein in respiratory syncytial virus. Similarly, the search for a

universal influenza A vaccine was jump-started by the structural and sequence identification of a

conserved epitope on the influenza surface protein haemagglutinin [12, 13, 14]. Antibodies targeting

this haemagglutinin epitope are able to neutralize broadly across different influenza A subtypes.

This structural definition of an epitope led to immunogen designs that elicit high levels of broadly

neutralizing antibody titers in a recently completed phase I clinical trial [15]. Thus, therapeutic and

prophylactic strategies are informed by, and often start with, a sequence and structural definition

of an antigenic epitope.

There exist several relatively mature technologies available to delineate the sequences, struc-

tures, or sequence constraints of epitopes. In fact, several comprehensive reviews of individual

methods have been published in this century [16, 17, 18, 19, 20, 21, 22, 23]. Table 2.1 lists com-
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mon experimental methods for epitope mapping. There are two major classifications of epitopes

primarily based on the experimental method used for their identification. Linear epitopes are those

that involve sequential residues in the primary amino acid sequence and can be identified using tech-

niques like peptide microarrays, phage, or bacterial display. By contrast, conformational epitopes

involve surfaces recognized by antibodies only when a protein is folded in its tertiary or quaternary

state. Such conformationally sensitive epitopes are typically resolved by structural determination

using X-ray crystallography or electron microscopy (EM). Less commonly, hydrogen-deuterium

exchange coupled to mass spectrometry (HDX-MS) [23] or deep mutational scanning [24] can be

employed. All methods have their relative strengths and drawbacks, but generally it has been

difficult to compare directly between methods as not all are typically performed on the same set of

proteins.

The emergence of SARS-CoV-2 [25] has led to intense research on its virology, epidemiology,

and therapeutic and prophylactic interventions [26]. During this time, dozens of research groups

around the world identified antibodies raised against natural SARS-CoV-2 infection [2, 27, 4, 28, 29].

This outpouring of research represents a natural experiment for the relative strengths, weaknesses,

and types of information inherent in different epitope mapping methods. Thus, in this review

we critically survey techniques used for epitope mapping on SARS-CoV-2. However, we do not

intend an in-depth explanation of all the methods since exhaustive modern reviews already exist

and are cited. Nonetheless, an additional focus on this mini-review is given on epitope mapping

and identification of mutants which escape antibody neutralization using deep mutational scanning

[24], as to our knowledge no comprehensive review exists. Thus, the second half of this review is

given to the critical appraisal of different deep mutational scanning strategies because since the

effect of individual mutations on binding can be studied, deep mutational scanning is especially

relevant when developing antibodies against evolving viruses.

Given that well over a hundred thousand papers have been published on SARS-CoV-2 [26], a

comprehensive review is impractical for this short mini-review format. We apologize to colleagues
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Table 2.1: Summary of common experimental methods for linear and conformational
epitope mapping

Category Technique Information
Obtained

Comparative
Advantage

Comprehensive
review

Linear
epitopes

Peptide Arrays

Linear peptide
sequence
recognized by
antibody

Massive
parallelization
allows
proteome-size
scalability

Katz el al. [19]

Phage and Bac-
terial Display

Can use linear
and constrained
peptides in a
high throughput
format

Pande et al.[21]

Conformational
epitopes

Electron Mi-
croscopy (Cryo-
/negative stain)

Atomic structure
of an
antigen-antibody
complex

Structural
determination of
large, complex
complexes with
only small
amounts of
material needed

Renaud et al.
[18]

X-ray Crystal-
lography

Highest quality
atomic
structural
determination

Malito et al. [16]

HDX-MS Antigenic
surfaces shielded
from solvent in
presence of
antibody

Description of
dynamic
conformations

Sun et al. [23]

Deep Mutational
Scanning

Comprehensive
antigenic
sequence
determinants to
binding
/competitive
inhibition

High resolution
sequence
constraints on
antigenic
epitopes and
evaluation of
point mutants
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whose work we have failed to cite.

2.2 SARS-CoV-2 Spike protein as a model system

Comparisons between epitope mapping methods can be accomplished on antibodies targeting

the same protein. In this mini-review we will focus on the SARS-CoV-2 Spike protein (S) as it

is a highly glycosylated surface exposed protein on the virus and the focus of the overwhelming

majority of SARS-CoV-2 epitope studies published to date (Figure 2.1 A) [4, 30, 31]. The S

protein is a homotrimer in which each protomer is arranged as two subunits, S1 and S2. A furin

cleavage site separates each S subunit and after cleavage the subunits are noncovalently associated

in the prefusion metastable structure [32]. The S1 subunit binds to angiotensin-converting enzyme

2 (ACE2) via its receptor binding domain (RBD) [33] and contains an N-terminal domain (NTD),

while the S2 subunit containing the C-terminal domain (CTD) is critical for the fusion of the viral

and host cell membranes. The S2 subunit is more conserved than S1, perhaps because most of the

surface exposed portion of the virus is on S1 [34]. Similar to other coronaviruses, the prefusion

metastable structure of S undergoes two major conformations: a conformation where the RBD is

in the “up” state and a conformation with RBD “down” [28, 35]. The biological relevance for these

conformations is that the ACE2 receptor binding motif (RBM) is exposed to solvent only when

the RBD is in the “up” state. Thus, at least one RBD must be in the “up” state for cell entry via

ACE2 recognition.

2.3 X-ray crystallography

X-ray crystallography allows atomic resolution of the antigen-antibody interaction and is the

acknowledged gold standard for epitope determination. Epitopes can be determined amazingly fast:

the first structure of an anti-SARS-CoV-2 antibody in complex with S RBD [28] was reported on a

preprint server only 9 weeks after the genetic sequences of SARS-CoV-2 were made public. Closely

following this initial study, other reports described neutralizing and non-neutralizing epitopes for

antibody complexes with individual S domains like the RBD (Figure 2.1 B) or NTD (Figure 2.1



10

A.

16 1198

NTD RBD

RBM

S1/S2

S2’ HR1CH CD HR2
SD1 SD2

E.

B.

IGHV3-53

CR3022

S309

ACE2 
footprint

RBD

C.

NTD

NTD 

“supersite”

Glycans

NTD RBD SD2SD1

S2’

S1/S2

HR1 CH CD

HR2RBM

16 216 416 616 816 1016 1198

D.
Class 1

(IGHV3-53)

Class 3

(S309)

Class 4

(CR3022)

Class 2

Class 2

Class 1

(IGHV3-53)

Class 4

(CR3022)

Figure 2.1: Epitope mapping techniques in the context of SARS-CoV-2. A. SARS-CoV-
2 Spike ectodomain schematic with labelled regions. NTD: N-terminal domain, RBD: receptor-
binding domain, RBM: receptor-binding motif, SD1: subdomain 1, SD2: subdomain 2, S1/S2:
furin cleavage site, S2’: S2’ cleavage site, HR1: heptad repeat 1, CH: central helix, CD: connector
domain, HR2: heptad repeat 2. Below is the structure of the Spike glycoprotein color coded with one
protomer shown with RBD in the up conformation. The other two protomers are shown in different
shades of grey and have the RBD in the down position. B. RBD structure (in green) showing
epitopes identified by x-ray crystallography for anti-RBD IGHV3-53 (yellow), CR3022 (pink), and
S309 (blue) antibodies. C. NTD structure (in chocolate brown) shown with the “supersite” epitope
(pale blue). Glycans are shown in yellow. D Common epitopes represented as spheres for the
identified antibody classes on S. Class 1 binds on the RBM only available on the ‘up’ conformation.
Class 2 can recognize the RBD on the ‘up’ and ‘down’ position. Class 3 binds in the same region
as the previously identified S309 nAb. Class 4 in a non-neutralizing group of antibodies that bind
a conserved epitope only available on the ‘up’ conformation, previously identified with CR3022. E.
Linear epitope mapping along the Spike protein. Epitopes are color coded by domain as in a. Note
the diversity of epitopes, including at SD1 and SD2 domains that are underrepresented in X-ray
crystallography and EM structural studies.
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C) [35, 36, 37, 38, 39, 40, 41]. These early studies helped define the structural basis of neutralizing

and non-neutralizing epitopes on these individual domains.

The RBD is a major target for neutralizing antibodies since it is responsible for binding

ACE2 [32]. In the early days of the COVID-19 pandemic, antibodies from SARS-CoV convalescent

patients were screened against SARS-CoV-2 S RBD. An early cross-reactive antibody is CR3022

[28], and this antibody defines one non-neutralizing and broadly conserved epitope on RBD distal to

its RBM (Figure 2.1 B). Another early described broadly conserved epitope is the one recognized

by mAb S309 [36] (Figure 2.1 B), which recognizes an epitope defined by a conserved N-linked

glycan at Asn343. In contrast to the CR3022 epitope, antibodies at this S309 epitope neutralize

both SARS-CoV and SARS-CoV-2. Further into the pandemic, SARS-CoV-2 specific nAbs were

identified from convalescent patients and, for some, their epitopes were structurally determined by

X-ray crystallography. Some examples are P2B-2F6 [42], P4A1 [43], CB6 [44]; some other antibodies

such as PR1077 [45] were isolated from immunized mice. A large fraction of these nAbs bind at

or adjacent to the ACE2 binding site. In particular, P4A1 [43] covers the majority of the ACE2

footprint. As one example, nAbs from the IGHV3-53 germline class represent the most common

antibodies elicited from natural infection from the original Wuhan-Hu-1 strain [37]. Structures

of IGHV3-53 nAbs CC12.1, CC12.3, and B38 define the basis of neutralization by competitive

inhibition of ACE2 recognition [37, 38] (Figure 2.1 B).

Antibodies can also neutralize SARS-CoV-2 by binding at the NTD, with several crystal-

lographic studies pinpointing the key epitopes [39, 40]. There are conserved epitopes between

SARS-CoV and SARS-CoV-2 NTD but all are non-neutralizing; conversely, the key non-conserved

epitope is neutralizing and has been named ‘supersite’ [39, 41] (Figure 2.1 C). Most of the NTD

surface is covered by a glycan shield, and the supersite is one of the only exposed proteinaceous

surfaces on NTD. Structural studies show that antibodies from different germline classes bind this

key aglycosylated epitope [40]. Unfortunately, this supersite undergoes extensive antigenic varia-

tion, and many variants of concern (VoC) are no longer neutralized using supersite nAbs elicited
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from the original Wuhan-Hu-1 strain [39].

Overall, X-ray crystallography has been a key technique in the study of SARS-CoV-2 epitopes

as it was used to define individual conserved and non-conserved epitopes on the RBD and NTD

of the SARS-CoV-2 S. Key limitations of this technique include the difficulty of the preparation of

high diffraction quality crystal of full-length S ectodomain, limiting determination of epitopes to

those entirely contained within individual RBD and NTD domains.

2.4 Electron Microscopy

The 2017 Nobel Prize in Chemistry was awarded “for developing cryo-electron microscopy

[cryo-EM] for the high-resolution structure determination of biomolecules in solution”. The use of

electron microscopy, and cryo-EM in particular, has exploded in popularity over the past decade for

the method’s ability to determine structures of large protein complexes like antibodies in complex

with S. In fact, cryo-EM was used to determine the atomic structure of S ectodomain less than two

months after the publication of the S sequence [32, 35].

Dozens of cryo-EM and, less commonly, negative stain-EM structures [46] of potent neu-

tralizing antibodies in complex with S have been reported. We list here a few of the antibodies

that can be grouped in two representative examples of the types of epitopes that can be analyzed

using electron microscopy. In the first example, a study led by Adimab scientists used cryo-EM

to determine the epitope of a broadly neutralizing antibody developed by Adimab that binds to

S RBD [47]. Regeneron has also developed an antibody cocktail binding to S RBD whose epitope

has also been mapped using this same technique [48]. These specific complexes could have also

been determined by X-ray crystallography since the epitope is entirely contained within an S RBD

monomer. Novel epitopes such as the one of H014 on RBD [48] and the anti-S NTD antibody

4A8 [41] can also be determined using EM. In another example, a different group used cryo-EM to

characterize the epitope for a nAb that binds simultaneously to two of the three RBDs contained

in the S trimeric complex [49]. This specific complex would be difficult to determine by X-ray
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crystallography. Thus, cryo-EM can be used for complexes both amenable and refractory to solu-

tion by X-ray crystallography. Cryo-EM and X-ray crystallography can be combined to define the

structural epitopes recognized by antibodies elicited from natural infection. An excellent example

of a joint study was reported by Barnes et. al, who defined the four major classes of antibodies

binding to RBD epitopes [50] (see definitions in Figure 2.1 D).

2.5 Linear Epitopes from Synthetic Peptide Arrays

Linear epitopes are commonly identified using synthetic peptide arrays [19, 20] or peptide

libraries coupled with phage or bacterial display [21, 22]. Most of the published linear epitopes

for SARS-CoV-2 have been from synthetic peptide arrays; to our knowledge there have been no

published reports on the use of phage display to determine epitopes on SARS-CoV-2. A unique

strength about determining epitopes using synthetic peptide arrays, compared with other techniques

covered in this review, is that individual antibodies as well as a bulk serological response can be

studied.

Synthetic peptide arrays have been used to study epitopes of monoclonal antibodies and

convalescent patient serum on the whole S protein by several groups [51, 52, 53, 54, 55, 56]. Even

though this review focuses on the S protein epitope mapping, one group has used synthetic peptide

arrays to identify proteome-wide epitopes for SARS-CoV-2 and other coronaviruses [51], highlight-

ing the advantage of scale for synthetic peptide arrays.

The identified linear epitopes on S are clustered in defined regions (Fig. 2.1E) mainly at

cleavage sites or sites necessary for conformational changes for viral entry, like the S1/S2 cleavage

site [37], the S2’ cleavage site, and the CTD [52, 53]. While the majority of the linear epitopes

are found outside of the RBD, several have also been identified on the RBD [54]. These combined

studies highlight the diversity of the antibody response on the entire S protein and pinpoint im-

munodominant epitopes as well as epitopes that are relatively occluded from antibody recognition.

However, there is a lack of information on the correlates of protection for these identified epitopes,
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and the structural basis for recognition must be inferred by structural information given by cryo-EM

and X-ray crystallography.

2.6 Hydrogen Deuterium exchange

Epitope determination using hydrogen-deuterium exchange coupled to mass spectrometry

(HDX-MS) is based on the biophysical principle that amide hydrogens can exchange with deuterium

in deuterated solvent faster when unbound than bound with antibody. Epitopes are determined by

identifying locations on protein surfaces with lower exchange rates. The S RBD-ACE2 interface as

well as the soluble ACE2 have been mapped by HDX-MS, which contributed to our understanding

of the conformational changes on the S protein upon binding to ACE2 [57]. HDX-MS has also been

used to determine and explain antibody epitopes [58, 59]. Regeneron in particular used HDX to

understand the mechanism by which non-competitive antibodies bind simultaneously to the RBD

[57]. These results can help create a cocktail of neutralizing antibodies that would not overlap or

block each other while simultaneously binding the RBD on the ACE2 footprint. While HDX-MS can

facilitate the understanding of the conformational dynamics of binding, it may give recurrent false

positives and the experimental proposal must fulfill an exacting list of requirements to obtain good

results [23]. Thus, HDX-MS is usually coupled to methods like cryo-EM to marry conformational

dynamics with structural insight.

2.7 Deep mutational scanning

Deep mutational scanning, independently developed by the Fields [24] and the Bolon [60]

groups, leverages next generation sequencing to observe the functional effect of individual mutants

in a large population [24]. The power of this method is scale, as tens of thousands of mutants can be

assessed in a mixed pool. In 2015, conformational epitope mapping of protein-protein interactions

using deep mutational scanning was independently developed by different labs [61, 62, 63]. In the

last year, three independent groups have used similar epitope mapping approaches to understand

and engineer interactions between S RBD and antibodies or the ACE2 receptor (Figure 2.2). The
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Procko group identified mutations on human ACE2 that increase binding affinity to S RBD [64].

The Bloom group identified the sequence determinants of S RBD for ACE2 recognition and mapped

anti-RBD antibody epitopes [31, 65, 66]. Finally, the Whitehead group has developed a method

to determine the set of mutations on S RBD which can escape monoclonal antibody neutralization

[3].

In deep mutational scanning, the antigenic sequence dependence on binding can be assessed

for nearly every single point mutant in the protein sequence. This information is used to identify

conformational epitopes under the assumption that epitope positions are less tolerant of muta-

tions than non-epitope positions. Deep mutational scanning workflows for conformational epitope

mapping are similar at a superficial level. The antigen of choice is displayed on the surface of

a eukaryotic cell. Next, binding to an antibody or receptor is monitored using a flow cytometer

after cell labeling with appropriate fluorophores. Comprehensive mutagenesis of the antigen gene

is performed thus generating a library of antigen mutants that can be transformed into the rele-

vant cell type. A population of cells, where each cell displays a distinct antigen mutant, is split

and incubated in several different binding conditions. For example, each reaction could contain

a different amount (or none) of antibody. After fluorophore labeling, the cells are screened using

a cell sorter. Different populations are distinguished using gates on different light scattering or

fluorescent values. For example, a gate is typically set to identify cells maintaining high antibody

binding as inferred by a high fluorescence signal in the appropriate channel. Populations of cells

are sorted according to these gates by fluorescence activated cell sorting (FACS), regrown, plasmids

harvested and prepared for deep sequencing, and then sequenced. For each sorted population the

frequency of each variant is enumerated; along with other information about sorting conditions,

this information is processed either qualitatively or quantitatively to identify the effect of each

introduced mutation on the binding considered in the assay.

The Procko group used deep mutational scanning to identify ACE2 mutations that increase

binding to SARS-CoV-2 S RBD [64] in order to develop a receptor trap prophylactic and therapeutic
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against SARS-CoV-2. Key mutations found to increase ACE2 binding to S were those removing N-

linked glycans that partially shield the ACE2 surface recognized by the S RBD. The best engineered

soluble ACE2 (sACE2) variant can outcompete natural ACE2 for binding to S RBD. Further, the

authors showed that sACE2 can neutralize different coronaviruses, including SARS-CoV and SARS-

CoV-2 [67]. To engineer this receptor, ACE2 was displayed on the surface of mammalian cells and

incubated with soluble S RBD. The variants that bind tighter to the S RBD than native ACE2

were collected and identified by an increase in frequency in the binding population relative to a

control [60].

The Bloom research group used deep mutational scanning for the quantitative assessment of

the sequence dependence of S RBD on ACE2 binding affinity [65]. This same platform was also

used to map epitopes and escape mutants for several monoclonal antibodies [31, 66], predicting

in advance the N501Y mutation observed in several VoC. S RBD is displayed on the surface of

yeast and labeled either with soluble ACE2 or mAb at multiple different concentrations. Cell

populations collected depend on whether epitopes or escape mutants are identified, and sequence

data is processed using a quantitative maximum likelihood estimation method [68].

The Whitehead group has developed a method that identifies the near-comprehensive set of

escape mutants on S RBD for neutralizing antibodies that directly compete with ACE2 for binding

[3]. Several antibodies can be tested in parallel. Most escape mutations identified in the study

are located adjacent to but not directly on the ACE2 binding footprint. Most intriguing, many

escape mutants map to K417, including K417N which is present in the circulating Delta plus VoC

(B.1.617.2+K417N) and in the Beta VoC and K417T present in the Gamma VoC [69, 70]. To

identify escape mutants, an aglycosylated S RBD construct is displayed on the surface of yeast and

a competitive binding experiment is performed between a given antibody and soluble ACE2. Cells

harboring RBD variants able to maintain ACE2 binding in the presence of a nAb are collected,

and a novel algorithm is used to identify escape mutants.
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The above studies all performed different strategies, shown in Figure 2, with these differ-

ences instructive for those setting up a deep mutational scanning experiment. One major difference

between groups is the display technique. One group displayed bona fide ACE2, including its

membrane-spanning pass, on mammalian cells, while the other groups used an artificial genetic

fusion of S RBD to a yeast cell surface protein. The yeast display set-up maintains several ad-

vantages for deep mutational scanning: relatively fast growth rates, excellent genetics and high

transformation efficiency, robust cells, and validated protocols [71]. In our hands 11 of 12 tested

antibodies targeting S RBD maintained binding to the engineered construct on yeast [3], attesting

to the fidelity of the platform. Still, it remains difficult to display complicated glycoproteins in

the active form [3], and yeast has different N-linked glycosylation patterns involving heavy man-

nosylation relative to mammalian cells [72]. Therefore, antibodies that target across S protomers,

that involve glycan recognition, or that bind on the S2 protein cannot be considered using yeast

display. While mammalian cell display has several disadvantages relative to yeast display, the key

advantage is displaying a membrane protein in its native context. In the Procko case, using the

native ACE2 conformation was essential to identify that the removal of the glycans increases the

binding affinity to RBD.

The two next steps in deep mutational scanning are (i.) performing comprehensive muta-

genesis of the gene to be scanned; and (ii.) transforming the resulting DNA libraries into cells.

Comprehensive mutagenesis on plasmid DNA can be performed using several methods like PFunkel

[73], nicking [74], or overlap extension PCR mutagenesis [64]. Illumina sequencing platforms typ-

ically utilize 250 base pair DNA sequencing, which limits the linear stretch of the gene which

contains mutations to typical 250-350 bp. Covering an entire gene like ACE2 or S RBD, which are

both larger than 350 bp, requires multiple libraries for coverage. These libraries are colloquially

referred to as ‘tiles’. Both the Procko and Whitehead groups used this tiling strategy (Figure

2.2). The main disadvantage of tiling is handling each library independently - separate labeling,

sorting, and DNA prep steps must be performed for each tile. In contrast, the Bloom group en-
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coded all mutations on S RBD in a single library. Then, they utilized PacBio long read sequencing

to haplotype each set of mutants on S RBD to a unique barcode (Figure 2.2). Illumina short

read sequencing of the short barcode could then be used to identify frequencies of each mutant.

This approach has a higher upfront cost of library haplotyping (the PacBio step) but has more

streamlined downstream steps with less expensive sequencing on the backend.

All groups used FACS to screen cell populations. Both Procko and Bloom groups used direct

labeling either with antigen or antibody. In contrast, the Whitehead group developed a competi-

tive ACE2 binding screening assay for a neutralizing antibody to infer the set of escape mutants.

All groups also used Illumina for next generation sequencing of library DNA. The Procko and

Whitehead groups screened and sequenced each tile separately, while the Bloom group sequenced

library barcodes only. Best practices for these screening steps involve making true biological repli-

cates (DNA libraries prepared and transformed independently) and sorting replicate libraries on

different days.

In the final step, sequencing results are analyzed with a method appropriate for each approach.

The analysis results are qualitative or quantitative and depend on factors in the experimental ap-

proach like the choice of display format, the type of mutagenesis performed, and screening strategy.

In deep mutational scanning workflows the first step is to enumerate the frequency of each variant

for each sequenced population. The simplest qualitative analysis is to compare the frequency of

a selected population with a reference population that has passed through the cell sorter but is

otherwise not screened for binding. The log transform of this frequency change between popula-

tions is called an ’enrichment ratio’. The Procko group used this qualitative analysis to determine

the relative binding for their ACE2 variants. Such qualitative analyses are simple to perform and

suitable for engineering goals like developing superior ACE2 receptor traps. However, this enrich-

ment ratio analysis is subject to consider noise resulting from complexity bottlenecks in the FACS

screening, DNA preparation, and sequencing steps. Thus, one drawback from a qualitative analysis

is hit identification - how does one determine high enrichment ratios that result from binding events
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rather than ones that occur by chance? The Whitehead group solved this problem by independently

sorting a control population subject to the same screening criteria as their competitively inhibited

yeast cells. This control population was then used to set an empirical False Discovery Rate at

which an enrichment ratio is not expected to occur by chance in a population of a given size.

The most sophisticated approach for analysis came from the Bloom group, who sought to

quantitatively estimate binding dissociation constants for S RBD mutants. Their approach involved

sorting using many different labeling concentrations of ACE2 or antibody and using a maximum

likelihood estimation approach to infer dissociation constants [68]. This protocol is very exhaustive,

with precision coming at the expense of throughput. Thus, this is a suitable protocol to analyze a

few antibodies in depth.

In summary, these three groups’ contributions show how different experimental observables

result from different experimental strategies.

2.8 Conclusions and perspective

Hundreds of antibodies and nanobodies have had their epitopes mapped on SARS-CoV-

2 S with a handful also having their escape mutants determined. This accumulated knowledge

has contributed to the mitigation of COVID-19 through the development of monoclonal antibody

therapies and novel vaccines. All techniques surveyed were quite useful for different facets of

epitope mapping. Electron microscopy and X-ray crystallography were essential in the early days

by defining the structural basis of many common neutralizing and non-neutralizing epitopes on S.

Linear peptide arrays showed the diversity of the antibody response against S and identified several

common immunodominant epitopes. Deep mutational scanning was essential for understanding the

impact of individual mutations on both S RBD/ACE2 and anti-S antibody/S recognition. These

mutational constraints on binding led to predictive understanding of the recognition landscape for

currently circulating VoCs.
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Our mini-review described at length different conformational epitope mapping methods by

deep mutational scanning as no in-depth review for this methodology exists. We are especially

excited about the ability to delineate the sequence constraints on binding by both ACE2 and nAbs,

as these constraints dictate the boundaries of the emerging arms race between future mutations on

SARS-CoV-2 VoC and the ability of the humoral response in the vaccinated and naturally infected

population to respond. It remains to be seen whether deep mutational scanning can inform the

next generation of design of monoclonal antibody therapies and vaccine candidates.

2.9 Acknowledgements

We thank members of the Whitehead group (M.B.K., Z.T.B, M.N.K) for critical reading

of the manuscript and helpful suggestions. Funding: Research reported in this publication was

supported by the National Institute Of Allergy And Infectious Diseases of the National Institutes

of Health under Award Number R01AI141452 to T.A.W. The content is solely the responsibility

of the authors and does not necessarily represent the official views of the National Institutes of

Health.

2.10 Author Contributions

Wrote paper: IMFU, TAW.



Chapter 3

One-shot identification of SARS-CoV-2 S RBD escape mutants using yeast

screening

The potential emergence of SARS-CoV-2 Spike (S) escape mutants is a threat to reduce the

efficacy of existing vaccines and neutralizing antibody (nAb) therapies. An understanding of the

antibody/S escape mutation landscape is urgently needed to preemptively address this threat. Here

we describe a rapid method to identify escape mutants for nAbs targeting the S receptor binding

site. We identified escape mutants for five nAbs, including three from the public germline class

VH3-53 elicited by natural COVID-19 infection. Escape mutations predominantly mapped to the

periphery of the ACE2 recognition site on the RBD with K417, D420, Y421, F486, and Q493 as

notable hotspots. We provide libraries, methods, and software as an openly available community

resource to accelerate new therapeutic strategies against SARS-CoV-2.
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3.1 Introduction

The type I viral fusion protein Spike (S) is a major antigenic determinant of SARS-CoV-2 and

is the antigen used in all approved COVID-19 vaccines [75, 76, 77]. Recently, the B.1.1.7 (N501Y;

Alpha), B.1.351 (E484K, N501Y, K417N; Beta), B.1.427 (L452R; Epsilon), B.1.617 (L452R, E484Q;

Delta) and C.37 (L452Q, F490S ;Lambda) viral lineages have emerged (mutations listed are for S

receptor binding domain (RBD) only). Among other mutations on Spike, all lineages encode single

nucleotide substitutions in the S RBD near the recognition site for its cellular target angiotensin-

converting enzyme 2 (ACE2) [77, 78, 79].

Dozens of studies have reported the structural, epitopic, and functional landscape of non-

neutralizing monoclonal antibodies and nAbs targeting trimeric S [2, 4, 28]. A prophetic under-

standing of the mutations on S that could evade antibody recognition would enable development

of better vaccine boosters and monoclonal antibody therapies. In particular, FDA-approved mon-

oclonal antibody therapies targeting the S RBD developed by Regeneron [30] and Lilly [58] have

shown significantly decreased effectiveness with Beta and Gamma variants [80, 31]. Thus, we sought

to develop an S RBD yeast surface display (YSD) platform (Figure C.2) [35], as we hypothesized

that broad identification of SARS-CoV-2 S escape mutants could be found by integrating high

throughput screening platforms with deep sequencing. While a similar platform uses the loss of

nAb binding to identify escape mutants [31, 65], we rationalized that a functional screening assay

that directly measures the ability of a nAb to compete with ACE2 for S RBD binding, would be

a comparatively strong predictor of RBD escapability, as it accounts for mutations in RBD that

would disrupt S binding to ACE2.

3.2 Results

We have developed an aglycosylated S-RBD YSD platform (S RBD(333-537)-N343Q) from

the original Wuhan-Hu-1 strain [2] that can bind specifically to ACE2 (Figure 3.1A).This S RBD

construct has its one native N-linked glycan removed (N343Q) as the heavy N-linked mannosylation
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endemic of S. cerevisiae could hamper anti-S RBD mAb recognition [72]. With it, we characterized

the epitope of the monoclonal antibody 910-30 and confirmed that it binds a glycan-indepenent

epitope. By performing a competition binding experiment against ACE2, we determined that it

directly competes against ACE2 (Figure C.1) for binding, like ofther IGHV3-53/3-66 class mem-

bers. Cell surface titrations of CR3022 IgG and nAb HKU-910-30 IgG yielded apparent dissociation

constants comparable to reported in vitro results [2, 28] (Figure C.3). We next tested a panel of

eleven additional anti-S RBD mAbs for binding to aglycosylated RBD. These mAbs were isolated

from convalescent donors infected in late 2019/early 2020 and thus are representative of anti-S

mAbs raised during natural infection [4]. Ten of the eleven mAbs recognized aglycosylated S RBD

(Figure 3.1B). The one panel member that did not bind, CC6.33, selectively recognizes the S309

epitope on the RBD containing the N-linked glycan at position 343 [36].

Next, we evaluated the ability of the mAb panel to competitively inhibit ACE2 binding to

aglycosylated S RBD in an assay conceptually similar to the one previously described by Tan et

al. [81]. Yeast displaying aglycosylated S RBD was first labeled with a saturating concentration of

a given mAb and then co-incubated with biotinylated ACE2. Six mAbs completely ablated ACE2

binding, one mAb partially inhibited ACE2, and the remaining four did not prevent ACE2 binding

(Figure 3.1C). A direct correlation was observed between the previously determined neutralization

potency of the antibody [2, 28] and the fluorescence signal increase in the competition assay (Figure

3.1C). We conclude from these experiments that, excluding the S309 epitope, the aglycosylated S

RBD platform faithfully recapitulates binding interactions of nAbs with S RBD [4].

Our strategy for identifying potential S RBD escape mutants was as follows. First, we

constructed a saturation mutagenesis library of aglycosylated S RBD containing all possible single

missense and nonsense mutations for the 119 surface exposed positions of the RBD (96% coverage of

the 2,380 possible library members; Table D.1 contains library coverage statistics) [82]. For each

codon, mutations were encoded using oligonucleotides containing a degenerate NNK sequence. This

degenerate sequence encodes all 20 amino acids plus a stop codon, which is useful as an internal



25

D

C

Competing

Non-competing

Fluorescence signal 

(ACE2 binding)

C
e
lls

Antibody

[10µg/ml]
Biotinylated ACE2 

[75nM]

+

+
+

+

+

+

+

+
+

+

+

-
+

CC12.1

CC6.31

CC12.3

CC12.13

CC12.17

CC6.29

CC6.32

-

CC12.7

CC6.30

CC12.19

-

CR3022

B

E
Control

CC12.3

10
0

10
1

10
2

10
3

10
4

10
5

10
6

Comp-FL1-A :: FITC-A

10
0

10
1

10
2

10
3

10
4

10
5

10
6

C
o
m

p
-F

L
2
-A

 :
: P

E
-A

B2_Data Source - 1.fcs

bound

11499

10
0

10
1

10
2

10
3

10
4

10
5

10
6

Comp-FL1-A :: FITC-A

10
0

10
1

10
2

10
3

10
4

10
5

10
6

C
o
m

p
-F

L
2
-A

 :
: P

E
-A

B1_Data Source - 1.fcs

bound

9473

S RBD N343Q Surface 

Display (anti-c-myc-FITC)

ACE2 

binding 

(Goat anti-

Human 

IgG Fc PE 

conjugate)

ACE2

No protein

A

PE

Anti-c-myc-FITC

Aga1

Aga2
c-myc

Yeast 

surface

RBD

ACE2

Antibody

S RBD N343Q Surface Display (anti-c-myc-FITC)

A
C

E
2

 b
in

d
in

g
 (

S
A

P
E

)

Control

2%

CompetingControl

Competing

2%

CC6.31

CC12.13

CC6.29

CC6.32

CC12.7

CC6.30

CC12.19

Antibody

[10µg/ml]

Fluorescence signal 

(Antibody IgG binding)

C
e
lls

CC12.1

CC12.3

CC12.17

CR3022

-

CC6.33

Neutralizing

Partially neutralizing

Non-neutralizing
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negative control for the assay. We labeled yeast displaying these RBD variants with a saturating

concentration of nAb and then co-incubated with a saturating concentration of biotinylated ACE2.

We then used fluorescence activated cell sorting (FACS) to screen for mutants that could bind

ACE2, indicating that the RBD mutation allows for evasion of the nAb while not disrupting the

ACE2 interaction critical for cell entry (Figure 3.1D), Figure C.4, C.5). Importantly, a control

with no ACE2 labeling was sorted to set an empirical false discovery rate (FDR) for putative

escape mutant hits ((Figure 3.1E), Figure C.5). Plasmid DNA from sorted cells were prepped

and deep sequenced. We determined the enrichment ratio (ER) – the base-2 logarithm of the ratio

of the frequency mutant in the sorted population to its frequency in the reference population –

and then used the control population to set the FDR (Figure 3.1E), Fig C.6). We screened

five different nAbs identified earlier as having completely ablated ACE2 binding (CC6.29, CC6.31,

CC12.1, CC12.3, CC12.13). In all, we identified a total of 97 S RBD mutants that can escape

recognition by at least one nAb (Table D.2).

For all five nAbs, the putative escape mutant hits were localized to specific locations within

the S RBD primary sequence (Figure 3.2A, Figure C.7, C.8, C.9, C.10, C.11). CC12.1 and

CC12.3 belong to the public germline class VH3-53 [2, 38, 28] and are representative of the subset

of VH3-53 public antibodies with relatively short CDRH3 regions [83]. Strikingly, these two nAbs

share over 90% of the same RBD escape mutants (Figure 3.2B), even though the light chain differs

between the nAbs. Structural complexes of antibodies CC12.1 and CC12.3 were previously solved in

complex with S RBD [37], affording a structural explanation for individual escape mutants. Escape

mutants for both of the VH3-53 nAbs CC12.1 and CC12.3 clustered at the same location on the S

RBD mainly on the periphery of the ACE2 binding site (Figure 3.2C; Figure C.12). To confirm

that the mutations did not have a large effect on equilibrium binding to ACE2, we determined the

dissociation constant of eight single point mutants using yeast surface display titrations. Binding

affinities of each mutant were comparable to the S RBD N343Q dissociation constants and in

agreement with a previous deep mutational scanning study (10) (Figure 3.2D; Data S3). Thus,

https://www.cell.com/cell-reports/fulltext/S2211-1247(21)01065-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2211124721010652%3Fshowall%3Dtrue#supplementaryMaterial
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mutations identified that escape antibody recognition in this assay can still bind ACE2.

Having identified a number of putative escape mutants from the mutagenesis library screen-

ing, we sought to determine how this functional screening correlated with the more conventional

pseudovirus neutralization assay. A panel of MLV-based SARS-CoV-2 pseudoviruses were generated

that contained single mutations predicted by the mutagenesis scanning to allow escape from one of

the antibodies screened, as well as several irrelevant control mutations. Antibodies CC12.1, CC12.3

and CC6.29 were screened against the original SARS-CoV-2 pseudovirus as well as this panel of

mutant pseudoviruses in duplicate (Figure 3.2E), and the resulting IC50 values were compared to

calculate the effect on antibody neutralization potency (Figure 3.2F; Figure C.13). Consistent

with the RBD mutagenesis library and structural analysis, CC6.29 failed to neutralize the F486I,

E484K, and T478R variants. Additionally, K417N, K417T, and D420K hotspot mutants completely

escaped neutralization for both CC12.1 and CC12.3. The only instance we tested where the mu-

tagenesis scanning data differed from the pseudovirus results was at N501Y that was predicted to

confer escape from CC12.1 and CC12.3 but had no effect on the in vitro neutralization potency.

Although it is unclear why this discrepancy occurred, we note that N501Y significantly increases

the affinity of the RBD for ACE2, which could result in ACE2 out-competing bound nAbs.

Finally, we performed biological replicates where the mutagenesis library corresponding to S

RBD positions 437-537 was separately transformed into yeast and screened against nAbs CC6.29,

CC12.1, and CC12.3. While the enrichment ratios were lower than in the initial experiment, nearly

the same set of escape mutants was identified for CC6.29, and escape mutants originally identified

for all nAbs had significantly higher ERs than other variants in the replicate (p-value range 4.2e-4

to 1.9e-11, one-sided Welch’s t-test) (Figure C.14).

Selected per-position heatmaps, and structural mapping of S RBD escape mutants, are shown

in Figure 3.3 for all five nAbs. Closer examination of these datasets reveals key features of the

RBD escape mutant response. CC12.1 and CC12.3 nAbs share over 90% of the same RBD escape
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C.7, C.8, C.9, C.10, C.11, C.12, C.13, C.14, and Table D.2.
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mutants (Figure 3.2B), including notable hotspot mutations occurring at K417, D420, Y421, and

Q498 (Figure 3.3A). Interestingly, multiple aromatic substitutions at Q498 escape recognition for

CC12.1 and CC12.3 even though the antibodies have different light chains and recognition motifs

for that position. Introduction of an aromatic residue at Q498 introduces substantial van der Waals

clashes that are likely unresolved without antibody loop movement. The other VH3-53 nAb tested,

CC12.13, has a 15 amino acid length CDRH3 that likely has a distinct binding mode than that for

CC12.1 and CC12.3 [83]. Consistent with this, the CC12.13 escape mutants identified are mostly

different from those for CC12.1/CC12.3 (Figure C.11).

Another nAb screened, CC6.29, has a completely different escape mutant profile compared

with CC12.1/CC12.3. The 15 potential RBD escape mutants for CC6.29 center around the struc-

tural ‘knob’ of positions A475, S477, T478, E484, and F486 (Figure 3.3B). E484K shared by the

B.1.351 and B.1.526 lineages is identified as an escape mutant for this nAb, but the structurally

adjacent S477N mutation newly identified in the B.1.526 lineage does not escape CC6.29 neutral-

ization. Intriguingly, S477P is identified as an escape mutant for this nAb. F486 is a mutational

hotspot even though that position is involved in the recognition of ACE2. This is consistent with

a previous mutational scan of S RBD showing that mutation of F486 does not significantly impact

ACE2 binding affinity [65]. CC6.31 escape mutants partially overlap with CC6.29 but implicate

a different set of mutants (Figure 3.3B). Multiple mutations at Q493 escape CC6.31, including

Q493 substitutions to the aromatic amino acids F/W.

In total, the five nAbs map a partially overlapping surface with the ACE2 binding site that is

primed for antibody escape. In comparison with the binding footprint of ACE2 (Figure 3.3C), the

escape mutants almost completely map to the outer binding shell and periphery of the interaction

surface, akin to an O ring circumscribing the receptor binding site (RBS). Out of the identified

escape mutants, residues K417, F486, Q493, N501, and Y505 are located on the ACE2 footprint

(Figure 3.3C). While mutations on K417 and F486 do not significantly change the RBD affinity

to ACE2, mutations on N501 can increase or decrease affinity depending on the substitution. The
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Y505W mutant shared by CC6.31, CC12.1, and CC12.3 also increases ACE2 affinity [65].

We were puzzled by the fact that the mutations at D420 were so deleterious to the neutral-

ization potency of the VH3-53 nAbs given that this residue is on the outer periphery of the binding

epitope. Consequently, we performed 100 ns aqueous molecular dynamics (MD) simulations of

CC12.1 and CC12.3 in complex with wildtype S RBD. We also simulated S RBD incorporated

with the D420E, D420K, or the Y421N mutation (see Method details for details). In the control

simulation with CC12.1, D420 on the RBD and CDRH2 S56 on CC12.1 form persistent hydrogen

bonds, and Y421 on the RBD is tightly bound within a pocket of CC12.1 residues (Figure 3.4A).

With the D420E mutation, the increased length of E420 disrupts its ability to hydrogen bond with

S56, requiring it to adopt a bent conformation (Figure 3.4B). This forces Y421 out of the an-

tibody pocket, causing increased fluctuations in neighboring RBD loops which persist throughout

the entire 100 ns production simulation (Figure C.15a, b). With the D420K mutation, hydrogen

bonding with S56 is completely disrupted. With the Y421N mutation, N421 is too short to interact

with the antibody pocket (Figure C.15c). Similar escape mechanisms are observed for CC12.3

with all three RBD mutations, including increased fluctuations at one of the same key sites (K458)

on the RBD in response to the D420E mutation (Figure C.15d, e).

There have been a number of recent approaches to identify specific S escape mutants (sum-

marized in Table D.3) [30, 31, 84, 85, 86]. A survey of the existing escape mutant literature, along

with escape mutants identified in the present work, allows us to identify the absolute and near-

absolute escape resistant ACE2 RBS residues in the context of the original lineage (Figure 3.4C).

One resistant patch is found around F456/Y473/N487/Y489 while other residues are discontinuous

patches on the remainder of the RBS. We note that many of these same resistant residues are

identical to those from SARS-CoV (Y449, N487, Y489, G496, T500 and G502). The lack of a

contiguous surface at the RBS that is conserved makes it highly unlikely that one could identify a

näıve nAb targeting the RBS that is completely resistant to escape.
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Figure 3.4: Mechanistic, structural, and sequence analysis of SARS-CoV-2 escape mu-
tants. A-B: Snapshots from MD trajectories showing A. key interactions in the control simulation
of S RBD in complex with CC12.1, and B. mechanism of escape of S RBD from CC12.1 due to the
D420E mutation. Images were rendered with Visual Molecular Dynamics (VMD (Humphrey et al.,
1996)), and black dotted lines indicate persistent hydrogen bonds. C. S RBS positions are colored
by the number of escape mutants identified to date. RBS residues involving the S RBD-ACE2
structural complex (PDB ID: 6M0J) are colored by number of escape mutants identified to date.
D. Summary of 1-nt escape mutants identified in the present study. Lineage column indicates pres-
ence of the given mutation amongst currently circulating SARS-CoV-2 strains, while the observed
column refers to an escape mutant previously identified in literature [30, 31, 84, 85, 86]. ACE2
binding indicates affinity to ACE2 based on the measurements by Starr et al. [65]. See also Figure
C.15 and Table D.3.
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A major near-term concern with public health implications is identification of the set of

single nucleotide polymorphisms that encode for escape mutants on the S RBD. A summary of

1-nucleotide (nt) escape mutants identified in the present work is shown in Figure 3.4A. To our

knowledge, 40/54 (74%) of 1-nt escape mutants identified from this nAb panel have not previously

been identified, including hotspot positions D420 and Y421 that escape recognition by the abundant

VH3-53 nAbs. Other notable residues identified here include S477, Q498, and Y501, as these

positions lie directly on the RBS and all have been shown to slightly increase binding affinity to

ACE2 [65]. Mutants K417N, E484K, and N501Y in currently circulating lineages escape some, but

not all, of the nAbs on the panel.

The current study has been performed in the context of the original Wuhan-Hu-1 strain.

Nonetheless, new variants are emerging and further research should be conducted to gain insight

on the escape mutants in the presence of multiple mutations. To that end, we have constructed new

libraries containing a constant mutation to E484K and N501Y present in the Alpha, Beta and Iota

variants of concern (88.7% and 91.8% library coverage respectively; Table D.1 contains library

coverage statistics).

3.3 Discussion

We have developed a yeast platform that allows for the rapid identification of SARS-CoV-2

S RBD escape mutants for a given nAb. While other platforms to identify escape mutants have

recently been described, key advantages of the approach presented here include: (i.) screening by

competitive binding against ACE2 which more precisely mimics how actual viral infection can still

persist despite antibody binding; (ii.) a robust and rigorous hit identification algorithm; (iii.) a

safe working environment, as it does not use live virus; and (iv.) a relatively fast identification, as

the RBD library can be screened against a given nAb and analyzed in under a week.
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3.4 Limitations of study

There also exist drawbacks. First, the present method is limited to mapping escape mutants

for anti-S-RBD nAbs that directly compete with ACE2 for binding. Many nAbs neutralize by

targeting S epitopes across protomers [50] or on the N-terminal domain [41], and a robust platform

for S ectodomain display would enable more comprehensive studies. We attempted to develop a

yeast surface display platform for the full S ectodomain but were unsuccessful: we screened media

composition, expression temperature, protein orientation (Figure C.16), and mutations (1,909

mutants screened with only two potential hits) (Data S3, Table D.1, Figure C.17). Second, the

presented assay measures the ability of a given mutant to escape nAb blockade of ACE2. While

from all available data the assay appears to correlate well in the context of pseudo-virus, each

mutation is pleiotropic with unknown fitness effects beyond escape for a given nAb; the true RBS

escape mutants that do not appreciably impede viral fitness will be a subset of the mutations

identified here.

Still, using this method we were able to identify specific failure mechanisms for five different

nAbs. This tool can be easily adapted and contribute to developing the next generation of broadly

neutralizing antibodies against SARS-CoV-2, as well as suggest mutations to include for the next

generation of vaccines. The two major prospective applications for this tool then are for monoclonal

antibody therapy and universal vaccine design against SARS-CoV-2 (i.e., generating vaccine-elicited

antibodies that are resistant to viral escape). The rationale for using this tool in the context of

monoclonal antibody therapy is arguably stronger, as FDA-approved therapies like bamlanivimab

[58], among others, are not as effective against currently circulating variants. The antibodies

used here are from convalescent patients and represent antibodies raised during natural infection.

While some FDA-approved antibodies were not derived from convalescent patients, in principle any

nAb that directly competes with ACE2 binding should be amenable to this technique. We have

developed mutagenesis libraries in three different RBD backgrounds, and new libraries could be

developed to match genotypes for future variants of concern.

https://www.cell.com/cell-reports/fulltext/S2211-1247(21)01065-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2211124721010652%3Fshowall%3Dtrue#supplementaryMaterial
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On the other hand, it remains to be seen whether this yeast platform could be used in

the context of universal vaccine design, as individual nAbs, or combinations thereof, are often

not representative of bulk sera. Thus, it would be interesting to see whether our yeast platform

presented here is robust enough to identify escape mutants from bulk sera from convalescent or

vaccinated individuals.

3.5 STAR Methods

3.5.1 Resource availability

3.5.1.1 Lead contact

Further information and requests for resources and reagents should be directed to and will

be fulfilled by the lead contact, Timothy A. Whitehead (timothy.whitehead@colorado.edu).

3.5.1.2 Materials availability

Pooled libraries and plasmids from this study will be available at Addgene: https://www.

addgene.org/Timothy_Whitehead/

3.5.2 Experimental model and subject details

Appendix A provides a detailed step by step protocol for this method.

3.5.2.1 Cell lines

Saccharomyces cerevisiae strain EBY100 (ATCC MYA-4941TM) was cultured at 30°C for

cell growth, and at 22°C for cell induction in flasks while shaking at 300rpm. Cells were incu-

bated in 6.7g/L Difco yeast nitrogen base, 5g/L Bacto casamino acids, 5.4g/L Na2HPO4, and

8.56g/L NaH2PO4·H2O and 20g/L carbon source (dextrose for cell growth and galactose for cell

induction). HEK293T (ATCC CRL-3219) were cultured in DMEM (Corning 15-013-CV) with 10%

mailto:timothy.whitehead@colorado.edu
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
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heat-inactivated FBS, 2 mM L-glutamine and 1X PenStrep at 37°C in a humidified 5% CO2 incuba-

tor. Vero-E6 cells (ATCC CRL-1586) were plated in a T225 flask with complete DMEM (Corning

15-013-CV) containing 10% FBS, 1X PenStrep, 2 mM L- Glutamine (Corning 25-005-CL) overnight

at 37°C and 5% CO2. HeLa-ACE2 cells were seeded in 12 µL complete DMEM at a density of

2x103 cells per well.

3.5.2.2 Bacterial strains

Escherichia coli strain XL1-Blue and Mach1TM were incubated in LB media at 37°C and

300rpm in culture tubs.

3.5.3 Method details

3.5.3.1 Plasmid constructs

All plasmids and all primers used for this work are listed in Key resources table. All plas-

mids were verified by Sanger sequencing. Yeast display constructs for SARS-CoV-2 spike protein

ectodomain (GenBank MN908947 with a GSAS substitution at the furin cleavage site (682-685)

and proline substitutions at positions 986 and 987 ([35]), and a C-terminal T4 fibritin trimerization

domain), as shown in Figure C.2, were constructed as follows. Spike was codon optimized for

Saccharomyces cerevisiae with Benchling software using default options, split into three gene blocks

(hereafter labeled A, B, and C) each encoded with BsaI restriction sites with overhangs ([87]), syn-

thesized as gBlocks (IDT), and cloned into pUC19 (Addgene: #50005) using SalI/KpnI restriction

sites. This yielded the spike fragment entry plasmids pUC19-S-ecto-B and pUC19-S-ecto-C-Nterm.

To construct pUC19-S-ecto-A-Nterm-KanR (the spike fragment destination plasmid), PCR was

used to amplify both the kanamycin resistance gene from pETconNK (Addgene: #81169) with

primers MBK-175 and MBK-176, and the pUC19-S-ecto-A-Nterm plasmid with primers MBK-177

and MBK-178. NEBuilder HiFi DNA Assembly protocol (NEB) was used to insert the kanamycin

resistance gene into the plasmid. pUC19-S-ecto-Nterm was constructed by Golden Gate cloning

https://www.cell.com/cell-reports/fulltext/S2211-1247(21)01065-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2211124721010652%3Fshowall%3Dtrue#secsectitle0035


37

([88]) using pUC19-S-ecto-A-Nterm-KanR, pUC19-S-ecto-B, and pUC19-S-ecto-C-Nterm.

To construct pJS698 (N-terminal fusion Spike ectodomain YSD backbone), pETconNK-

Nterm-Aga2p was first constructed by inserted a gene block with a multiple cloning site between

the AGA2 signal peptide and the remainder of the AGA2 coding sequence following standard

restriction enzyme cloning practices. pETconNK-Nterm-Aga2p was amplified with primers PJS-

P2194 and PJS-P2195 using KAPA HiFi HotStart Readymix (Kapa Biosystems). The reaction

was fractionated by agarose gel electrophoresis and the 6062 bp band excised and purified us-

ing a Monarch DNA Gel Extraction kit (NEB). The fragment (40 ng) was circularized using the

Q5® Site-Directed Mutagenesis Kit (NEB) in a 10 µl reaction and transformed into E. coli Mach1

chemically competent cells (Invitrogen).

To construct pJS697 (C-terminal fusion RBD YSD backbone), pETconNK (Addgene: #81169)

was amplified with primers PJS-P2192 and PJS-P2193 using KAPA HiFi HotStart Readymix (Kapa

Biosystems). The reaction was fractionated by agarose gel electrophoresis and the 6084 bp band

excised and purifed using a Monarch DNA Gel Extraction kit (NEB). The fragment (40 ng) was cir-

cularized using the Q5® Site-Directed Mutagenesis Kit (NEB) in a 10 µl reaction and transformed

into E. coli Mach1 chemically competent cells (Invitrogen).

pJS699 (Wuhan-Hu-1 S-RBD(333-537)-N343Q for fusion to the C-terminus of AGA2) was

previously described ([2]). S RBD Single point mutants were introduced following the Kapa HiFi

Hotstart Readymix protocol (Cat# 7958927001) with the following protocol:
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98°C 3min

98°C 20s

25 cyclesMelting temperature of each primer 15s

72°C 2:40min

72°C 3:40min

4°C Hold

Primers used in site directed mutagenesis are given in Key resources table. Amplicons were

fractionated by agarose gel electrophoresis and purified using a Monarch DNA Gel Extraction Kit

(NEB). Further ligation of the purified amplicons was performed using T4 ligase and PEG. Finally,

the plasmids were transformed into E. coli Mach1 cells and incubated overnight. On the following

day the DNA was extracted using an NEB Miniprep Kit. pIFU001 - pIFU008 (Key resources ta-

ble) contain the single mutants E484K, N501Y, T478R, K417N. K417T, Y508H, F486I and D420K

respectively.

3.5.3.2 Recombinant protein production, purification, and preparation

ACE2-Fc was produced and purified following Walls et al. 2020 ([32]). CR3022 ([89]) was

expressed by transient transfection in Expi293F cells and purified by protein A affinity chromatog-

raphy and SEC using a Superdex 200 10/300 GL. Specificity was verified by measuring binding

to SARS-CoV-2 RBD and irrelevant antigen. The anti-SARS-CoV-2 RBD antibody panel used

(CC6.29, CC6.31, CC6.32, CC6.33, CC12.1, CC12.3, CC12.7, CC12.13, CC12.17, CC12.19) was a

kind gift from Dennis Burton’s lab at Scripps and were produced and purified according to Rogers

et al. ([4]).

All proteins that were chemically biotinylated were prepared at a 20:1 molar ratio of biotin to

protein using EZ-Link NHS-Biotin (Thermo Scientific) according to the manufacturer’s protocol.

All proteins were stored at 4°C in phosphate buffered saline (8 g/L NaCl, 0.2 g/L KCl, 1.44g/L

https://www.cell.com/cell-reports/fulltext/S2211-1247(21)01065-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2211124721010652%3Fshowall%3Dtrue#secsectitle0035
https://www.cell.com/cell-reports/fulltext/S2211-1247(21)01065-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2211124721010652%3Fshowall%3Dtrue#secsectitle0035
https://www.cell.com/cell-reports/fulltext/S2211-1247(21)01065-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2211124721010652%3Fshowall%3Dtrue#secsectitle0035
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Na2HPO4, 0.24g/L KH2PO4) pH 7.4.

3.5.3.3 Preparation of Mutagenic Libraries

All 119 surface exposed positions on S RBD (positions 333-537) were mutated to every other

amino acid plus stop codon using NNK primers (Key resources table) using comprehensive nicking

mutagenesis exactly as described (Wrenbeck et al., 2016). For compatibility with Illumina

sequencing, two tiles were made: tile 1 encompassed positions 333-436, while tile 2 encompassed

positions 437-527 containing the critical receptor binding site. Serial dilutions were plated to

calculate the transformation efficiency (Table D.1).

To create the display construct of S-RBD(333-537)-N343Q fused to the C-terminus of Aga2p,

pJS697 was digested with BsaI-HFv2 (NEB) and purified using a Monarch PCR & DNA Cleanup

Kit (NEB). Each mutated pJS699 library was digested with NotI-HF (NEB), the reaction fraction-

ated by agarose gel electrophoresis, and the band corresponding to S-RBD (0.83kb) excised and

purified using a Monarch DNA Gel Extraction Kit (NEB). Yeast transformation was performed

exactly as described ([90]). For each library, the two fragments were co-transformed (in a 3:1 molar

ratio of S-RBD to backbone) into chemically competent S. cerevisiae EBY100 ([91]). Serial dilu-

tions were plated on SDCAA and incubated 3 days to calculate the efficiency of the transformation

(Table D.1). Biological replicates were made on a different day by co-transforming each tile into

EBY100 exactly as described. Yeast stocks for each transformation were stored in yeast storage

buffer (20 w/v % glycerol, 200 mM NaCl, 20 mM HEPES pH 7.5) at -80°C.

Mutagenic libraries for the N-terminal spike orientation were constructed following oligo pool

mutagenesis exactly as described ([92, 82])) using pUC19-S-ecto-A-Nterm-KanR, pUC19-S-ecto-B,

and pUC19-S-ecto-C-Nterm as templates. For the oligo pool we computationally selected 1,909

mutations hypothesized to either destabilize the ‘down’ conformation, stabilize the ‘up’ confor-

mation, or both (Data S3). The majority of these mutations targeted S1 (94%, 1793/1909) at

https://www.cell.com/cell-reports/fulltext/S2211-1247(21)01065-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2211124721010652%3Fshowall%3Dtrue#secsectitle0035
https://www.cell.com/cell-reports/fulltext/S2211-1247(21)01065-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2211124721010652%3Fshowall%3Dtrue#supplementaryMaterial
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the NTD, RBD, SD1, and SD2 domains, with the remainder mapping to the boundary between

the HR1 and CH domains on S2. After mutagenesis, the mutational libraries were digested with

BsaI-HFv2, fractionated by agarose gel electrophoresis, and gel excised and purified with Monarch

Gel Extraction kit (NEB). 40 fmol of pUC19-S-ecto-A-NSM-Nterm-KanR, pUC19-S-ecto-B-NSM,

and pUC19-S-ecto-C-NSM-Nterm were ligated together with T4 DNA Ligase (NEB), cleaned up

and concentrated each to a final volume of 6µl with Monarch PCR & DNA Cleanup kit (NEB),

and transformed into chemically competent E.coli Mach1 cells (Invitrogen cat. #C862003). The

resulting library had on average 3 mutations per spike protein per plasmid. Library statistics were

determined post sequencing.

To construct the surface display library in yeast, the spike plasmid library was digested with

NotI-HF (NEB) and the S coding region was gel purified. The YSD vector pJS698 was digested

with BsaI-HFv2 and column purified. 1.3 µg of insert (S coding region) and 1.7 µg of vector were

electroporated into 400 µl EBY100 using the method of Benatuil et al. ([93]) as written, except

that electroporation was performed at 2 kV rather than 2.5 kV. Serial dilutions were plated on

SDCAA Agar to calculate the complexity of the library. After recovery, the cells were transferred

to 50 ml SDCAA (20g/L dextrose, 6.7g/L Difco yeast nitrogen base, 5g/L Bacto casamino acids,

5.4g/L Na2HPO4, and 8.56g/L NaH2PO4·H2O ) and grown at 30°C for two days to saturation.

The cultures were passaged twice in medium M37D (diluted to OD600 = 0.05 in 120 ml, then to

OD600 = 0.4 in 50 ml) and stocks prepared at OD600 = 1 as in Whitehead et al. ([94]). The

final composition of M37 is 20 g L−1 dextrose or galactose (for M37D, M37G respectively), 5 g

L−1 casamino acids, 6.7 g L−1 yeast nitrogen base with ammonium sulfate, 50 mM citric acid,

50 mM phosphoric acid, 80 mM MES acid, neutralized with 90% sodium hydroxide / 10% potas-

sium hydroxide to pH 7. Both media should be prepared by dissolving all reagents except yeast

nitrogen base into MilliQ water, adjusting the pH to 7.0 with freshly prepared sodium hydroxide

/ potassium hydroxide mixture, and adjusting the volume to 9/10th of the final desired volume.

Pass the solution through a 0.22 µm filter, both for sterility and to remove particulates that would
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nucleate struvite. Finish the media by addition of 1/10th volume of 10x filtered yeast nitrogen base.

3.5.3.4 Yeast Display Titrations and Competition Binding

For cell surface titrations, EBY100 harboring the RBD display plasmid was grown in 1 ml

M19D (5 g/l casamino acids, 40 g/l dextrose, 80 mM MES free acid, 50 mM citric acid, 50 mM

phosphoric acid, 6.7 g/l yeast nitrogen base, adjusted to pH7 with 9M NaOH, 1M KOH) overnight

at 30°C. Expression was induced by resuspending the M19D culture to OD600=1 in M19G (5 g/l

casamino acids, 40 g/l galactose, 80 mM MES free acid, 50 mM citric acid, 50 mM phosphoric

acid, 6.7 g/l yeast nitrogen base, adjusted to pH7 with 9M NaOH, 1M KOH) and growing 22 h at

22°C with shaking at 300 rpm. For CR3022 IgG, yeast surface display titrations were performed

as described by Chao et al. ([71]) with an incubation time of 4h at room temperature and using

secondary labels anti-c-myc-FITC (Miltenyi Biotec) and Goat anti-Human IgG Fc PE conjugate

(Invitrogen Catalog # 12-4998-82). Titrations were performed in biological replicates and technical

triplicates (n = 6). The levels of display and binding were assessed by fluorescence measurements

for FITC and SAPE using the Sony SH800 cell sorter equipped with a 70µm sorting chip and 488

nm laser.

To test the individual antibody panel binding to S RBD, EBY100 harboring the RBD display

plasmid was grown from -80°C cell stocks in 1 ml SDCAA for 4h at 30°C. Expression was induced

by resuspending the SDCAA culture to OD600=1 in SGCAA and growing at 22h at 22°C with

shaking at 300rpm. 1x105 yeast cells were labelled with 10 µg/ml antibody IgG for 30 min at room

temperature in PBSF (PBS containing 1g/l BSA). The cells were centrifuged and washed with 200

µL PBSF. They were labeled with 0.6 µL FITC (Miltenyi Biotec), 0.25 µL Goat anti-Human IgG

Fc PE (ThermoFisher Scientific) and 49.15 µL PBSF for 10min at 4°C. Cells were then centrifuged,

washed with PBSF, and read on a flow cytometer to measure binding of the ACE2. Experiments

were performed at least in biological duplicate.
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Competitive binding assays on the yeast surface were performed between a free antibody

and biotinylated ACE2. S. cerevisiae EBY100 harboring the RBD display plasmid was grown

from -80°C cell stocks in 1 ml SDCAA for 4h at 30°C. Expression was induced by resuspending

the SDCAA culture to OD600=1 in SGCAA and growing at 22h at 22°C with shaking at 300rpm.

1x105 yeast cells were labelled with 10 µg/ml antibody IgG for 30 min at room temperature in

PBSF (PBS containing 1g/l BSA). The same cells were labelled with 30nM chemically biotinylated

hACE2, in the same tube without washing, for 30min at room temperature in PBSF. The cells

were centrifuged and washed with 200 µL PBSF. They were labeled with 0.6 µL FITC (Miltenyi

Biotec), 0.25 µL SAPE (Invitrogen) and 49.15 µL PBSF for 10min at 4°C. Cells were then cen-

trifuged, washed with PBSF. The pellet was resuspended in 100 µL and read on a flow cytometer

to measure binding of the hACE2.

3.5.3.5 Yeast Display Screening of S and S RBD libraries

For full-length S ectodomain screening, pUC19-S-ecto-Nterm and pJS698 were independently

linearized via digest with restriction enzymes at 37°C for 1 hour, and gel extracted based on size

using Monarch DNA Gel Extraction Kit. The linearized regions were co-transformed in a molar

ratio of 3:1 insert to vector into chemically competent EBY100 following published protocols ([90]).

EBY100 cells were recovered in nuclease free water for 5 minutes and then plated on two different

yeast media agar plates: SDCAA and M37D. Cells were incubated at 30°C for 3 days. After initial

growth, colonies from each plate were selected and grown up at 30°C and 250 rpm overnight in the

respective dextrose media: SDCAA, M37D. Cells were then induced in respective galactose media

at an OD600=1 at three different temperatures, 18°C, 22°C, and 30°C for 20 hours.

Induced EBY100 cells were washed with PBSF (8 g/L NaCl, 0.2 g/L KCl, 1.44g/L Na2HPO4,

0.24g/L KH2PO4, and 1g/L bovine serum albumin, pH to 7.4 and filter sterilized) and resuspended

in PBSF at an OD600=10. The cells were then incubated with either 500nM of the biotinylated
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ACE2-Fc or 500nM of the biotinylated CR3022 for 1 hour at room temperature. The cells were then

washed with PBSF and labeled with anti-c-myc fluorescein isothiocyanate (FITC) (Miltenyi Biotec)

and streptavidin–R-phycoerythrin (SAPE) (Invitrogen) and incubated on ice for 10 minutes.

The Spike mutagenic library was labeled with CR3022 and, separately, ACE2-Fc under the

optimal conditions were screened. Approximately 108 yeast cells were sorted using fluorescence

activated cell sorting (FACS), and the top 1% of cells by fluorescence were collected. The two

resulting sorted libraries were expanded and sorted in a second round, again screening 108 cells

and collecting the top 1% by fluorescence intensity. The selected populations were amplified and

purified based on tile, deep sequenced, and count data compared with a reference population.

For the escape mutant screening of the S RBD, 3x107 induced EBY100 yeast cells displaying

S RBD were labelled with 10 µg/ml antibody IgG for 30 min at room temperature with mixing

by pipetting every 10 min in PBSF (PBS containing 1g/l BSA). The same cells were labelled with

75nM chemically biotinylated ACE2, in the same tube, for 30min at room temperature in PBSF

with mixing by pipetting every 10 min. The cells were centrifuged and washed with 1mL PBSF.

Cells were then labeled with 1.2 µL FITC, 0.5 µL SAPE and 98.3 µL PBSF for 10min at 4°C.

Cells were centrifuged, washed with 1mL PBSF, resuspended to 1 mL PBSF and sorted using

FACS. Multiple gates were used for sorting as shown in Figure C.7, including an FSC/SSC+

gate for isolation of yeast cells, FSC-H/FSC-A gate to discriminate single cells, a FSC-A/FITC+

gate selects the cells displaying the RBD on their surface and from this last gate, the top 2% by a

PE+/FITC+ is collected. At least 2.0x105 cells were collected and were recovered in SDCAA with

50 µg/mL Kanamycin and 1x PenStrep for 30h. For the biological replicates (Figure C.14) the

ACE2 concentration was 30nM but all other conditions were identical.
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3.5.3.6 Deep Sequencing Preparation

Libraries were prepared for deep sequencing following the “Method B” protocol from Kowal-

sky et al ([61]) exactly as described for the spike ectodomain libraries and with a few changes

for the RBD libraries. A Monarch PCR & DNA Cleanup kit was used. PCR of extracted and

cleaned-up yeast plasmid DNA was performed using 2xQ5 HotStart Master Mix (NEB) and the

following protocol:

98°C 1min

98°C 10s

25 cycles64°C 20s

72°C 30s (replicate 1) or 1min (replicate 2)

72°C 2min

4°C Hold

Primers used in library prep are given in Key resources table. Amplicons were fractionated

by agarose gel electrophoresis and purified using a Monarch DNA Gel Extraction Kit (NEB). Sam-

ples were then further purified using Agencourt Ampure XP beads (Beckman Coulter), quantified

using PicoGreen (ThermoFisher), pooled, and sequenced on an Illumina MiSeq using 2 x 250 bp

paired-end reads at the BioFrontiers Sequencing Core (University of Colorado, Boulder, CO).

3.5.3.7 Molecular Dynamics Simulations

GROMACS 2018.3 ([95]) was employed for all molecular dynamics (MD) simulations along

with the TIP3P ([96]) water model and Amber99SB-ILDN ([97]) force field to model the receptor

binding domain (RBD) of the spike (S) protein of SARS-CoV-2 and neutralizing antibodies CC12.1

and CC12.3. Simulations were initiated from crystal structures of the RBD in complex with CC12.1

https://www.cell.com/cell-reports/fulltext/S2211-1247(21)01065-2?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2211124721010652%3Fshowall%3Dtrue#secsectitle0035
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(PDB code 6XC2 ([37]) and CC12.3 (PDB code 6XC4 ([37]). All systems containing a positive

charge were neutralized by the addition of Cl- ions, also modeled with the Amber99SB-ILDN force

field. Each simulation consisted of approximately 192,000 atoms.

A steepest descent energy minimization of the initial coordinates for each system was car-

ried out for 5,000 steps. NVT equilibration simulations were then performed for 0.5 ns at 310 K

with the Bussi-Donadio-Parrinello ([98]) thermostat. Subsequent NPT equilibration simulations

were performed for 1 ns at 310 K and 1.0 bar, using the same thermostat and Berendsen ([99])

barostat. The time constant for coupling in both the NVT and NPT simulations was 0.1 ps. Pro-

duction simulations in the NPT ensemble were then carried out at 310 K and 1.0 bar with the

Bussi-Donadio-Parrinello thermostat and Parrinello-Rahman ([100]) barostat. Long-range electro-

static interactions were calculated using particle mesh Ewald summations and a cutoff of 1.0 nm,

and Lennard Jones interactions were calculated over 1.0 nm and shifted beyond this distance.

Neighbor lists were updated every 10 steps with a cutoff of 1.0 nm. Bonds between hydrogen and

heavy atoms were constrained with the LINCS ([101]) algorithm. Furthermore, periodic bound-

ary conditions were used in all simulations in all directions. Production simulations were carried

out for 100 ns, leading to a total of 0.8 microseconds of simulation time across the eight simulations.

3.5.3.8 Pseudo Neutralization Assays

SARS-CoV-2 pseudovirus neutralization assays were performed as previously described ([4]).

Briefly, pseudovirus was generated by cotransfecting MLV-gag/pol and MLV-CMV-Luciferase plas-

mids with truncated wildtype SARS-CoV-2 or mutant SARS-CoV-2 plasmid respectively onto

HEK293T cells. After 48h or 72h of transfection, supernatants containing pseudovirus were col-

lected and frozen at -80°C. Neutralization assay was performed as follows. First, monoclonal

antibodies were serially diluted into half-area 96-well plates (Corning, 3688) and incubated with

pseudovirus at 37°C for 1 h. Next, HeLa-hACE2 cells were transferred in the 96-well plates at
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10,000 cells/well. After 48h of incubation, supernatants were removed, cells were lysed with 1x

luciferase lysis buffer (25 mM Gly-Gly pH 7.8, 15 mM MgSO4, 4 mM EGTA, 1% Triton X-100).

Finally, Bright-Glo (Promega, PR-E2620) was added onto 96-well plates according to manufac-

turer’s instructions. Neutralization IC50s were calculated using “One-Site LogIC50” regression in

GraphPad Prism 8.0. Pseudovirus mutant constructs were generated by amplifying two overlapped

fragments of SARS-CoV-2 mutant sequences with Q5 enzyme (NEB, M0492) following manufac-

turer’s instructions. Two fragments were then joint into one fragment by bridge PCR, and gibson

cloned into digested pcDNA3.3 backbone.

3.5.4 Quantification and statistical analysis

3.5.4.1 Dissociation constants

The dissociation constants on Figure 2D represent the mean of the replicates (values show

as open circles). There are two replicates for each single point mutant and 4 for the wilt type.

3.5.4.2 Deep Sequencing Analysis

All deep sequencing data analysis was performed by scripts written in Python, available at

GitHub (https://github.com/WhiteheadGroup/SpikeRBDStabilization.git).

Because all sequenced samples were PCR amplicons of known length, paired-end reads were

merged by aligning at the known overlap. Mismatches in overlapping regions were resolved by

selecting the base pair with the higher quality score and assigning it a quality score given by

the absolute difference of the quality scores at the mismatch. Paired reads with more than 10

mismatches in the overlapping region and merged reads containing any quality score less than 10

were discarded. The total number of retained reads in each sample was recorded as ni, the number

of reads in sample i.

Each read was compared to the wild-type sequence to identify all mutations. Counts for

https://github.com/WhiteheadGroup/SpikeRBDStabilization.git
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synonymous single mutations were combined to give kij , the number of reads in sample i encoding

the single amino acid mutation j. Reads including multiple mutations or mutations not encoded

in the library oligos were not analyzed further. The frequency of single mutant j in sample i was

calculated as fij = kij/ni.

Each experiment consisted of two samples: a reference sample r and a selected sample s. For

each experiment, the risk ratio of variant j was calculated as ρj = fsj/frj i.e. the ratio of the

variant’s frequency in the selected population to its frequency in the reference population. En-

richment ratios were calculated as the binary logarithm of the risk ratio: ERj = log2 ρj . Variants

with five or fewer counts in the reference population were not analyzed further. Variants with at

least five counts in the reference population but no counts in the selected population were given a

pseudocount of one.

3.5.4.3 Determining hits from yeast display screens

For each escape mutant screen, we collected the top 2% (PE channel) of the population

of FITC+ (RBD displaying) cells. This population was not labeled with biotinylated ACE2 and

so serves as a null experiment where the observed enrichment ratios are due to other sources of

variance and not to differential nAb binding. We fit the distribution of enrichment ratios for each

of these control samples using kernel density estimation (KDE) (SciPy’s scipy.stats.gaussiankde

with default parameters) ([102]). We then treated this distribution estimate as an empirical null

hypothesis. Under this null hypothesis, we expect N(1 − F (ERt)) false positives, where N is the

number of variants tested, F is the cumulative distribution function (CDF) of the control ER

KDE, and ERt is a threshold. Therefore, for a target false discovery rate (FDR), we chose ERt =

F−1(1− FDR/N), where F−1 is the inverse CDF of the KDE. In data from samples labeled with

nAbs, we then tested the hypothesis that each observed ER was greater than the associated ERt

using an one-sided exact Poisson rate ratio test (statsmodels.stats.rates.testpoisson2indep from
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the Python library statsmodels) ([103]). For these tests, the null ratio was 2ERt . The counts were

given by the number of reads for the variant in the selected and reference populations, respectively,

and the exposures were given by the total number of reads in the reference and selected populations,

respectively. For this analysis, we identified hits for replicate 1 (tiles 1 & 2 for nAbs CC6.29, CC12.1,

and CC12.3) using a target FDR of 1 and a Poisson rate ratio test significance level of 0.01. For

replicate 2 (tile 2 for nAbs CC6.31, CC12.13) escape mutant hits were identified using a target

FDR of 1.

For the full-length S ectodomain screen, our null experiment was the collected reference pop-

ulations without selections for each of the ACE2-Fc and CR3022 experiments. These reference

populations were passaged, sorted, and amplified identically to the sorted libraries except that no

screen was employed. We fit the distribution of enrichment ratios for these control samples using a

logistic CDF (custom MATLAB script), and the empirical FDR was calculated exactly as above.
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Chapter 4

Using deep mutational scanning to inform the engineering SARS-CoV-2

Broadly neutralizing antibodies

This chapter has been adapted from Zhao et al. 2022 iScience[5]

The rapid spread of SARS-CoV-2 variants poses a constant threat of escape from monoclonal

antibody and vaccine countermeasures. Mutations in the ACE2 receptor binding site on the surface

S protein have been shown to disrupt antibody binding and prevent viral neutralization. Here, we

used a directed evolution-based approach to engineer three neutralizing antibodies for enhanced

binding to S protein. The engineered antibodies showed increased in vitro functional activity

in terms of neutralization potency and/or breadth of neutralization against viral variants. Deep

mutational scanning revealed that higher binding affinity reduces the total number of viral escape

mutations. These data suggest that monoclonal antibodies for antiviral indications would benefit

from affinity maturation to reduce viral escape pathways.
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4.1 Introduction

Since 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has had dev-

astating consequences for global health and economies. Vaccines and therapeutics were quickly

developed to combat the disease, with several highly effective vaccines being developed that elicit

immune responses against the SARS-CoV-2 spike (S) trimer [104]. Neutralizing antibodies (nAbs)

have been identified that target several distinct epitopes on the S trimer, but the majority of nAbs

target the receptor binding domain (RBD) [50, 105]. While vaccines are crucial for controlling

COVID-19, recombinant nAbs can be used to supplement vaccination efforts. They offer potential

benefits for populations that respond poorly to vaccines, such as immunocompromised individu-

als, as a post-exposure preventive measure and as a therapeutic option to prevent hospitalization

[106, 107].

One of the unique challenges in using a neutralizing monoclonal antibody (mAb) for antivi-

ral indications is addressing existing viral diversity and the high mutational propensity in viruses

that can give rise to resistant viral variants. Since the discovery of SARS-CoV-2 in 2019, thou-

sands of viral variants containing synonymous and non-synonymous mutations have been docu-

mented (https://nextstrain.org/ncov/gisaid/global). A growing number of these new vari-

ants (termed ’Variants of Interest’ or VOIs, and ’Variants of Concern’ or VOCs) contain mutations

that increase infectivity and/or allow viral escape from monoclonal nAbs elicited against the original

SARS-CoV-2 [78, 108, 109, 110].

To reduce the likelihood of viral escape from nAbs, several strategies are in use. The most di-

rect mitigation of escape is to develop antibodies that target a functionally important and conserved

region, hence reducing the number of mutations that can allow viral escape without incurring a

fitness cost [111, 112, 113]. Another approach is to use use cocktails of at least two nAbs targeting

different epitopes, so multiple mutations are necessary for viral escape [114, 66, 115, 116]. A third

approach that is less well explored is to in vitro affinity mature the nAb against the target antigen

https://nextstrain.org/ncov/gisaid/ global
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to increase the binding affinity, helping to mitigate the impact of the viral mutations [47]. Here,

we explore how increased binding affinity impacts the in vitro neutralization breadth and potency

of three COVID-19 nAbs, CC12.1, CC6.30 and CC6.33 [4], and how these affinity improvements

impact the in vivo protective capability of these nAbs.

4.2 Results

4.2.1 Structural analysis of nAbs CC6.30 and CC6.33

To better understand the molecular contacts of antibodies, we used cryo-electron microscopy

(cryoEM) to solve the structures of CC6.30 and CC6.33 of the antibodies in complex with stabilized

SARS-CoV-2 S trimers. The structure of CC12.1 was previously reported to bind Class 1 epitope

and directly compete with ACE2 [50, 117, 110]. nAb CC6.33 targets the Class 2 epitope site

with contributions from all heavy chain (HC) and light chain (LC) complementarity determining

regions (CDRs) except for LCDR2 and it only binds the RBD-up conformation. CC6.33 binds a

non-overlapping epitope to that of CC6.30, with the HC and LC interface centered on the N343

glycan. This nAb binds the RBD-down conformation and the most stable reconstruction has 2

down RBDs bound by the antibody.

4.2.2 Engineering higher affinity SARS-CoV-2 antibodies

Next, using the SAMPLER strategy developed by [118], the three antibodies were affinity

matured by generating libraires that contained one mutation per CDR loop from the starting

sequence. The libraries were displayed on the surface of yeast and iterative rounds of selections

were used to enrich for clones with higher affinity for SARS-CoV-2 RBD (for CC12.1 and CC6.30

libraries) or S protein (for the CC6.33 library). The enriched clones were then combined into a

heavy/light combinatorial library and screened again with the same four-round selection strategy

to identify the optimal heavy/light pairs [118]. 12 improved variants of each antibody were selected

to be reformatted and expressed as IgG for characterization. All enhanced (e) eCC12.1, eCC6.30,
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and eCC6.33 variants bound SARS-CoV-2 RBD with a higher affinity than the parental antibodies.

4.2.3 Neutralizing activity of engineered antibodies

We next sought to investigate how the evolving viral diversity of SARS-CoV-2 variants im-

pacts the binding and the neutralization function of our parental and select engineered nAbs.

CC12.1 neutralized Alpha, Delta, and Kappa variants with an IC50 comparable to Wuhan-1 virus,

however, Beta and Gamma VOIs completely escaped from this nAb. Analysis of the individual

variants found that K417N (from Beta VOI) and K417T (from Gamma VOI) facilitated this escape,

consistent with the previous observation that most VH3-53-class nAbs are sensitive to these muta-

tions [3, 110, 119]. 11 out of 12 mAbs neutralized the Gamma lineage and 9 out of 12 neutralized

the Beta lineage. Importantly, eCC12.1.4 and eCC12.1.7 neutralized all VOCs, including Beta and

Delta, containing the K417N/T mutations.

CC6.30 and eCC6.30.2 were effective against the Alpha variant, showed significantly reduced

function against the Delta variant, and were completely unable to neutralize the Beta, Gamma

or Kappa variants. Finally, the parental CC6.33 and eCC6.33.8 were effective at neutralizing

all variants tested with similar IC50s to the original Wuhan-1 SARS-CoV-2, consistent with the

observation that CC6.33 recognizes the conserved class 3 epitope.

4.2.4 Mapping RBD escape mutations for CC12.1 and eCC12.1.4

We next asked whether engineering high affinity nAbs reduces the pathways for viral escape

compared with the parental nAbs or if they simply shifted the escape mutations to other positions.

Deep mutational scanning libraries of RBD were generated and used to determine the mutations on

RBD that prevented CC12.1 and eCC12.1.4 from blocking ACE2 binding in vitro (Figure C.18A)

(Francino-Urdaniz et al., 2021). 94.5% (2250/2380) of all possible single mutations were scanned

(Table D.6). Consistent with previous reports [3] and our neutralization screening, CC12.1 is

vulnerable to multiple mutations at K417 with a false discovery rate (FDR) below 0.1 for K417N/T
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Figure 4.1: Identification of escape mutants and validation of broadly neutralizing an-
tibodies. A. Heatmaps of the antibody CC12.1 before (top) and after (bottom) engineering.
B. Pseudo-neutralization assay of the engineered antibody eCC12.1.6 against different variants of
SARS-CoV-2. x-axis represents the antibody concentration in µg/ml and y-axis represents the %
neutralization of the antibody.

but eCC12.1.4 is able to accommodate all mutations at K417 (Figures 4.1A, and C.18B). We also

detected multiple mutations at position D420 and N460 that confer escape from the parental CC12.1

(Figures 4.1A). Alanine scanning had identified these D420 and N460 residues as important for

public VH3-53 SARS-CoV-2 antibodies [120, 119], but structural analysis shows these two positions

on the periphery of the CC12.1 epitope and making relatively insignificant contacts to the antibody.

Pseudoviruses containing the individual D420K, N460H, N460P, and N460A mutations, iden-

tified as potential escape mutations in the deep mutational scanning, were produced and evaluated

to determine if parental CC12.1 and several eCC12.1 variants were sensitive to these mutations in

a neutralization assay. In agreement with RBD library screening, a D420K substitution completely

disrupted CC12.1 neutralization, whereas substitutions at the N460 residue significantly decreased

its neutralization potency by 12- to 246-fold . By contrast, although D420K and N460H were iden-

tified as potential escape mutations against eCC12.1.4, neutralization potency was reduced by a
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more modest 8-fold against D420K and remained insensitive to a N460H substitution . These data

suggest that increasing the affinity of SARS-CoV-2 nAbs restricts the potential escape mutations

that can arise in RBD, rather than just altering the critical nAb contacts and shifting the escape

mutations to a comparable number of different positions and/or mutations. This is particularly

important in the context of developing antiviral antibodies where viral escape is a serious and

constant threat.

4.2.5 Omicron neutralization

During the preparation of this manuscript the Omicron VOC was reported. Omicron com-

pletely escaped from the parental CC6.30 and all eCC6.30 variants as well as the parental CC6.33

and all eCC6.33 variants. However, we observed that Omicron was resistant to parental CC12.1

and 11 of 12 eCC12.1 variants, however, eCC12.1.6 retained neutralizing activity against Omicron

(IC50 of 0.20 µg/mL), albeit with approximately 25-fold reduced potency (Figure 4.1B).

4.3 Discussion

The emerging SARS-CoV-2 variants have challenged vaccine-induced immunity and thera-

peutic mAbs, and functional nAbs with prophylactic and therapeutic efficacy against VOCs are

desired. To this end, investigators have searched for nAbs that are largely resistant to viral anti-

genic variability by screening for nAbs that broadly neutralize SARS-CoV-2 variants and/or other

sarbecoviruses. Here, we explored an alternative and complementary strategy of engineering nAbs

to have higher affinity for their target antigen through directed evolution. Affinity improvements

do help to expand the breadth of antibody reactivity, allowing them to better neutralize variants

that contain mutations in and around the antibody epitope. This was particularly evident with

the eCC12.1 nAbs that are part of the shared VH3-53 lineage and are broadly susceptible to the

K417T/N mutations found in Beta and Gamma VOCs [3, 110].

Our saturated mutagenesis screening showed that the affinity maturation restricted the num-
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ber of potential escape mutations rather than just altering them to different positions. Although

increasing the affinity can restrict escape mutations, it does not abrogate them entirely, as eCC12.1

variants showed modest sensitivity to the D420K mutation, and all eCC6.30 variants were still

unable to bind or neutralize the E484K mutation found in Beta and Gamma VOIs. In the extreme

case of the Omicron variant that contains so many mutations on the RBD, especially within the

footprint of class 1 antibodies, there was still one eCC12.1 variant that had significant neutralizing

activity. This finding illustrates the value of affinity maturation in the context of natural infection

where the generation of a diverse set of related antibodies, as was done here in vitro, will likely

generate some antibodies able to bind to and act against many different viral variants, including

those with multiple mutations as for Omicron. It is possible that part of the reason so many clin-

ical antibody candidates failed against Omicron is that most were selected shortly after COVID

infection before much affinity maturation had occurred [113].

4.4 Methods

Full methods is available online.

4.4.1 RBD library generation and identification of escape mutants

Yeast display plasmids pJS697 and pJS699 used for surface display of Wuhan-Hu-1 S RBD

N343Q were previously described [2]. Using these plasmids, 119 surface exposed positions on

the original Wuhan-Hu-1 S RBD N343Q (positions 333–537) were mutated to every other amino

acid plus stop codon using degenerate NNK primers using comprehensive nicking mutagenesis [82]

exactly as previously described [3, 121]. Two tiles were constructed for compatibility with 250bp

paired end Illumina sequencing (tile 1: positions 333–436; tile 2: positions 437–527). Libraries were

transformed into S. cerevisiae EBY100 and stocks of 1e8 viable yeast cells in 1mL were stored in

yeast storage buffer (20w/v % glycerol, 200 mM NaCl, 20 mM HEPES pH 7.5) at -80°C. Library

coverage was confirmed by 250 bp paired end Illumina deep sequencing, with statistics reported in

Table D.6.

https://www.cell.com/iscience/fulltext/S2589-0042(22)01186-5?_returnURL=https%3A%2F%2Flinkinghub.elsevier.com%2Fretrieve%2Fpii%2FS2589004222011865%3Fshowall%3Dtrue
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S RBD escape mutants are identified by a competitive assay between a nAb and soluble ACE2

as fully described in Francino-Urdaniz et al. (2021)[3]. Briefly, yeast cells are grown in SDCAA for

4h at 30°C, pelleted, and then induced in SGCAA for 22h at 22°C. Cells are washed thoroughly in

PBSA (PBS containing 1g/L BSA) and then 3×107 induced EBY100 yeast cells displaying S RBD

were labeled with 10 µg/mL nAb IgG for 30 min at room temperature with mixing by pipetting

every 10 min in PBSA. The same cells were labeled with 75 nM chemically biotinylated ACE2,

in the same tube, for 30 min at room temperature in PBSA with mixing by pipetting every 10

min. The cells were centrifuged and washed with 1mL PBSA. Cells were then labeled with 1.2

µL FITC,0.5 µL SAPE and 98.3 µL PBSA for 10 min at 4°C. Cells were centrifuged, washed with

1mL PBSF, resuspended to 1 mL PBSA and sorted using FACS. Two additional populations were

sorted: a reference population containing only an FSC/SSC gate for isolation of yeast cells (see

below) and a control population of library not competitively labeled.

To discriminate cell populations FACS gates are used as shown in Figure C.18: an FSC/SSC

gate for isolation of yeast cells, FSC-H/FSC-A gate to discriminate single cells, a FSC-A/FITC+

gate selects the cells displaying the RBD on their surface and the top 2% of cells by a PE+/FITC+

gate is collected. At least 2.0 × 105 cells are collected and recovered in SDCAA with 50 µg/mL

Kanamycin and 1× Pen/Strep for 30 h at 30°C. The collected DNA is sequenced using 250 bp PE

on an Illumina MiSeq and analyzed with the code developed by Francino-Urdaniz et al. (2021)

[3]. Outputs from the code are a per-mutation enrichment ratio defined as the log2-transform of

the change in frequency of the selected population relative to the reference population and a false

discovery rate (FDR) as previously described [3].
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Chapter 5

Benchmarking cassette-based deep mutagenesis by Golden Gate assembly

Protocols for the construction of large, deeply mutagenized protein encoding libraries via

Golden Gate assembly of synthetic DNA cassettes employ disparate, system specific methodology.

Here we benchmark a broadly applicable Golden Gate method for building user-defined libraries.

We demonstrate that a 25 µl reaction, using 40 fmol of input DNA, can generate a library on the

order of 1 × 106 members and that reaction volume or input DNA concentration can be scaled

up with no losses in transformation efficiency. Such libraries can be constructed from dsDNA

cassettes generated either by degenerate oligonucleotides or oligo pools. We demonstrate its real-

world effectiveness by building custom, user-defined libraries on the order of 104 to 107 unique

protein encoding variants for two orthogonal protein engineering systems. We include a detailed

protocol and provide several general-use destination vectors.
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5.1 Introduction

Cassette assembly has become a powerful way to create protein libraries thanks to modern

synthesis technologies that can quickly and affordably produce custom DNA fragments [122, 123,

92, 124]. Some of the most useful tools for assembling such fragments are Type IIs enzymes, which

cut outside of their DNA recognition site and leave a user-defined four base pair overhang. While

labs have employed these enzymes to manipulate DNA for the last several decades [125, 126] a

major development in their use came in 2008 when Engler et al. established a cloning method

using the Type IIs enzyme BsaI, which they called Golden Gate assembly [127]. Since then, the

method’s popularity has grown [128, 129, 130], due in part to its ability to connect fragments in a

specific order and without a restriction scar[131].

Although the assembly of synthetic DNA by Golden Gate has clear utility in building large

protein libraries, a generalized procedure has yet to be established. While several labs have used

Golden Gate to build libraries from cDNA and synthetic DNA fragments, their assembly protocols

and resulting efficiencies varied widely and often contained time-consuming, system-specific steps

[132, 133, 134, 135, 136]. In 2019 Püllmann et al. developed a more general Golden Gate protocol for

creating site-saturation libraries from oligonucleotides, which was well characterized and included a

useful script for primer design [137]. However, the base version of this protocol was only shown to

generate a single point mutation and a more complicated protocol in which subcloning was needed

to make a library of 60 variants.

Here we provide a simple, broadly applicable Golden Gate procedure that can be used to

build large (>107), site-specific, deeply mutagenized libraries. We present data benchmarking the

procedure’s efficiency under different use conditions and demonstrate its effectiveness in construct-

ing libraries from mixed base-containing oligonucleotides and custom synthesized oligo pools. We

also provide a detailed protocol (Appendix B with discussion of important design considerations

and three general-use destination vectors deposited on Addgene.
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5.2 Results/Discussion

5.2.1 A standardized protocol for library generation

The general workflow for library generation using our protocol involves design and creation

of a destination vector and mutagenic cassettes, assembly via a Golden Gate reaction, and transfor-

mation into bacteria. The destination vector must be designed and created with a selection marker,

BsaI sites, and specific overhangs such that cassette(s) introduction results in reconstitution of a

full-length gene encoding sequence, and replacement of the marker which allows rapid assessment

of incorporation efficiencies (Figure 5.1A). In parallel, cassettes are designed with BsaI sites and

overhangs arranged for sequential insertion into the destination vector (Figure 5.1A) using sub-

sets of the high-fidelity overhangs outlined by Potapov et al. to reduce inefficiencies from imperfect

ligation[87]. Subsequently, the destination vector and cassettes are mixed with BsaI-HFv2 and T4

ligase and PCR cycled between 37°C and 16°C, during which time the selection marker and cassette

ends are removed, the cassettes anneal with the vector, and the annealed DNA is ligated.

We developed a modified Golden Gate protocol that allowed us to rapidly assemble libraries

while maintaining high numbers of transformants. For the base version of this protocol, we used

a 25 µ l reaction containing 40 fmol of the destination vector and each cassette. Additionally,

our reactions were PCR cycled for 60 cycles with each step only lasting one minute, as described

by Strawn et al. [138], allowing the Golden Gate reaction, and bacterial transformation to be

performed in under 8 hours (Figure 5.1A). We have included a protocol describing the design and

creation of libraries using this technique in more detail (Appendix B). Using this protocol, with

properly designed cassettes and a destination vector in hand, a new library for any protein can be

generated in a single day. To facilitate this, we built general use destination vectors for yeast surface

display (pND003), MBP-tagged protein expression in E. coli (pND004), and yeast two-hybrid assays

(pND005), each of which contain a GFP marker and BsaI sites with high fidelity overhangs. To

confirm their functionality, a Golden Gate reaction was performed with pND003 and cassettes
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that encode for a monomeric variant of the plant abscisic acid receptor PYR1 (H60P, N90S) [139].

Comparison of plates from a transformation of pND003 alone and a transformation of the Golden

Gate reaction confirmed cassette insertion and demonstrated that removal of the GFP marker

allowed for assessment of incorporation efficiencies (Figure 5.1B). We used numbers of GFP

negative colonies to calculate incorporation percentages for all Golden Gate reactions described in

this paper with a median incorporation of 99.7% (range 81% to >99.9%, n=40) (Figure 5.1C;

Table D.4).

To verify that our protocol would result in genes encoding full-length, functional protein, we

assessed the ability of an SARS-CoV-2 Omicron chimeric S RBD to bind ACE2 and the neutralizing

monoclonal antibody CC12.1 [4, 3]. For these experiments we created a destination vector with the

coding sequence for the Omicron chimeric RBD (SARS-CoV-2 S RBD (333-541) Wuhan-1 with mu-

tations S477N, E484A, Q498R, N501Y and Y505H) and the corresponding dsDNA coding cassettes,

assembled them into the RBD destination vector using our Golden Gate protocol, transformed the

resulting plasmids into yeast, and expressed the isogenic Golden Gate-derived RBDs (GG RBD) on

the surface of yeast. As a positive control, we also expressed the previously described Wuhan-1 S

RBD N343Q (Wuhan-1) [3] on the surface of yeast. We then compared the ability of the GG RBD

and Wuhan-1 to bind Fc-ACE2 and CC12.1 (which contains an Fc) using flow cytometry. When

labeled with an anti-Fc PE, we observed specific PE fluorescence resulting from binding to ACE2

or CC12.1 for both GG RBD and Wuhan-1 (Figure 5.1D). We then tested GG RBD functionality

in a similar manner for 16 different yeast colonies from four separate Golden Gate reactions and

saw consistent levels of CC12.1 binding for all 16 variants, highlighting the ability of this protocol

to reproducibly assemble full-length sequences (Figure 5.1E).

5.2.2 Benchmarking a scalable single day Golden Gate library generation protocol

Next, we benchmarked the number of transformants that can be generated using this protocol

as a function of cassette number, reaction size, and input DNA. For all these experiments we used
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Figure 5.1: Establishing the functionality of a Golden Gate protocol for library gen-
eration. A. Schematic showing library generation by assembly of mutagenic cassettes into a
destination vector via Golden Gate. B. Dilution plating of E.coli transformations with 40 fmol
of our destination vector pND003 (left) and a Golden Gate reaction performed with 40 fmol of
both pND003 and three wild type PYR1 cassettes (right). Listed numbers represent fold dilu-
tion. C. Histogram showing the percent cassette incorporation for all performed Golden Gate
reactions. Inset shows all reactions from the 98-100% bin redistributed in bins with 0.1% inter-
vals. Incorporation percentages were calculated by comparing the number of green (GFP) and
white (non-GFP) colonies on dilution plates after transformation. D. Functional comparison of
GG RBD and Wuhan-1 RBD using yeast surface display. RBD displaying yeast were incubated
in the absence (-) or presence (+) of saturating concentrations of PE-labeled CC12.1 (antibody)
or ACE2, followed by assessment of binding by flow cytometry. E. Assessment of CC12.1 binding
for 16 colonies displaying RBD from 4 different Golden Gate reactions. Individual values represent
mean PE fluorescence intensity of RBD-displaying populations.

our pND003 vector and PYR1 cassettes. Our baseline for all three experiments was a 25 µl reaction

containing 40 fmol of the destination vector and a single PYR1 cassette, which generally results in

7− 8× 105 transformants and >96% cassette incorporation (Figure 5.2, Table D.4).

Since previous studies have noted decreasing Golden Gate efficiencies when increasing the

number of ‘parts’ (number of cassettes plus destination vector) [133, 140], we sought to quantitate
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the number of transformants as a function of the number of input cassettes. For this experiment,

we performed four reactions with one to four PYR1 cassettes under conditions that were otherwise

identical to the baseline reaction. We found that transformation efficiencies were modestly affected

by increasing cassette number, with a four-cassette (five-part) assembly showing a minor reduction

in transformants (3.7 × 105, n = 2) over a one-cassette (two-part) assembly (8.4 × 105, n = 2)

(Figure 5.2A, Table D.4). Thus, increasing cassette numbers should not hinder most library

designs.

We then assessed the ability of our protocol to be scaled by total reaction size by comparing

our baseline 25 µl reaction with 100 µl and 200 µl reactions. We found that the number of

transformants scaled at least linearly, with the 200 µl reaction (8x volume) generating an approx.

24-fold increase in transformants with no loss in incorporation efficiency (p-value 0.03; Figure

5.2B, Table D.4). We speculate that this trend results from decreased relative DNA loss while

working with small constant volumes during the PCR cleanup and transformation steps. Since a

100 µl reaction can be performed in a single PCR tube, several orders of magnitude higher numbers

of transformants should easily be achieved by pooling multiple Golden Gate reactions in a single

PCR cleanup column.

Subsequently we tested scaling of DNA concentration by comparing our baseline reaction with

reactions in which the amount of destination vector and cassette DNA was increased to 80 and 160

fmol, without increasing reaction size. We again observed a linear increase in transformants, with

160 fmol (4x increase) of input DNA resulting in a 19-fold increase in transformants (p value 0.13

for whether the 160 fmol reaction gives more than a 4x increase in number of transformants) and

no loss in incorporation efficiency (Figure 5.2C, Table D.4). Thus, reactions can be scaled by

both volume and DNA concentration.
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Figure 5.2: Benchmarking a Golden Gate protocol for library generation A. Transfor-
mation efficiencies for Golden Gate reactions performed with differing numbers of cassettes. 25 µl
reactions were performed in duplicate with 40 fmol of both pND003 and one, two, three, or four
wild type PYR1 cassettes. Numbers of transformants were calculated by plating serial dilutions
of the recovered cells. pUC19 is shown as a control reaction for assessing efficiency of electrocom-
petent cells. B.,C.: Transformation efficiencies as a function of Golden Gate reaction size (B)
or input DNA (C). A baseline 25 µl reaction using 40 fmol of both pND003 and one wild type
PYR1 cassette was compared with reactions having increased size or input DNA. Reactions were
performed in triplicate. Numbers of transformants were calculated by plating serial dilutions of the
recovered cells. (B.) All reaction components were scaled 1:1, including DNA concentration, with
increasing volume. (C.) The total amount of input DNA for the destination vector and cassette
were increased while all other reaction conditions were held constant.

5.2.3 Creation of a site-specific protein libraries using both DNA Ultramers and

oligo pools

We next assessed the ability of our protocol to produce complete libraries from different types

of synthetic DNA by building libraries for the Omicron chimeric RBD. For this we designed three

site-specific combinatorial libraries, all covering the same 110 contiguous positions, assembled using

a combination of three mutant cassettes (Figure 5.3A).

We generated cassettes from synthetic dsDNA (eBlocks), mixed-base degenerate long oligonu-

cleotides (Ultramers), and ssDNA sourced from custom oligo pools (Figure 5.3B). Generally, we

used eBlocks to encode unmutated regions of protein, while Ultramers and oligo pools were used as

mutagenic cassettes. dsDNA cassettes are generated from single-stranded Ultramers or oligo pool
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DNA using PCR with a reverse primer (Figure 5.3B). For these experiments, we assembled Li-

braries 1 and 2 from PCR-amplified mutant Ultramer cassettes and Library 3 from PCR-amplified

mutant oligo pool cassettes (an example of this amplification for Library 1 is shown in Figure

5.3C). For comparison, we performed a fourth assembly with eBlock cassettes containing no se-

quence variation.

We performed PCR amplification of the oligo pools and Ultramers as well as the Golden

Gate reactions using the base method described in our protocol, except for increasing input DNA

from 40 to 200 fmol. We found similar transformation efficiencies using Ultramers and oligo pools,

with both resulting in approximately 1.5× 106 transformants, and a slightly higher efficiency with

eBlocks, which resulted in approximately 7.0×106 transformants (Figure 5.3D). Thus, our proto-

col generates consistently high numbers of transformants with different types of input DNA, giving

the user flexibility when designing their libraries.

To assess library quality, completed libraries were deep sequenced at a depth ranging from

5.9e5 to 2.9e6 reads (Table D.5). In contrast to other user-defined mutagenic protocols with high

wild-type sequence carryover [82], no library contained more than 0.2% wild-type reads, and all

libraries contained at least 96.7% of the desired variants (96.7, 99.9, 99.9%). The libraries ranged

from 80.9-86.8% of on-target sequences. 9% of the oligo pool-derived library coded for chimera

sequences that contained unintended combinations of designed mutations. These could have arisen

during our deep sequencing preparation, as chimera formation is known to occur at low abun-

dances during the associated PCR steps [3]. Alternatively, chimera formation could occur during

the cassette generation step of our protocol; our analysis is unable to distinguish between these

possibilities. We assessed library uniformity by comparing the theoretical frequency of different

residues at each mutated position with the observed frequency seen in our deep sequencing data

(Figure 5.3E). The relative frequencies observed varied between 0.34-1.52-fold as compared with

expectations (n=62). Together, this data demonstrates that our Golden Gate protocol can gen-

erate user-defined combinatorial mutational libraries with almost complete coverage, little to no
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wild-type carryover, and near-uniform individual mutational distributions.
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Figure 5.3: Golden Gate assembly of SARS-CoV-2 S RBD deep mutational libraries.
A. Schematic of the assembled plasmid for the S RBD combinatorial library. Unmutated S RBD
residues 333-399 and 510-541 are encoded in the destination vector pIFU037 while residues 400-509
are encoded by three mutagenic cassettes. Cassettes can code for wild-type or mutant residues
at each mutational site B. Different cassette DNA inputs for the Golden Gate assembly. eBlocks
(dsDNA) are used as is, while Ultramers (mixed base-containing long oligonucleotides) and oligo
pools are obtained as lyophilized ssDNA and require PCR synthesis using a reverse primer to
generate dsDNA. C. Gel electrophoresis of three RBD library Ultramer cassettes before (ssDNA)
and after PCR (dsDNA). Each cassette is 170 nts. D. Transformation efficiencies for Golden
Gate reactions performed with pIFU037 and the three RBD library cassettes, each generated from
different types of DNA. 25 µl reactions were performed in triplicate with 40 fmol of destination
vector and cassettes. Numbers of transformants were calculated by plating serial dilutions of the
recovered cells. pUC19 is shown as a control reaction for assessing efficiency of electrocompetent
cells. E. Mutational distributions for RBD libraries. Expected (right bars) vs observed mutational
frequency (left bars) at each mutated residue based on deep sequencing.
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We also built and characterized a library encoding 1.1x107 theoretical T7 RNAP to show

that this technique is broadly applicable and that uniformity and coverage are maintained when

our protocol is scaled up (data not shown).

5.3 Conclusions

Although the need for large, site-specific libraries for protein engineering workflows is almost

universal, the methods for generating such libraries vary greatly. Modern DNA synthesis technology,

which allows for the rapid creation of short DNA fragments containing user-defined mutations,

has the potential to streamline these methods and make libraries more consistent and affordable.

Here we provide a simple, broadly applicable protocol detailing how to build large libraries from

synthetic DNA cassettes using Golden Gate assembly. To provide an accurate assessment of this

protocol’s capabilities, we benchmarked the obtainable transformation and incorporation efficiencies

as a function of cassette number, reaction size, and input DNA. We then demonstrated its real-

world applicability by creating libraries of different sizes in two orthogonal protein engineering

systems. First, we generated libraries for the SARS-CoV-2 S RBD on the order of 104 members and

demonstrated by deep sequencing that near-uniform, near-complete libraries can be made equally

well using mixed base oligonucleotides or oligo pools. Subsequently, we built and characterized a

library encoding 1.1× 107 theoretical T7 RNAP to show that this technique is broadly applicable

and that uniformity and coverage are maintained when our protocol is scaled up. We expect our

benchmarking will facilitate implementation of cassette-based Golden Gate mutagenesis for the

protein engineering and design community.

5.4 Methods

5.4.1 Construction of destination vectors and cassettes

Destination vectors were created by combining a source vector and a GFP-encoding insert

from pYTK04710 or pEDA524 using Gibson Assembly [141] or restriction enzyme cloning. Oligo
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pool and Ultramer derived double-stranded cassettes were obtained by performing PCR with single-

stranded source DNA and a single reverse primer, followed by gel extraction. Sequences for primers,

completed destination vectors, and wild-type versions of cassettes are listed in the Supporting Data

online.

5.4.2 Performance and assessment of Golden Gate reactions

All Golden Gate reactions were performed using a base protocol with some small number of

changes which are listed below. The base protocol is as follows. 40 fmol of a destination vector

and 40 fmol of each cassette are combined in a PCR tube along with 20 units of BsaI HF-V2,

400 units of T4 DNA ligase, 2.5 µl of 10× T4 ligase buffer, and nuclease-free H2O up to 25 µl.

The reaction mixture is then cycled between a 37°C and 16°C PCR step for a total of 60 cycles,

followed by a final 5 minute, 37°C step and a 10 minute, 65°C step. The resulting DNA is then

cleaned and concentrated using an NEB Monarch PCR DNA Cleanup Kit and eluted in 6 µl of

nuclease-free H2O. All 6 µl of concentrated DNA are then transformed by electroporation into 50

µl of TransforMax EPI300 E. coli cells. Additionally, 0.1 ng of pUC19 in 6 µl of nuclease-free water

was transformed into TransforMax cells to assess cell competency. Transformations were carried

out in 1 mm electroporation cuvettes (BTX, Cat# 45-0124) with an electroporator (Eppendorf,

Cat# 4309000027) set to 1200 V, which generated time constants between 4-6 ms. Immediately

after electroporation, cells were resuspended in 1 ml of SOC media (SOB from BD Cat# 244310

with 20mM dextrose), incubated at 37°C for 1 hour, plated on LB agar containing the appropriate

antibiotic, and were incubated overnight at 37°C. Numbers of transformants and percentages of GFP

negative colonies were determined by plating serial dilutions of the transformed cells ranging from

102−108 fold-diluted and counting the number of green and white colonies in the dilution that had

the highest number of colonies totaling between 10 and 100. If no green colonies could be detected,

the percentage incorporation was estimated as one over the total number of colonies in the lowest

dilution, as extrapolated from the dilution containing all counted colonies. pUC19 transformation

efficiencies were similarly determined by counting colonies from serial dilution plating, with the

https://www.biorxiv.org/content/10.1101/2023.04.13.536781v2.abstract
https://www.biorxiv.org/content/10.1101/2023.04.13.536781v2.abstract
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resulting numbers being scaled to reflect the number of transformants per 1 ng of transformed

pUC19. For libraries, the remaining transformants not used for dilutions were plated onto bioassay

plates and incubated at 37°C. The next day colonies were scraped from the plates and mini prepped

to obtain library DNA. For some experiments, the amount of input DNA or total reaction size was

modified from the base protocol; these modifications are noted in the main text. Reaction size

and input DNA along with the destination vector and cassettes used in each reaction are listed in

Table D.4.

5.4.3 Characterization of Golden Gate assembled RBD constructs

Binding of GG and Wuhan-1 RBDs to ACE2/CC12.1 was assessed by yeast display as de-

scribed by Francino-Urdaniz et al [3].

5.4.4 DNA deep sequencing

Deep sequencing prep was performed as described in the “Method B” protocol from Kowalsky

et al [61]. In brief, we did two rounds of PCR with an ExoI clean up in between. In the first round

we amplify the amplicon using customized primers for each specific sequence. These primers also

contain the TruSeq illumina adapters. The second PCR inserts the TruSeq barcodes for sequencing

and is performed exactly as described in the “Method B” protocol. The primers used for the deep

sequencing preparation are given in Supporting Data online.

The first PCR thermocycler conditions for the RBD library are as follows:

https://www.biorxiv.org/content/10.1101/2023.04.13.536781v2.abstract
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PCR cycling conditions

Steps Temperature Time Cycles

Initial Denaturation 98C°C 60 sec 1

Denaturation 98°C 10 sec

18 cyclesAnnealing 57°C 20 sec

Extension 72°C 30 sec

Final extension 72°C 10 min 1

Hold 4°C infinity

5.4.5 DNA deep sequencing analysis

For the analysis of the RBD library deep sequencing data, sequences were merged using an

in-house merging code, essentially as previously described by Haas et al[121] The occurrence of mu-

tations at each designed location were counted and summed. From these values, the corresponding

distributions were generated (Figure 5.3E).
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Chapter 6

Drifts and shifts in SARS-CoV-2 S RBD functional sequence space mapped by

deep learning and deep mutational scanning

6.1 Introduction

An open question in biology is the allowable sequence variation of one side of a protein

interface. This question has practical implications in the development of therapeutics and vac-

cine immunogens for mitigating infectious diseases, since mutations on surface glycoproteins of

pathogens can perturb molecular recognition [142]. A well-known example relates to the COVID-

19 pandemic. Owing to the extensive sequence diversity of SARS-CoV-2 subtypes at the relevant

Spike RBD epitopes, only one of the seven regulatory approved monoclonal antibodies or cocktails

is still currently effective (July 2023) (https://www.cms.gov/monoclonal).

Earlier efforts at assessing the potential SARS-CoV-2 RBD sequence diversity focused largely

on the local mutational landscape (1-2 mutations away from the parental sequence). Starr et al.

developed a yeast display platform for evaluating the sequence-function landscape of Wuhan Hu-1 S

RBD by deep mutational scanning [65]. This landmark paper was followed by efforts from multiple

groups at evaluating sequence tolerance for ACE2 recognition and/or propensity for escape from

antibody-mediated virus neutralization [143, 144, 145, 3]. These studies were enormously helpful in

predicting and prospectively identifying sequence variations on several early VOCs and in tracking

the effectiveness of therapeutic antibodies. However, the emergence of Omicron that did not clearly

descend from any of the previous VOCs [146, 147] was a siren call that a larger functional sequence

https://www.cms.gov/monoclonal
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space is both available and accessible for this virus. This suggests that new methods are urgently

needed to assess larger sequence functional diversity of viral glycoproteins.

Although various computational approaches have been described for assessing viral sequence

variation at scale [148, 149], to our knowledge no experiments have been reported which assess

large shifts in sequence variation of viral glycoproteins. Yet, the idea of experimentally assessing

prospective sequence variation is not new in other fields. Neutral drift directed evolution is a well-

established technique to further evolve existing enzymes under selective pressure to develop new

functions [150, 151, 152]. These approaches have traditionally encoded sequence diversity using

random mutagenesis. We hypothesized that, with the recent deep learning advances in protein

design, we could design and measure larger shifts in protein sequence space by enriching mutational

libraries with functional sequences.

In this paper we sought to prospectively identify the allowable sequence diversity of S RBD

that maintains ACE2 recognition. We used computational design to develop several mutational

libraries focused at the RBS, which we assessed for maintenance of ACE2 binding using yeast surface

display and flow cytometry. Selected variants contain up to eighteen mutations away from the

Omicron strain and show considerable plasticity of RBD sequence variation. We trained a predictive

model to identify the prospective landscape of the ACE2-binding footprint on RBD, which was

experimentally validated. Overall, our work identifies several discrete ‘islands’ in sequence space

that delineate potential, and prospective, variation of the RBD Class 1 and Class 2 epitopes [50]

which overlap with the RBS. Our work has broad implications for the design of next-generation

immunogens for vaccines and escape mutation-resistant monoclonal antibody therapeutics.

6.2 Results

To ascertain the allowable sequence variation on RBD that still maintains potent binding to

ACE2, we constructed several sequence-binding experimental datasets that represent large shifts in

sequence space from an Omicron chimeric S RBD (SARS-CoV-2 S RBD (333-541) Wuhan-1 with
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mutations K417N, S477N, E484A, Q498R, N501Y and Y505H). We denoted this Omicron chimeric

S RBD wild-type or ‘WT’ as it was the starting point for all libraries. We designed and assembled

five separate RBD mutational libraries covering the solvent-accessible positions of the Barnes and

Bjorkman-defined Class 1 or Class 2 epitopes [50] around the RBS. Our first three libraries (LY003,

LY005, LY006) used degenerate codons and a reduced genetic alphabet [153, 154]. Library LY005

has 7,776 variants containing up to 5 mutations per variant. Libraries LY003 consists of 39,585

with up to 7 mutations per library and LY006 consists of 20,736 variants with up to 6 mutations

per variant. The other two libraries were designed by deep learning [155]: LY008 encodes 1,611

variants containing between 2 and 20 mutations with an average of 15 mutations per variant, and

LY009 encodes 2,268 variants (range 9-16 mutations, mean 12). In sum, our combined libraries

contain 71,976 variants with multiple mutations at 50 distinct positions in the Class I and/or

Class II epitopes. We analyzed the sequence space covered by our libraries by PCA (Fig 6.1B).

Compared with existing variants of concern (VOCs) and other previously described mutational

libraries [65, 144], our libraries cover a larger and broader sequence space.

We used yeast surface display of S RBD variants to assess maintenance of binding to ACE2.

Functional properties of yeast displayed S RBD variants correlate well with full-length S, as demon-

strated by multiple groups (CITE). Our custom libraries were constructed from oligo pools using

Golden Gate assembly [6] and transformed into yeast. After induction of S RBD surface expres-

sion, libraries were sorted at various ACE2 concentrations (range 1-1000 nM) using Fluorescence

Activated Cell Sorting (FACS). At each concentration, we collected all cells maintaining binding

to ACE2 (Figure 6.1C, Figure C.19) and deep sequenced the population along with a reference

population. This experimental pipeline enabled a qualitative analysis of ACE2 binding, compared

to WT, by correlating the probability of being sorted at each ACE2 concentration to three classi-

fication bins: “like WT”, “worse than WT” and “no binding” (Figure 6.1D; see Methods).

We performed a number of experiments to assess the quality and consistency of the generated

binding datasets. To test the internal consistency of the deep sequencing pipeline, we performed
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biological replicates on LY008 by separately transforming the plasmid library into yeast and sorting

on different days (Figure 6.1E). We observed 93% agreement between replicates. Notably, only

0.25% (4/1593) of variants were classified as ‘like WT’ in one replicate and ‘no binding’ in the other

replicate. Thus, the internal consistency of the deep sequencing pipeline is largely self-consistent. To

test whether titrations of individual clones correlated with population measurements, we randomly

selected 30 variants and performed isogenic titrations in replicate (Figure C.20). We classified

variants binding worse than WT if they had at least a 10-fold decrease in KD relative to WT

and at least a 2-fold increase in fluorescence over background at 1 micomolar ACE2. We observed

85% (22/26) agreement between isogenic titrations and population measurements (Figure 6.1F,

SI Table X), showing reasonable agreement between measurements. To test for the possibility

that RBD designs bind ACE2 non-specifically, we assessed the ability of lysozyme to bind the RBD

library. While lysozyme binds non-specifically to cells, the fluorescence of the displaying population

does not increase relative to the non-displaying cells indicating that it does not bind to the displayed

RBD (Figure C.21). Overall, our library can assess ACE2 binding of large libraries.

To assess the structural variability of the RBD surface we looked at the location of the

positions mutated of all the libraries compared to ACE2 footprint. Our libraries cover most of

the Class 1 and Class 2 epitopes and only six of the 24 residues that comprise the RBS are not

mutated in one of our libraries (Figure 6.2A). This demonstrates the large variability of the RBD

sequence space of our study. Looking at each library individually, LY008 covers the surroundings of

the RBS with only five of the 25 mutated positions belonging to the RBS. As it could be expected,

the space covered by this library has a high tolerance for mutations and 13% of the variants bind

like WT and 24% bind worse than WT. This has implications on loss of binding of therapeutics

due to high likelihood of escape mutants. Opposite to LY008, 10 out of the 19 positions mutated

in library LY009 belong to the RBS. Since the library has an average of 12 mutations per variant,

multiple positions on the RBS are mutated in each variant. This many mutations are not tolerated

since none of the variants in library LY009 bind to ACE2. In addition, 1929/2267 variants have the
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combination of Y501N and H505N. Asparagine is in the same group as aspartic acid in the reduced

alphabet used [154]. In the analysis of Class 2 epitope, we identify the combination of Y501N and

H505D as deleterious (Figure 6.2B). We believe that some of the mutations in this library might

be key to the interaction.

Library LY005 has up to 5 positions mutated to 5 different amino acids in the Class 1 epitope,

4 of these belong to the RBS. When analyzing single and double mutants (Figure 6.2B) we see

that all of the single mutants except for Y501P maintain binding to ACE2. Moreover, Y501P is

a deleterious mutation in any combination but the binding can be recovered when mutating the

T500 residue to T500M/L/S/R/W. Although some combinations of mutations are widely tolerated

such as P499 in combination with T500, 77% of the variants in the library completely lose binding

to ACE2. This is in agreement with the complete loss of binding of library LY009 where multiple

positions on the Class 2 epitope are mutated. On the other hand, 5% of the variants bind at least

as good as WT.

Finally, library LY006 has 6 positions mutated to 3 or 5 different amino acids in the Class

2 epitope, 4 of these belong to the RBS. When analyzing single and double mutants (Figure

6.2C) we see that all of the single mutants maintain binding to ACE2. We see that the Class 2

epitope sequence is available for high sequence variability. Only five combinations of double mutants

completely lose binding. When looking at the whole library, 42% of the variants maintain the ACE2

recognition (2% bind like WT and 40% bind worse than WT). We hypothesize that since the loop

formed by residues 471-489 can change conformation between ‘up’ and ‘down’ positions [28] it is

more flexible than the structure in class 2 allowing it to have a higher tolerance for mutations.

Looking closely at the variants in libraries LY005 and LY006 that maintain binding as good

as WT, we analyzed what group of mutations from the reduced amino acid alphabet used [154]

can be tolerated at each of the mutated positions. Although the combination of mutations has a

large effect on binding [156], we noticed that some positions can be widely mutated while others
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are more restricted (Figure 6.2D). In particular positions A475, R498, Y501 and H505 (Figure

6.2E-H) can only tolerate mutations from one group of amino acids. Mutation Y501T (Figure

6.2F) had not been previously observed in any of the variants of concern but it has appeared on the

cryptic Ohaio variant identified on wastewater analysis by Mark Johnson lab (https://twitter.

com/SolidEvidence/status/1650304880160980992). This is also the case of the reversion to the

origins Wuhan-1 variant H505Y (Figure 6.2H).

6.3 Discussion

We developed a robust experimental tool to prospectively map protein variability. With it

we have studied the tolerated sequence space on the RBD Class 1 and Class 2. From the structural

analysis we have found that the Class 1 epitope is less tolerant than Class 2 epitope, as seen with

libraries LY005 and LY009. This indicates that some mutations in this sequence space might be key

to the interaction. However, we have also identified tolerated mutations in this region that have not

been seen in existing variants, highlighting the benefit of prospectively mapping this interaction.

Further analysis is needed to identify specific positions that have lower sequence tolerance but it is

outside the reach of experimental methods. Therefore, we are training a computational model to

learn from the experimental results and predict the effect on binding of a larger set of variants of

RBD Class 1 and Class 2 epitopes.

Although the results are very promising, the developed tool has some limitations. (1) since

the analysis is only qualitative and based on the binding of the WT, the dissociation constant of

the WT has to be within the range of the variants in the library, and the WT must be in excess

in the sorted library. (2) There is a maximum number of variants that can be sorted in a single

library. We believe that this is mainly due to the library coverage obtained from the downstream

sequencing. Our library LY003 had about 40k variants and we could not obtain clear results for

the analysis. (3) The results are qualitative and associated with an error of the probability. In our

hands we could only obtain 92% accuracy.

https://twitter.com/SolidEvidence/status/1650304880160980992
https://twitter.com/SolidEvidence/status/1650304880160980992
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6.4 Methods

6.4.1 Design of mutagenic libraries

We designed a chimeric RBD with common mutations found on Omicron sub-variants (K417N,

S477N, E484A, Q498R, N501Y and Y505H) that we define as WT. We have previously designed a

plasmid containing the Wuhan-1 RBD gene [3] that we used as base plasmid with a few variations.

To insert multiple customized mutations in each variant, we use the cassette-based mutagenesis

approach previously described in Daffern et al. [6]. Therefore, to the base plasmid, we include the

unmutated region of the RBD and BsaI sites with the right overhangs to insert the mutagenized

cassettes.

We designed 6 libraries with different approaches. Libraries LY003, LY005 and LY006 were

designed based on the structural analysis of the RBD-ACE2 interaction. To limit the number

of mutations in these libraries, we used a reduced alphabet [154] that will maintain the protein

structure. LY003 was made with custom oligo pools with mutations restricted to Class 2 epitopes.

LY005 and LY006 were made with degenerate codons with mutations to Class 2 (LY005) or Class

3 (LY006) epitopes.

6.4.2 Preparation of the mutagenic libraries

Libraries were constructed exactly as described in Daffern et al [6] using degenerate oligonu-

cleotides (LY005 and LY006) or custom oligo pools (LY003, LY008, LY009 and LY0010). Transfor-

mation and incorporation efficiencies for each library transformation are given in Table D.7 and

were also calculated as described.

The constructed libraries were midi prepped using ZymoPURE II plasmid midiprep kit to

extract the plasmid. Yeast transformation was performed exactly as described [90] by transforming

5µg of DNA into chemically competent S. cerevisiae EBY100 [91]. Serial dilutions were plated on

SDCAA agar plated and incubated for 3 days at 30°C to calculate the efficiency of the transforma-
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tion (Table D.7). In parallel, the cells were grown in SDCAA (20g/L dextrose, 6.7g/L Difco yeast

nitrogen base, 5g/L Bacto casamino acids, 5.4g/L Na2HPO4, and 8.56g/L NaH2PO4 ·H2O) liquid

media for 3 days at 30°C and 300rpm to saturation with 50 µg/mL Kanamycin and 1x PenStrep for

30h. Stocks were prepared at OD600 = 1 and at OD600 = 10 for screening and sorting respectively

as in Whitehead et al. [94].

6.4.3 Screening and sorting libraries

For cell surface screening the cell stocks were grown in SDCAA at OD600 = 0.5 overnight

at 30°C and 300rpm. The next day, the cells were induced in SGDCAA (18g/L galactose, 2g/L

dextrose, 6.7g/L Difco yeast nitrogen base, 5g/L Bacto casamino acids, 5.4g/L Na2HPO4, and

8.56g/L NaH2PO4 ·H2O) at OD600 = 1 at 22°C and 300 rpm for 22h with 50 µg/mL Kanamycin

and 1× PenStrep for 30h. For sorting the libraries, 2% WT was spiked in on the SGDCAA inducing

culture. The displaying cells are washed with PBSF (PBS containing 1g/l BSA) and stored on ice

until used.

For WT titrations, 1 × 105 yeast cells were labeled with titrated concentrations of ACE2

ranging from 1pM to 1µM. Titrations were performed as described by Chao et al. [71] with an

incubation time of 4h at 22°C and shaking. The cells were centrifuged and washed with 200µL

PBSF. The cells were secondary labeled with 0.6 µL anti-c-myc-FITC (Miltenyi Biotec), 0.25 µL

Goat anti-Human IgG Fc PE conjugate (Invitrogen Catalog # 12-4998-82) and 49.15µL PBSF for

10min at 4°C. The cells were washed and resuspended in 100µL PBSF. 25,000 cells were screened

using a flow cytometer for each labeling concentration.

For sorting of the libraries, 3× 107 cells were labeled at different concentrations of ACE2 in

PBSF (1nM, 10nM, 100nM and 1000nM) for 1h at 22°C with shaking. The cells were centrifuged

and washed with 1000µL PBSF. Each reaction was split into four Eppendorf tubes and individ-

ually labeled with 2.4 µL anti-c-myc-FITC (Miltenyi Biotec), 1 µL Goat anti-Human IgG Fc PE

conjugate (Invitrogen Catalog # 12-4998-82) and 196.6 µL PBSF for 10 min at 4°C. Cells were
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then centrifuged, washed with PBSF. The pellet was resuspended in 1000 µL and read on a flow

cytometer to measure binding of the ACE2. The gates used for sorting were set up using cells not

labeled with ACE2 and are shown in Figure C.19. The gates set are the following: an FSC/SSC+

gate for isolation of yeast cells, FSC-H/FSC-A gate to discriminate single cells, a FSC-A/FITC+

gate selects the cells displaying the RBD on their surface and from this last gate, everything above

background noise by a PE+/FITC+ is collected. About 100-fold above library size cells were col-

lected (1.0 × 106 for LY003, LY005 and LY006 and 5.0 × 105 for LY008 and LY009). A reference

for each library was also collected as the cells that display in the FSC-A/FITC+ gate. For the

reference, about 500-fold above library size cells were collected (5.0 × 106 for LY003, LY005 and

LY006 and 3.0 × 106 for LY008 and LY009). The collected cells were spun down and recovered

in SDCAA with 50 µg/mL Kanamycin and 1× PenStrep for 30h. LY008 library was sorted in

replicate in different days from different yeast stocks of the same Golden Gate reaction.

6.4.4 Isogenic variant titrations

Each library was separately plated on SDCAA Agar plates and grown at 30°C for 2 days.

Individual colonies were selected and grown in SDCAA with 50 µg/mL Kanamycin and 1× PenStrep

at 30°C and 300rpm for 30h. In parallel, specific variants were assembled using Golden Gate as

previously described, and transformed into yeast. The cells were induced in SGDCAA with 50

µg/mL Kanamycin and 1× PenStrep at 22°C and 300rpm for 22h. Titrations were performed as

previously described for the WT ranging from 1pM to 1µM.

6.4.5 Pseudovirus assay

Waiting on collaborators - will have results by the final submission

6.4.6 Polyspecificity assay

Lysozyme was biotinylated with EZ-link NHS-Biotin following manufacturer’s instructions.

1× 105 yeast cells were labeled with 250nM, 1µM and 5µM biotinylated lysozyme (Sigma L6876)
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for 30 min at 22°C and shaking. The cells were centrifuged and washed with 200µL PBSF. The

cells were secondary labeled with 0.6 µL anti-c-myc-FITC (Miltenyi Biotec), 0.25 µL SAPE (Ther-

moFisher S688) and 49.15µL PBSF for 10min at 4°C. The cells were washed and resuspended in

100µL PBSF. 25,000 cells were screened using a flow cytometer for each labeling concentration.

6.4.7 Deep sequencing preparation

The DNA was prepared for deep sequencing following the “Method B” protocol from Kowal-

sky et al [61]. The amplicon was amplified as described in Daffern et al. [6] Samples were then

further purified using Agencourt Ampure XP beads (Beckman Coulter), quantified using PicoGreen

(ThermoFisher), pooled, and sequenced on an Illumina MiSeq using 2 × 250 bp paired-end reads

at Rush Genomics and Microbiome Core Facility (Rush University, Chicago, IL).



Chapter 7

Conclusions and future work

7.1 Conclusions

I have built an easy to use, quick and robust tool to identify escape mutants. With it, I

identified 97 S RBD mutants that can escape recognition by at least one of the antibodies tested.

Of these 40/54 (74%) of the single nucleotide mutations had not been previously identified in

literature. Additionally, I identified >70% of the mutations on the RBD Class 1 and Class 2

epitopes that emerged with the Omicron variants. With the identified mutations of escape for

each of the antibodies in the study, I informed an engineering campaign to increase the affinity

of an antibody towards the RBD and develop broadly neutralizing antibodies [5]. The original

antibodies were isolated from SARS-CoV-2 Wuhan-1 convalescent patients and were not able to

neutralize Delta or Omicron variants. After engineering, these antibodies could neutralize both

variants in addition of Wuhan-1 and Beta.

I have built highly mutational libraries by benchmarking a cassette-based method using

Golden Gate. I believe that this method will be used by many researchers to make library generation

easier and faster. I have used this method to study the mutational sequence space on the RBD

Class 1 and Class 2 epitope and its effects on binding. I can predict with a 92% accuracy wich is the

probability of a given mutation to bind like WT, worse than WT or lose binding to ACE2. Although

there is still some work to be done to expand the platform, I have shown that experimentally, the
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residues with lower tolerance to mutations can be identified. With the experimental results we are

training a computational model to extrapolate the results to a wider set of variants and with it

we will identify the lower mutational space and therefore the potential target of therapies. While

doing so, I have seen variants that bind like WT with mutations that have not been seen in existing

variants of concern. Therefore, prospectively mapping the available sequence variability is not only

beneficial to identify potential targets for therapeutics but also to find the allowed mutations in a

specific position. I think that this tool will allow us to have a better understanding of new targets

for antibody therapies and vaccine immunogens.

Overall, I have a good understanding of the antigenic variability of the RBD, and I have built

robust tools on the way. I have also proven that deep mutational scanning with next generation

sequencing is an effective method to study protein-protein interactions and can be used to inform

the engineering of therapeutics and vaccine immunogens. All the tools were developed using SARS-

CoV-2 S RBD as my system, but they are not specific for it. I believe that they can be widely

applied to understand other protein-protein interactions and can inform further engineering efforts.

7.2 Future work

Future directions of this work could include using the knowledge of the mutational space on

RBM to engineer broadly neutralizing antibodies or small molecules to bind the low variability

region. The aims would be: 1. To identify the antibody germline that binds to the identified

region[50] and choose a starting antibody. Design a library for the antibody, mutating the residues

that interact directly with the RBD, as well as the surroundings to allow changes in flexibility of

the loops. Finally, display the library on the surface of yeast. 2. Express the variant of RBD to

engineer the antibody against using insect cells. 3. Perform several rounds of selection similar to

Zhao et al.[5]. 4. To confirm that the engineered antibody is broadly neutralizing, the antibody

should be expressed and scanned for escape mutants using an RBD library.

Another direction in which this work could be continued is to expand these tools to different
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proteins. This work has focused on a binding protein such that there is a direct correlation between

antibody binding and neutralization. It would be interesting to translate the developed tools to

a non-binding protein, for example the NTD in the spike protein. The NTD, as well as the RBS,

is targeted by potent neutralizing antibodies such as 4A8 [49]. Although this would have an

additional challenge to assess functionality of the designed variants since its exact function still

remains unknown[8]. We attempted to pursue this idea using the Influenza Neuraminidase (NA)

surface protein whose function and structure is known[157] and neutralizing antibodies have been

isolated[158]. The biggest challenge was to maintain enzymatic activity while displaying the enzyme

on the surface of yeast. We designed a platform to map the mutational space of NA that would not

affect the active site. However, we could not get consistent proof of NA activity of the platform.

In addition, the tools that we have built will be used across different new projects by the

next generations of graduate students. An example is a recently NIH funded project to redesign

the head of the Influenza hemagglutinin.
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Appendix A

Identification of SARS-CoV-2 S RBD escape mutants using yeast screening and

deep mutational scanning

Summary This is a method used to identify escape mutants on the SARS-CoV-2 S RBD

using a yeast screen combined with deep mutational scanning. Nearly all (over 90%) potential

single S RBD escape mutants can be identified for monoclonal antibodies that directly compete

with ACE2 for binding. Six to ten antibodies can be assessed in parallel. This method has been

shown to determine escape mutants that are consistent with more laborious SARS-CoV-2 pseudo

neutralization assays.
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A.1 Before you begin

A.1.1 Protocol overview

This method identifies S RBD nAb escape mutations by identifying S RBD mutants that

are not bound by a nAb but retain the ability to bind ACE2. SARS-CoV-2 initiates infection

with binding of the Spike receptor binding domain (S RBD) to angiotensin-converting enzyme 2

(ACE2). Many neutralizing antibodies (nAbs) prevent infection by binding to S RBD and blocking

ACE2 binding. We have constructed three different S RBD libraries based on the original Wuhan-

Hu-1 S RBD N343Q (333-537) (SRA Accession #: SAMN18250431-SAMN18250483). The first

is in the original background, the second is in the E484K background, and the third is in the

N501Y background. The E484K and N501Y mutations exist in currently circulating Alpha, Beta,

and Gamma variants. These libraries are available from AddGene (https://www.addgene.org/

Timothy_Whitehead/). Each is provided as two sub-libraries (Tile 1 and Tile 2) for compatibility

with 250bp paired-end Illumina sequencing. Tile 1 contains mutations at positions 333-437, while

tile 2 contains mutations at positions 438-537.

There are three major steps in the protocol and some preparatory work, listed below:

Preparatory Work

A. Prepare chemically competent S. cerevisiae EBY100

B. (i) Plasmid preparation and co-transformation of (ii) yeast backbone and (iii) S RBD

libraries into S. cerevisiae EBY100 (Figure A.1A)

C. Confirm that neutralizing antibodies selected bind and inhibit the yeast displayed

aglycosylated WT RBD (Figure A.1B-D)

D. Prepare operating system for running software with its dependencies

https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
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Step 1: Yeast screening with FACS

Yeast cells displaying nearly all possible single point mutants on surface exposed positions

of S RBD are pre-incubated with a neutralizing antibody before co-incubation with biotiny-

lated ACE2. These cells are then labeled with secondary fluorophores to detect S RBD

expression and ACE2 binding. Fluorescence activated cell sorting (FACS) is used to isolate

the population of cells still able to bind ACE2.

A. Cell Induction

B. Competitive binding reactions

C. Fluorescent activated cell sorting (FACS)

D. Cell Recovery

Step 2: Sample preparation and deep sequencing

After overnight growth, plasmid DNA from this population is isolated and prepared for

deep sequencing.

A. Deep sequencing library preparation

B. Illumina sequencing

Step 3: Run software and generate results

The resulting data from Step 2 are analyzed using custom software that identifies the set

of escape mutants.

A.1.2 Preparatory Work A: Prepare chemically competent S. cerevisiae EBY100

Competent yeast can be prepared in advance and stored at −80°C for at least 6 months ([90]).
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Timing: 6 hours

1. Prepare chemically competent S. cerevisiae EBY100 (MYA-4941TM)

(a) Grow EBY100 cells from glycerol stock in 500 mL YPD (recipe) at 30℃ and 300rpm

until culture reaches an OD600 of 1.2 (about 4 h).

(b) Harvest the EBY100 cells by centrifugation at 4000 × g for 5 min.

(c) Wash the pellet by resuspending in 250 mL sterile H2O and repelleting by centrifuga-

tion at 4000 × g for 5 min.

(d) Wash the pellet with 10 mL of 100 mM lithium acetate and repellet by centrifugation

at 4000 × g for 5 min.

(e) Resuspend cells in 3.5 mL of 100 mM lithium acetate and then add 1.5 mL of 50

(f) Prepare 210 µL aliquots and store at −80°C. Do not use dry ice to freeze the cells.

snap-freeze.

Note: Typical transformation efficiencies for these prepared cells are 5× 105 colony forming

units (cfu) per µg digested DNA.

A.1.3 Preparatory Work B(i): Plasmid preparation

For this step, the plasmid containing yeast display backbone (pJS697) and a plasmid con-

taining the S RBD insert (see Table A.1 for variations) are digested. All yeast display plasmids

are freely available via AddGene (https://www.addgene.org/Timothy_Whitehead/) as E. coli

glycerol cell stocks.

Timing: 1 day

Day 1: Plasmid Preparation

https://www.addgene.org/Timothy_Whitehead/
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Table A.1: List of plasmids that can be used for yeast display screening.

Plasmid Characteristics Antibiotic
resistance

AddGene collection #

pJS697 Contains yeast display
backbone

Kan https://www.addgene.

org/Timothy_Whitehead/

pJS699 Contains insert gene en-
coding Wuhan-Hu-1 S
RBD N343Q (333-537)
(“WT”)

Kan https://www.addgene.

org/Timothy_Whitehead/

pIFU001 Contains insert gene
encoding Wuhan-Hu-1
S RBD N343Q, E484K
(333-537) (“E484K”)

Kan https://www.addgene.

org/Timothy_Whitehead/

pIFU002 Contains insert gene
encoding Wuhan-Hu-1
S RBD N343Q, N501Y
(333-537) (“N501Y”)

Kan https://www.addgene.

org/Timothy_Whitehead/

pJS699 L1 Library of mutations on
WT RBD between posi-
tions 333 and 437

Kan https://www.addgene.

org/Timothy_Whitehead/

pJS699 L2 Library of mutations on
WT RBD between posi-
tions 438 and 537

Kan https://www.addgene.

org/Timothy_Whitehead/

pIFU001 T1 Library of mutations on
E484K RBD between posi-
tions 333 and 437

Kan https://www.addgene.

org/Timothy_Whitehead/

pIFU001 T2 Library of mutations on
E484K RBD between posi-
tions 438 and 537

Kan https://www.addgene.

org/Timothy_Whitehead/

pIFU002 T1 Library of mutations on
N501Y RBD between posi-
tions 333 and 437

Kan https://www.addgene.

org/Timothy_Whitehead/

pIFU002 T2 Library of mutations on
N501Y RBD between posi-
tions 438 and 537

Kan https://www.addgene.

org/Timothy_Whitehead/

https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
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2. Digest backbone (pJS697; two BsaI restriction sites) and RBD-encoding (pJS699; two NotI

restriction sites) plasmids. The pIFU-series plasmids follow the same procedure as pJS699.

(a) Set up digestion reactions as follows:

pJS697 (pJS697 for library) 1 µg (5 µg)

10X CutSmart Buffer 5 µL

BsaI-HFv2 1 µL

Nuclease-free water to 50 µL

Total volume 50 µL

pJS699 (or pJS699 L1, pJS699 L2) 1 µg (5 µg)

10X CutSmart Buffer 5 µL

NotI-HF 1 µL

Nuclease-free water to 50 µL

Total volume 50 µL

Note: Digestions are set up following NEB recommendations (NEB cloner)

(b) Incubate the digestion reactions for one hour at 37℃.

(c) Purify linear DNA from digested plasmids.

(i) Purify the backbone from the pJS697 digestion using a Monarch PCR & DNA

purification kit. The digestion will result in two linear DNA pieces: the insert

between BsaI sites is 26bp and the backbone is 6042bp in length. DNA smaller

than 45bp will not stick to the column (Monarch PCR & DNA Cleanup kit) so the

eluate will only contain the backbone. Thus, gel electrophoresis and extraction

are not necessary with the pJS697 digestion.

(ii) Purify the linear insert from the pJS699 digestion containing S RBD by gel

https://nebcloner.neb.com/#!/redigest
https://www.neb.com/faqs/2015/12/03/what-size-primers-can-be-effectively-removed-from-a-pcr-reaction


113

electrophoresis and gel extraction. The digestion will result in two linear DNA

pieces: one at 832 bp and the other at 2692 bp. Excise the 832 bp fragment and

purify using a Monarch Gel Extraction kit (NEB).

(d) Quantify the linear DNA products by A260 using a UV-Vis plate reader or nanodrop

spectrophotometer. Typical yields for the digestion of 1 µg plasmid DNA are 600 ng

(30 ng/µL) for backbone and 100 ng (5 ng/µL) for the gene encoding S RBD.

Note: Linearized plasmids can be stored frozen at -20°C for at least 3 weeks.
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Figure A.1: Preparative steps for the escape mutant protocol. A: Homologous recombina-
tion in yeast. Left to right: the two plasmids (one containing the backbone and the other one the
S RBD insert) are digested independently and the segments are collected. The linearized plasmids
are co-transformed into yeast. Yeast cells generate a single plasmid through homologous recom-
bination. B: S RBD displayed on the yeast surface bound to antibody. A PE fluorescence signal
increase is observed when an antibody binds to S RBD. Two independent populations are detected
when screening using FACS. The IgGlow/RBD Displaylow population are yeast cells not containing
plasmid. C: S RBD labeled with biotinylated ACE2. D: Antibodies may bind competitively or
non-competitively. Incubation of unlabeled antibody followed by co-incubation with biotinylated
ACE2 results in loss of ACE2 binding signal only for the competitive inhibition case. This proto-
col is designed to identify escape mutants for neutralizing antibodies that function by competitive
inhibition of ACE2.
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A.1.4 Preparatory Work 1B(ii): Co-transformation of S RBD wild type into S.

cerevisiae EBY100

Here, the yeast display backbone from the digest reaction (pJS697) is recombined with the

insert containing the S RBD by co-transformation into chemically competent S. cerevisiae EBY100

(ATCC MYA-4941™) following Medina-Cucurella and Whitehead (2018). This step, along with

transformations for the S RBD libraries (Preparatory Work 1B(iii)) can be prepared in parallel.

Timing: 3-4 days

Day 1: Plasmid Co-transformation for Linear DNA of Yeast Display Backbone

3. Co-transform linear DNA corresponding to the yeast display backbone and S RBD insert

into chemically competent S. cerevisiae EBY100 (MYA-4941™) (Figure A.1A).

(a) Boil 10 µL salmon sperm DNA 10min at 97°C using a Thermal Cycler.

(b) Thaw chemically competent EBY100. Thawing can be performed either at room

temperature (20-25°C) or on ice.

(c) In a 1.5mL microcentrifuge tube add in order:

EBY100 cells 70 µL

50% w/v PEG 3350 240 µL

1M lithium acetate 36 µL

Salmon sperm DNA 10 µL

Total volume 356 µL

(d) Swirl with pipette tip and vortex to mix thoroughly until solution looks homogeneous.

Yeast cells are hardy and will remain viable after a hard mix.

(e) To 50 µL of the cell mixture, add DNA in a 3:1 molar ratio of insert to backbone for
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a final 350 ng of DNA (100 ng linearized pJS699 insert and 250 ng linearized pJS697).

The amount of DNA will typically result in > 104 transformants.

Alternatives: The amount of DNA used can be reduced, and the molar ratio does

not need to be strictly 3:1.

(f) Incubate 30min at 30°C in a static incubator or Thermal Cycler.

(g) Incubate 20min at 42°C in a water bath or Thermal Cycler.

(h) Spin down 1 min at 16000× g using a microcentrifuge. Remove supernatant.

(i) Resuspend in 100 µL SDCAA+ without antibiotics (recipe) and incubate for 5 min at

room temperature (20-25°C).

(j) Plate 3 serial dilutions into SDCAA agar plates (recipe) and incubate 2-3 days at

30°C.

Day 3: Select Colonies

(k) Select 3-5 individual colonies from the SDCAA agar plate and inoculate in 1.5 mL

SDCAA+ in a 14 mL culture tube (VWR Cat# 10127-334). Grow overnight at 30℃

and 300 rpm in a shaker incubator.

Day 4: Making Yeast Stocks

(l.) Use a spectrophotometer to record OD600. In a centrifuge, spin cells down 30 s at

16000 × g and make 1 mL yeast stocks at OD600=1 in yeast storage buffer (recipe).

Saturated S. cerevisiae EBY100 cultures will have an OD600 of 3-5. We typically

perform a 10-fold dilution of culture to determine the OD600. Each 1.5 mL culture

will produce an average of six 1 mL yeast stocks.
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A.1.5 Preparatory Work 1B(iii): Co-transformation of S RBD libraries into S.

cerevisiae EBY100

Timing: 4 days

Day 1: Plasmid Co-transformation for S RBD Libraries

4. Co-transform the libraries into chemically competent S. cerevisiae EBY100 (MYA-4941™)

(Figure A.1A).

(a) Boil 30 µl salmon sperm DNA 10min at 97°C using a Thermal Cycler.

(b) Thaw chemically competent EBY100 at room temperature (20-25°C) or on ice.

(c) In a 1.5mL microcentrifuge tube add in order:

EBY100 cells 210 µL

50% w/v PEG 3350 720 µL

1M lithium acetate 108 µL

Salmon sperm DNA 30 µL

Total volume 1068 µL

(d) Swirl with pipette tip and vortex to mix thoroughly until solution looks homogeneous.

Yeast cells are hardy and will remain viable.

(e) Add DNA in a 3:1 insert to backbone molar ratio to give a final concentration of 1.5 µg

DNA (1.06 µg vector and 440 ng insert). Alternatively, to obtain more transformants,

the amount of DNA transformed can increase up to 5 µg total without increasing the

amount of other reagents.

(f) Incubate 30min at 30°C in a static incubator (preferred) or Thermal Cycler.

(g) Incubate 20min at 42°C in a water bath (preferred) or Thermal Cycler.
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(h) Spin down 30s at 16000 × g using a microcentrifuge. Remove supernatant.

(i) Resuspend in 1mL SDCAA (recipe - make SDCAA+ without antibiotics) and incubate

for 5 min at room temperature (20-25°C).

(j) Make 6 serial dilutions and plate 10 µL of each in an SDCAA agar plate to calcu-

late transformation efficiency. Incubate 2-3 days at 30°C. Obtaining near-complete

(>99.9%) coverage of the libraries requires > 1.2× 105 transformants for each library

([74]). The first tile (333-437) contains 1120 mutations and the second tile encodes

1260 mutations. The number of transformants obtained can be increased by scaling

up the transformation, using more DNA, or using freshly prepared competent cells

before freezing.

(k) Transfer remaining culture into 100mL SDCAA+ (recipe) in a 500 ml flask. Incubate

at 30°C and 300rpm in the incubator shaker until saturation. This typically takes 48

hours.

Day 4: Making Yeast Stocks

(l.) Make 1 mL yeast stocks at OD600=10

(i) Centrifuge the cell culture 3 min at 3200× g.

(ii) Remove the supernatant and resuspend the cell pellet in yeast storage buffer

(recipe) at OD600=10. Stocks can be stored for over a year at -80°C.

A.1.6 Preparatory Work C: Confirm that neutralizing antibodies selected bind

and inhibit the yeast displayed aglycosylated WT RBD

A recommended though not essential step is to confirm that your neutralizing antibody binds

to displayed RBD and can competitively inhibit binding of surface-displayed S RBD to soluble
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ACE2. Here, yeast cells are grown from frozen stocks and induced overnight. For labeling, our

lab prepares chemically biotinylated soluble ACE2-Fc produced by the Institute of Protein Design

([32]). However, biotinylated soluble ACE2 is now commercially available (e.g. R&D Systems

Cat# BT933-020). We have not validated the use of other sources of ACE2 in this protocol. We

biotinylate ACE2-Fc with NHS-Biotin following the vendor’s protocol (User guide: EZ-link NHS

Biotin) using a biotin to protein molar ratio from 20:1 to 80:1.

Timing: 2 days

Day 1: Cell Induction

5. Thaw a 1mL stock of yeast cells harboring the S RBD display plasmid.

6. Pellet the cells by centrifuging 1 min at 16000× g using a microcentrifuge, remove super-

natant, and resuspend in 1 mL SDCAA+ (recipe). Transfer culture to a 14 mL culture

tube (VWR Cat#10127-334).

7. Incubate at least 4h at 30°C and 300rpm in an incubator shaker. The cell concentration

should double, but the culture should not be saturated. It is convenient to set this culture

up in the morning so that cytometer screening can be performed during daytime hours on

the following day.

8. Measure the culture OD600 with a spectrophotometer. Centrifuge the cells 1 min at 16000×

g in a microcentrifuge and resuspend to OD600=1 in SGCAA+ (recipe).

9. Transfer 1 mL of the culture to a new 14 mL culture tube and incubate for 22 h at 22°C

and 300 rpm in an incubator shaker.

Day 2: Test cells for (i.) surface display of S RBD; (ii.) ability to bind biotiny-

lated ACE2; (iii.) ability to bind antibody of interest; and (iv.) for antibody ability

to competitively inhibit ACE2.

https://www.thermofisher.com/document-connect/document-connect.html?url=https%3A%2F%2Fassets.thermofisher.com%2FTFS-Assets%2FLSG%2Fmanuals%2FMAN0011206_EZ_NHS_Biotin_Reag_UG.pdf&title=VXNlciBHdWlkZTogIEVaLUxpbmsgTkhTLUJpb3RpbiBSZWFnZW50cw==
https://www.thermofisher.com/document-connect/document-connect.html?url=https%3A%2F%2Fassets.thermofisher.com%2FTFS-Assets%2FLSG%2Fmanuals%2FMAN0011206_EZ_NHS_Biotin_Reag_UG.pdf&title=VXNlciBHdWlkZTogIEVaLUxpbmsgTkhTLUJpb3RpbiBSZWFnZW50cw==
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10. Transfer the culture to a 1.5 mL microcentrifuge tube and centrifuge for 1 min at 16000×g

using a microcentrifuge.

11. Measure the culture OD600 and resuspend the cells in ice cold PBSF to an OD600=2. From

this point, keep the cells on ice at all times except when otherwise specified. We typically

perform a 10-fold dilution of the culture with PBSF to determine the OD600. The yeast

culture does not usually grow during the overnight induction with common resuspension

volumes under 1 mL.

CRITICAL: On the same day, prepare PBSF (recipe recipe) and keep on ice for the

duration of the experiments. PBSF needs to be ice cold whenever added to cells.

Screen Unlabeled Cells

12. In a 1.5 mL microcentrifuge tube, add 5 µL cells with 45 µL of PBSF (‘unlabeled’ cells).

Incubate 30 min at RT (20-25°C).

13. Centrifuge 1 min at 16000 × g using a microcentrifuge and resuspend the cells in 100µL

ice cold PBSF. Screen 25,000 unlabeled cells. These unlabeled cells are used to set a FSC-

A/FITC+ gate to collect 0% of the events. Refer to FACS for more detail on setting the

gates (Figure A.2B).

Check Display of S RBD

14. Label 5 µL cells with 44 µL of PBSF and 1 µL of anti-c-myc FITC in a 1.5mL microcen-

trifuge tube. Mix by pipetting up and down several times. Incubate the cells on ice for 10

min protected from light.

15. Centrifuge the cells 1 min at 16000 × g using a microcentrifuge. Wash twice with 200 µL

ice cold PBSF and remove supernatant. Cell pellets can be stored on ice until ready to

screen.
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Figure A.2: Sort gates needed for FACS screening of potential S RBD escape mutants.
A: Competitive binding reaction cartoons between neutralizing antibody and ACE2. Top is the
control where the displayed S RBD is not labelled, top right shows the SAPE+/FITC+ gate col-
lecting the top 2%. Bottom shows escape mutants that no longer bind to nAb but keep the affinity
for ACE2. Bottom right shows the SAPE+/FITC+ gate collecting the top 2%. B: Collection gates
on FACS. FSC/SSC+ gate for isolation of yeast cells, FSC-H/FSC-A gate to discriminate single
cells, an FSC-A/FITC+ gate selects the cells displaying the RBD on their surface and from this
last gate, the top 2% by a PE+/FITC+ is collected.

16. Resuspend the cells in 100µL ice cold PBSF and screen 25,000 cells using FACS and analyze

the FSC-H/FITC+ gate.

CRITICAL: If less than 30% of cells display RBD, do not continue and induce a new

cell stock. Refer to Troubleshooting 1 for potential fixes.

Check ACE2 Binding, Ab Binding, and Competitive Inhibition

17. Set up three separate labeling reactions in three different 1.5 mL microcentrifuge tubes as

shown below. For tubes 1 and 3, a lower ACE2 concentration can be used if saturating

conditions are maintained (we have also used 30 nM biotinylated ACE2).
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Tube 1 Tube 2 Tube 3

Cells 5µL 5µL 5µL

Biotinylated

ACE2

75nM - 75nM

Antibody 10µg/mL 10µg/mL 10µg/mL

PBSF To 50µL total

volume

To 50µL total

volume

To 50µL total

volume

Incubate for 30 minutes at room temperature (20-25°C).

Biotinylated

ACE2

- - 75nM

- - Incubate for 30

minutes at room

temperature

(20-25°C).

Optional: Yeast surface titration can be performed following Chao et al. (2006) to

determine the effective dissociation constant. The observed dissociation constants of

different ACE2-Fc preparations range from 200 pM to 2 nM.

18. Centrifuge 1 min at 16000 x g using a microcentrifuge. Wash twice with 200 µL PBSF and

remove supernatant.

19. Resuspend each cell pellet in 50 µL fluorescent labelling mix. The set up for each tube is

shown in the following table.
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Tube 1 Tube 2 Tube 3

anti-c-myc FITC 0.6µL 0.6µL 0.6µL

Goat anti-Human IgG FC PE - 0.25µL -

Streptavidin-Phycoerythrin (SAPE) 0.25µL - 0.25µL

PBSF 49.15 µL 49.15 µL 49.15 µL

CRITICAL: Keep the fluorophores on ice and protected from light at all times.

Alternatives: Goat anti-Human IgG Fc PE conjugate is used as the secondary label for

the antibody labeling reaction because our neutralizing antibodies are human IgGs.

Different antibody platforms (e.g. Fabs, scFvs) or non-human antibodies would require

a different secondary label.

20. Incubate 10 min on ice protected from light.

21. Centrifuge 1 min at 16000× g using a microcentrifuge. Wash twice with 200 µL PBSF and

remove supernatant.

Note: The cell pellet can be stored on ice until ready to screen. We do not recommend

storing on ice for longer than 1h as fluorophores can dissociate, resulting in a lower

signal.

22. Resuspend the cells in 100 µL PBSF. Screen 25,000 cells.

CRITICAL: The results of this experiment tell us the likelihood of success for the es-

cape mutant protocol. First, the ACE2 binding population signal must be signifi-

cantly higher and independent from the non-displaying population on the PE+/FITC+

(Figure A.1C). Refer to Troubleshooting 2 to help improve signal. Second, if no PE

signal increase is observed for the biotinylated ACE2 labeling (tube 1) and antibody

labeling (tube 2) yeast cells, then the antibody does not bind to the aglycosylated

RBD and cannot be used with this method (see Figure A.1B for expected results).
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Third, the competitive inhibition reaction should result in minimal PE signal corre-

sponding to ACE2 binding (tube 3). If a PE signal increase is observed, the antibody

does not compete with ACE2 for binding to the RBD and thus, cannot be used with

this method (Figure A.1D).

Alternatives: The fluorescent channel associated with the binding event will be depen-

dent on the choice of secondary label. We use phycoerythrin (PE) as a fluorophore as

it is compatible with anti-c-myc FITC and utilizes a 488 nm laser. Other fluorophores

can be used.

23. If the antibody binds to RBD and blocks ACE2 binding, co-transform the libraries into

yeast and make yeast stocks as described in “Preparation of plasmids and co-transformation

into yeast”. Store stocks at -80°C.

A.1.7 Preparatory Work D: Prepare operating system for running software with

its dependencies

Timing: 20 min

To identify potential escape mutations from deep sequencing data, we developed Python

software as outlined in Francino-Urdaniz et al. (2021) [3]. The steps below identify prerequisites

necessary for running the software.

24. Download and install Python3 if it is not already installed. Instructions for this process

can be found at https://www.python.org/downloads/. We recommend using Python

v3.9 and higher. While older releases may work, the software has only been tested on

recent versions of Python.

25. Install necessary packages.

(a) Ensure pip is installed with Python3 with the following command at the command

https://www.python.org/downloads/
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line: pip3 –version. Pip is often installed with newer versions of Python. If pip is not

downloaded, further instructions for installation can be found at https://pip.pypa.

io/en/stable/installing/.

(b) Use pip to download the necessary packages: matplotlib, numpy, openpyxl, pan-

das, scipy, and statsmodels. These packages can be installed easily at the com-

mand line with pip3 –install packagename. More detailed instructions are at https:

//packaging.python.org/tutorials/installing-packages/. Download our soft-

ware available on GitHub:

https://github.com/WhiteheadGroup/SpikeRBDStabilization.git. A complete

description of the software and its structure are provided in step-by-step methods.

A.2 Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-c-myc FITC, 0.6 µL per 1× 105 cells Miltenyi Biotec Cat# 130-116-485

Goat anti-Human IgG Fc Secondary antibody,

PE, eBiosciences, 0.25 µL per 1× 105 cells

Invitrogen Cat# 12-4998-82

Bacterial and virus strains

E. coli Mach1™ Thermo Scientific Cat# C862003

Biological samples

N/A

Chemicals, peptides, and recombinant proteins

https://pip.pypa.io/en/stable/installing/
https://pip.pypa.io/en/stable/installing/
https://packaging.python.org/tutorials/installing-packages/
https://packaging.python.org/tutorials/installing-packages/
https://github.com/WhiteheadGroup/SpikeRBDStabilization.git
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Key Resources Table Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ACE2-Fc Institute of Protein

Design, Laboratory

of Prof. Neil King

Walls et al., 2020[32]

NotI-HF NEB Cat# R3189

BsaI-HFv2 NEB Cat# R3733

CutSmart® Buffer NEB Cat# B7204S

Nuclease Free Water IDT Cat# 11-05-01-14

Ultrapure Agarose Invitrogen Cat# 16500-500

TAE Buffer (Tris-acetate-EDTA) (50X) Thermo Scientific Cat# B49

SYBR Safe DNA gel stain Invitrogen Cat# S33102

Gel loading dye, Purple NEB Cat# B7024

UltraPure™Salmon Sperm DNA Solution Invitrogen Cat# 15632011

Glycerol Macron™Chemicals Cat# 5092-16

HEPES free acid Millipore Cat# 391338

HEPES sodium salt Amresco Cat# 0485

PEG 3350 Spectrum Cat #P0125

Lithium acetate dihydrate Sigma-Aldrich Cat# L6883

PBS - Phosphate-Buffered Saline (10X) pH 7.4 Invitrogen Cat# AM9624

Streptavidin phycoerythrin (SAPE) Invitrogen Cat# S866

Bovine Serum Albumina (BSA), Fraction V,

Fatty acid free

VWR Cat# 7907-25

EZ-Link NHS-Biotin ThermoFisher Cat# 20217

Zymolyase Zymo Research Cat# E1005

Sodium Chloride Sigma-Aldrich Cat# 746398
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Key Resources Table Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Difico yeast nitrogen base without amino acids Sigma-Aldrich Cat#Y026

Bacto casamino acids, technical grade Fisher Cat# 223120

Sodium Phosphate dibasic anhydrous Fisher Chemical Cat# BP3321

Sodium Phosphate monobasic monohydrate Fisher Chemical Cat# S369-500

D-Galactose Fisher Bioreagents Cat# BP656-500

Dextrose Fisher Chemical Cat# D19212

Peptone Fisher Cat# 211677

Yeast extract Fisher Cat# 212750

Agar BD Biosciences Cat# 214010

Pen/Strep Fisher Cat# 15140-122

Kanamycin GoldBio Cat# K-120-25

Exonuclease I NEB Cat# M0293S

Lambda exonuclease NEB Cat# M0262S

Lambda exonuclease reaction buffer 10X NEB Cat# B0262S

Q5 HotStart 2X MasterMix NEB Cat# M0494L

rSAP NEB Cat# M0371L

70% v/v Denatured ethanol solution Fisher Bioreagents Cat# BP82031GAL

IDTE pH 8.0 (1X TE Solution) IDT Cat# 11-05-01-13

Quant-iT™PicoGreen™dsDNA Reagent Thermo Scientific Cat# T7581

Lambda DNA Thermo Scientific Cat# SD0011

Critical commercial assays

Monarch PCR & DNA Cleanup kit NEB Cat# T1030

Monarch DNA Gel Extraction kit NEB Cat# T1020

Monarch Plasmid Miniprep kit NEB Cat# T1010
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Key Resources Table Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Zymoprep Yeast Plasmid miniprep II Zymo Research Cat# D2004

Agencourt AMPure XP Beckman Coulter Cat# A63881

PhiX Illumina Cat# FC-110-3001

Deposited data

N/A

Experimental models: Cell lines

N/A

Experimental models: Organisms/strains

Saccharomyces cerevisiae EBY100 ATCC MYA-4941™

Oligonucleotides

IFU-104 Francino-Urdaniz et

al., 2021[3]

gttcagagttctacagtccg

acgatctggaggaggctct

gg

IFU-105 Francino-Urdaniz et

al., 2021[3]

ccttggcacccgagaattc

caccaagctataacgcagc

c

IFU-106 Francino-Urdaniz et

al., 2021[3]

gttcagagttctacagtccg

acgatcggctgcgttatag

cttgg

IFU-107 Francino-Urdaniz et

al., 2021[3]

ccttggcacccgagaattc

cagccccctttgtttttaac

caa

Forward Outer Primer Kowalsky et al.,

2015[61]

aatgatacggcgaccaccg

agatctacacgttcagagt

tctacagtccga
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Key Resources Table Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Reverse Outer Primer Kowalsky et al.,

2015[61]

caagcagaagacggcata

cgagatnnnnnngtgact

ggagttccttggcacccga

gaattcca

Recombinant DNA

pJS697 Francino-Urdaniz et

al., 2021[3]

https://www.

addgene.

org/Timothy_

Whitehead/

pJS699 Banach et al. 2021[2] https://www.

addgene.

org/Timothy_

Whitehead/

pIFU001 Francino-Urdaniz et

al., 2021[3]

https://www.

addgene.

org/Timothy_

Whitehead/

pIFU002 Francino-Urdaniz et

al., 2021[3]

https://www.

addgene.

org/Timothy_

Whitehead/

pJS699 L1 Francino-Urdaniz et

al., 2021[3]

https://www.

addgene.

org/Timothy_

Whitehead/

https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
 https://www.addgene.org/Timothy_Whitehead/
 https://www.addgene.org/Timothy_Whitehead/
 https://www.addgene.org/Timothy_Whitehead/
 https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
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Key Resources Table Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pJS699 L2 Francino-Urdaniz et

al., 2021[3]

https://www.

addgene.

org/Timothy_

Whitehead/

pIFU001 T1 Francino-Urdaniz et

al., 2021[3]

https://www.

addgene.

org/Timothy_

Whitehead/

pIFU001 T2 Francino-Urdaniz et

al., 2021[3]

https://www.

addgene.

org/Timothy_

Whitehead/

pIFU002 T1 Francino-Urdaniz et

al., 2021[3]

https://www.

addgene.

org/Timothy_

Whitehead/

pIFU002 T2 Francino-Urdaniz et

al., 2021[3]

https://www.

addgene.

org/Timothy_

Whitehead/

Software and algorithms

Python software (dms and analysis modules) Francino-Urdaniz et

al., 2021[3]

https://

github.com/

WhiteheadGroup.

git

https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://github.com/WhiteheadGroup.git
https://github.com/WhiteheadGroup.git
https://github.com/WhiteheadGroup.git
https://github.com/WhiteheadGroup.git
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Key Resources Table Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Python3 N/A https://www.

python.org/

Benchling N/A https://www.

benchling.com

Other

-20°C freezer VWR N/A

-80°C freezer Fisher Scientific,

model: REVCO

EXF

N/A

Pipettes N/A N/A

Centrifuge (doesn’t need to be refrigerated) Eppendorf, model:

5810R

Cat# 05-413-113

Microcentrifuge (doesn’t need to be refriger-

ated)

Fisher, model:

accuSpin microcen-

trifuge 17

Cat# 13-100-675

Vortex Mixer Thermo Scientific,

model: M37165

Cat# M16710-33Q

Static Incubator VWR, model: Gr

Con 4CF

Cat# 89511-420

Incubator shaker Eppendorf, model:

New Brunswick I26

Inc Shaker

Cat# M1324-0000

UV-Vis absorbance plate reader BioTek, model: Syn-

ergy H1M

N/A

https://www.python.org/
https://www.python.org/
https://www.benchling.com
https://www.benchling.com
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Key Resources Table Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Spectrophotometer Thermo Fisher

Scientific, model:

4001/4

Cat# 4001

Cell sorter with a 488 nm laser SONY, model: LE-

SH800SAP

N/A

Thermal Cycler Eppendorf, model:

MastercyclerTM pro

Cat# 950040025

Horizontal Gel Electrophoresis System BioRad, model:

Wide Mini-Sub Cell

GT with PowerPac

Basic Power Supply

Cat# 1640301

Materials and Equipment

Equipment

(1) -20°C freezer (e.g., VWR)

(2) -80°C freezer (e.g, Fisher Scientific, model: REVCO EXF)

(3) Pipettes

(4) Centrifuge (e.g., Eppendorf, model: 5810R, Cat# 05-413-113; does not need to be refrig-

erated)

(5) Microcentrifuge (e.g., Fisher, model: accuSpin microcentrifuge 17 , catalog number 13-100-

675 ; does not need to be refrigerated)
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(6) Vortex Mixer (e.g., Thermo Scientific, model: M37165, Cat# M16710-33Q)

(7) Static Incubator (e.g., VWR, model: Gr Con 4CF, Cat# 89511-420)

(8) Incubator shaker (e.g., Eppendorf, model: New Brunswick I26 Inc Shaker, catalog number:

M1324-0000)

(9) UV-Vis absorbance plate reader (e.g., BioTek, model: Synergy H1M)

(10) Spectrophotometer (e.g., Thermo Fisher Scientific, model: 4001/4, catalog number: 4001)

(11) Cell sorter with a 488 nm laser (e.g., SONY, model: LE-SH800SAP)

(12) Thermal Cycler (e.g., Eppendorf, model: Mastercycler™pro, catalog number: 950040025)

(13) Horizontal Gel Electrophoresis System (e.g., BioRad, model: Wide Mini-Sub Cell GT with

PowerPac Basic Power Supply, catalog number: 1640301)

A.3 Recipes

Yeast extract-peptone-dextrose (YPD) media

Reagent Final concentration Amount

Yeast extract 10 g/L 10 g

Peptone 20 g/L 20 g

Dextrose 20 g/L 20 g

ddH2O n/a to 1 L

Total n/a 1 L

Filter sterilize using a 0.22 µm filter. Store at room temperature (20-25°C), protected from

light for up to one month.

Yeast storage buffer
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Reagent Final concentration Amount

Glycerol ≥ 99.5% 20% v/v 200 mL

HEPES 10 mM 2.38 g

HEPES sodium salt 10 mM 2.60 g

NaCl 200 mM 11.69 g

ddH2O n/a to 1 L

Total n/a 1 L

Take to pH7.5 with NaOH. Filter sterilize using a 0.22 µm filter and store at room temperature

(20-25°C) for up to one year.

SCAA media

Reagent Final concentration Amount

Difico yeast nitrogen base 6.7 g/L 3.35 g

Bacto casamino acids 5 g/L 2.5 g

NaH2PO4 ·H2O 62 mM 4.28 g

Na2HPO4 38 mM 2.7 g

ddH2O n/a to 450 mL

Total n/a 450 mL

Filter sterilize using a 0.22 µm filter and store at room temperature (20-25°C) for up to six

months.

CRITICAL: Add NaH2PO4·H2O before Na2HPO4 to ensure full dissolution of the phosphates.

20% w/v Dextrose
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Reagent Final concentration Amount

Dextrose 20% w/v 100 g

ddH2O n/a to 500 mL

Total n/a 500 mL

Filter sterilize using a 0.22µm filter and store at room temperature (20-25°C) for up to six

months.

20% w/v Galactose

Reagent Final concentration Amount

Galactose 20% w/v 100 g

ddH2O n/a to 500 mL

Total n/a 500 mL

Filter sterilize using a 0.22µm filter and store at room temperature (20-25°C) for up to six

months.

SDCAA+

Reagent Final concentration Amount

20% w/v dextrose 20g/L 10 mL

SCAA n/a 90 mL

100x Pen/Strep 1X 1 mL

50 mg/mL Kanamycin 50 µg/mL 100 µL

Total n/a 101.1 mL

Make on the same day of use and keep at 4°C.

SGCAA+
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Reagent Final concentration Amount

20% w/v galactose 20g/L 10 mL

SCAA n/a 90 mL

100x Pen/Strep 1X 1 mL

50 mg/mL Kanamycin 50 µg/mL 100 µL

Total n/a 101.1 mL

Make on the same day of use and keep at 4°C.

SDCAA Agar plates Solution A

Reagent Final concentration Amount

NaH2PO4 ·H2O 62 mM 4.28 g

Na2HPO4 38 mM 2.7 g

Agar 15 g/L 7.5 g

ddH2O n/a to 450 mL

Total n/a 450 mL

Autoclave 20 min at 121°C and 0.5 bar.

Solution B

Reagent Final concentration Amount

Difico yeast nitrogen base 6.7 g/L 3.35 g

Bacto casamino acids 5 g/L 2.5 g

Dextrose 20% w/v 10 g

ddH2O n/a to 50 mL

Total n/a 50 mL

Filter sterilize using a 0.22µm filter.

Cool autoclaved mixture (Solution A) with stirring until below 50°C, add filter-sterilized
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solution (Solution B), mix well, and pour plates. Plates can be stored for up to 6 months at 4°C.

PBSF

Reagent Final concentration Amount

bovine serum albumin frac V 1 g/L 100 mg

PBS n/a 100 mL

Total n/a 100 mL

Filter sterilize using a 0.22µm filter and store at 4°C for no longer than 3 days.

A.4 Step-by-step method details

A.4.1 Step 1A: Cell Induction

Timing: 26 hours

S RBD is expressed in yeast from a galactose-inducible promoter. The first step is to expand

cells from a frozen stock and then induce S RBD display by growth on galactose.

1. Thaw 1mL stock of yeast cells harboring the S RBD display plasmid of the desired library

for identifying escape mutants and WT for controls (Confirm that antibodies selected bind

and inhibit the displayedWT RBD). It is convenient to start this growth step in the morning

so that cytometer screening can be performed during daytime hours on the following day.

2. Pellet the cells by centrifuging 1 min at 16000 x g using a microcentrifuge, remove super-

natant, and resuspend in SDCAA+ (recipe). Transfer culture to a 14 mL culture tube

for volumes lower than 1.5 mL (VWR Cat#10127-334) or a 250 mL shaker flask for large

volumes (Fisher Cat# 10040F). Incubate cells at 30°C and 300rpm for 4-6 hours.

Note: Do not grow cultures of more than 1.5 mL volume in 14 mL tubes, as they are

insufficiently aerated for optimal display.
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3. Measure the culture OD600 with a spectrophotometer. If 1.2 <OD600 <5, harvest the cells

by centrifugation for 1 min at 16000 x g in a microcentrifuge and resuspend to OD600=1

in SGCAA+ (recipe).

4. Transfer the appropriate amount of the culture to a new 14mL culture tube or a 250mL

shaker flask as necessary and incubate 22h at 22℃ and 300rpm in an incubator shaker. As

previously stated, we recommend using 14 mL culture tubes for the volumes lower than 1.5

mL and 250 mL shaker flasks for larger volumes.

A.4.2 Step 1B: Competitive binding reactions

Timing: 4 hours

The steps here are very similar to the preparatory procedure. Thus, the steps that follow

in this section are consolidated and shortened. For additional guidance and notes, please refer to

Preparatory Work C.

CRITICAL: The binding reactions cannot be stored to sort another day. If multiple antibodies

are being tested, we recommend splitting the samples into multiple days.

5. Transfer the culture to a 1.5 mL microcentrifuge tube for low volumes or a 15 mL conical

tube for larger volumes and centrifuge for 1 min at 16000 x g using a centrifuge. Measure

the culture OD600 and resuspend the cells in ice cold PBSF to an OD600=2 for the controls

and to an OD600=10 for sorting. Keep this suspension on ice during the whole procedure

except when otherwise specified. We typically perform a 10-fold dilution of culture to

determine the OD600. The yeast culture will not necessarily increase in OD600 during this

overnight induction.

Screening Unlabelled Cells

6. In a 1.5 mL microcentrifuge tube, add 5 µL cells with 45 µL of PBSF (‘unlabeled’ cells).



138

Incubate 30 min at RT (20-25°C). Centrifuge 1 min at 16000 x g using a microcentrifuge

and resuspend the cells in 100µL ice cold PBSF. Screen 25,000 unlabeled cells and set the

FSC-A/FITC+ gate as in Figure A.2B.

Check Display of S RBD

7. Label 5 µL cells with 44 µL of PBSF and 1 µL of anti-c-myc FITC in a 1.5mL microcen-

trifuge tube. Mix by pipetting up and down several times. Incubate the cells on ice for 10

min protected from light.

8. Centrifuge the cells 1 min at 16000 x g using a microcentrifuge. Wash twice with 200 µL

ice cold PBSF and remove supernatant. Cell pellets can be stored on ice until ready to

screen.

9. Resuspend the cells in 100µL ice cold PBSF and screen 25,000 cells. If the yeast does not

display the S RBD, do not prepare the binding reactions and refer to Troubleshooting 1.

Check Unlabeled Cells, ACE2 Binding, and Competitive Inhibition

10. These are the recommended though not essential controls for WT and each library sorted.

The unlabeled cells will be used to set the correct gates on FACS for each different li-

brary sorted. The ACE2 binding is the positive control and the competitive inhibition

the negative control. Set up three separate labeling reactions in three different 1.5 mL

microcentrifuge tubes using the cells at OD600=2. Incubate 30 min at room temperature

(20-25°C). Ensure that the biotin:protein molar ratio has been adjusted before starting

the escape mutant identification, else, refer to ‘Confirm that antibodies selected bind and

inhibit the displayed WT RBD’.
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Tube 1 Tube2 Tube 3

Library Cells 5µL 5µL -

WT Cells - - 5µL

Biotinylated

ACE2

- 75nM -

Free ACE2 - - 10µg/mL

PBSF To 50µL total

volume

To 50µL total

volume

To 50µL total

volume

Incubate for 30 minutes at room temperature (20-25°C).

Biotinylated

ACE2

- - 75nM

- - Incubate for 30

minutes at room

temperature

(20-25°C).

(a) Centrifuge 1 min at 16000 x g using a microcentrifuge. Wash twice with 200 µL PBSF

and remove supernatant.

(b) Resuspend the second and third pellet with 50 µL fluorescent labelling mix. The tubes

should be labeled with 0.6 µL anti-c-myc FITC, 0.25 µL SAPE and 49.15 µL PBSF.

The first tube must not be labelled. Keep the fluorophores on ice and protected from

light at all times.

(c) Incubate 10 min on ice and protect from light.

(d) Centrifuge 1 min at 16000 x g using a microcentrifuge. Wash twice with 200 µL PBSF

and remove supernatant. The cell pellet can be stored on ice until ready to screen. We

do not recommend storing on ice for longer than 1h as fluorophores might dissociate,
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resulting in a lower signal.

(e) Resuspend the cells in 100 µL PBSF and screen 25,000 cells.

Competitive Binding Reactions to Identify Escape Mutants (Figure A.2A)

11. In a 1.5mL microcentrifuge tube add 150 µL of cells, PBSF, and 10 µg/mL antibody to a

final volume of 400 µL. Incubate 30 min at RT (20-25°C). Then, add biotinylated ACE2 to

a final concentration of 75nM. Again, incubate 30 min at RT (20-25°C).

CRITICAL: If multiple samples are sorted, it is better to incubate pellets on ice before

the next step. Fluorescent label right before sorting to ensure maximum fluorescence.

To minimize binding loss, stagger the binding reactions to minimize the storage time

so that when the reaction is completed, the sample can be sorted.

(a) Centrifuge 1 min at 16000 x g using a microcentrifuge. Wash twice with 1 mL PBSF

and remove supernatant. Cell pellets can be stored on ice for ∼4 h without significant

binding loss if all the supernatant is removed.

(b) Resuspend each cell pellet with 200 µL fluorescent labelling mix (1.2 µL anti-c-myc

FITC, 1 µL SAPE and 196.6 µL PBSF per reaction plus an additional 10%). Keep

the fluorescent labelling mix on ice and protected from light at all times.

CRITICAL: Better results are obtained if the cells are fluorescently labelled right

before sorting.

(c) Incubate 10 min on ice and protect from light.

(d) Centrifuge 1 min at 16000 x g using a microcentrifuge. Wash twice with 1 mL PBSF

and remove supernatant. Cell pellets can be stored covered and on ice until ready to

screen.
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Optional: While sorting, the fluorescence signal might decrease over time. If the

decrease is significant, divide the sample into two 500 µL samples and spin down

again, remove supernatant and spin down to make sure no liquid is left in the

sample. Store each pellet on ice until ready to use.

A.4.3 Step 1C: Fluorescent activated cell sorting (FACS)

Timing: approx. 40 min per sorted sample

Cells are sorted by FACS using four separate gates (Figure A.2). We first set an SSC/FSC

gate for isolation of yeast cells. The second gate set is on FSC-H/FSC-A to discriminate single

yeast cells from budding cells and/or aggregates. The third gate is an FSC-A/FITC+ gate that

selects the cells displaying the RBD on their surface and excludes cells not displaying RBD. The

fourth gate is a square gate collecting the top 2% by a PE+/FITC+ (Figure A.2B). The first three

gates are set using unlabeled cells as described below. The collection PE+/FITC+ gate is adjusted

for each sorted sample to collect the cells giving the top 2% PE fluorescence signal. We set a 2%

limit for collecting the population of the PE fluorescence signal for two reasons. First, collecting

the entire population would require collecting considerably more cells to obtain the same quality in

results since different PE signal increases correlate with varying affinity. In addition, collecting the

top 2% allows us to set a false discovery rate (FDR) given that cells with higher signal are likely

to contain escape mutants.

12. Using the unlabeled cells, set the FSC/SSC, FSC-H/FSC-A, FSC-A/FITC+ gates as shown

in Figure A.2B.

13. Using the same unlabeled cells, obtain the reference population by collecting at least 200,000

cells by sorting only for passing through the FSC/SSC gate. This reference population

contains all the mutations in the library. It will be the reference to calculate the enrichment

ratio for each mutation. For this and all other cell populations, collect cells into a 14mL
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culture tube (VWR Cat#10127-334).

14. Sort the control population. Here we use cells that have not labelled with antibody or ACE2

but have been fluorescently labelled with SAPE and anti-c-myc FITC. Collect 200,000 cells

that pass through FSC/SSC, FSC-H/FSC-A, FSC-A/FITC+, and the PE+/FITC+ gates.

15. For every other sample, collect 200,000 cells that pass through FSC/SSC, FSC-H/FSC-A,

FSC-A/FITC+, and the PE+/FITC+ gates. The square PE+/FITC+ gates will have to

be reset for each sample to ensure 2% collection. Using our Sony SH-800 cytometer, it

typically takes 40min to collect 200,000 cells in the control and sample populations. This

time results from a sorting rate of 5-10,000 cells per sec and maintaining a 70% sorting

efficiency.

Note: To avoid complexity bottlenecks, it is important that the number of collected cells

is at least 150X the theoretical library size. For a library with NNK mutations on

56 and 63 mutations for library 1 and 2 respectively, 168,000 cells for library 1 and

189,000 cells for library 2 must be collected. Results are improved with more collected

cells.

Step 1D: Cell recovery

Timing: 3 days

Cells are recovered and yeast stocks are prepared.

Day 1

16. Centrifuge collection tube containing the collected cells 5 min at 3200 x g using a cen-

trifuge. Collected cells are smaller than typical yeast bulk population, and therefore a

longer centrifugation time of 5 min is required.
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17. Remove approx. 80% of the supernatant and resuspend in 1.5mL SDCAA+ at 30°C

overnight (16h) at 300rpm in an incubator shaker in the 14mL culture tubes.

Note: 14mL culture tubes cannot hold more than 1.5mL. Larger volumes are not well

aerated. To use a larger resuspension volume, grow the culture in a 25 mL shaker

flask.

Day 2

18. Passage cells into 3 culture tubes using 1.5mL SDCAA+ on each. Incubate at 30°c and

300rpm overnight (16h).

Day 3

19. Prepare 1mL cell stocks at OD600=4 in yeast storage buffer at -80°C.

(a) Centrifuge the cell culture 2 min at 3200 x g.

(b) Remove the supernatant and resuspend the cell pellet in yeast storage buffer (recipe)

at OD600=4. Stocks can be stored for over a year at -80°C. In total, at least 1 mL cell

stock at OD600=4 is needed for deep sequencing preparation.

A.4.4 Step 2A: Deep sequencing library preparation

Timing: 1-2 days

Plasmid DNA from cells is extracted and amplicons prepared for Illumina sequencing (Figure

A.3). The protocol used is adapted from Method B detailed in Kowalsky et al. (2015) [61].

Day 1: Yeast Miniprep

20. Perform a yeast miniprep.
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Deep sequencing 

with Illumina

DNA Library

1st round of PCR

Illumina Universal 
sequence

Overlap 
sequence

2nd round of PCR

Illumina 
adapter

Barcode

Figure A.3: Schematic of deep sequencing library preparation. Barcodes and Illumina
adapters are added to the DNA library through two rounds of PCR. The amplicon is sequenced
using an Illumina MiSeq

(a) On ice, thaw a cell stock prepared in step 23.

(b) Pellet the cells by centrifuging 1 min at 16000 x g using a microcentrifuge and resus-

pend in 200 µl Solution 1 from Zymo Yeast Plasmid Miniprep II kit.

(c) Add 5µl Zymolyase (5U/µl).
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(d) Incubate in a 37°C incubator for 4h on an end-to-end mixer or incubate at 37°C with

mixing by pipetting up and down (ten times) every hour.

(e) Perform 1 freeze-thaw cycle using a dry ice/EtOH bath followed by a 42°C incubation

for 10 min. Alternatively, freeze at -80°C for 20 min and thaw at 42°C in a temperature

bath.

(f) Add 200 µL Solution 2 from Zymo Yeast Plasmid Miniprep kit, mix end-over-end and

let sit for 5 min. The solution will be transparent.

(g) Add 400 µL Solution 3 from Zymo Yeast Plasmid Miniprep kit mix end-over-end

centrifuge 5 min at 16000 x g. The solution will turn yellow and precipitate will form.

(h) Transfer supernatant to a NEB miniprep column.

Note: The NEB miniprep column has a higher DNA binding capacity (15 µg)

compared to the Zymo miniprep columns (5 µg). The rationale for using NEB

miniprep columns is that lysed cells contain large amounts of sheared yeast ge-

nomic DNA in addition to the desired plasmid DNA.

(i) Centrifuge 1 min at 16000 x g using a microcentrifuge.

(j) Add 700 µl Wash 1 buffer from NEB mini-prep kit and centrifuge 1 min at 16000 x g.

(k) Add 700 µl Wash 2 buffer from NEB mini-prep kit and centrifuge 1 min at 16000 x g.

(l) Add again 700 µl Wash 2 buffer from NEB mini-prep kit and centrifuge 1 min at 16000

x g.

(m) Decant the supernatant and centrifuge 1 min at 16000 x g to dry the column.

(n) Add 30 µl elution buffer from NEB mini-prep kit to elute the DNA and centrifuge 1
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min at 16000 x g.

(o) Reload column with eluate and spin again.

21. Enzymatic cleanup of yeast genomic DNA. In PCR tubes add in order:

Lambda buffer 10X 2 µL

Miniprep DNA 15 µL

Exonuclease I 2 µL

Lambda exonuclease 1 µL

Final volume 20 µL

In a thermocycler

30°C 1:30 h

80°C 20 min

4°C hold Forever

22. Plasmid cleanup. Using Monarch PCR & DNA cleanup kit according to the manufacturer

instructions. Elute in 30 µL elution buffer.

Can divide into two days or continue same day from here.

Day 2: Sequencing Sample Preparation

23. The Illumina universal sequences are attached to the amplicon with an overlapping region

included in the primers (Figure A.3) using a first PCR.

Primers used for first PCR (corresponding to “Overlap sequence” on Figure A.3):
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Name Description Sequence
Section of RBD

amplification

Library compati-

bility

IFU-

104

L1-Inner-

FWD

gttcagagttctacagtccgac

gatctggaggaggctctgg
333-437

pJS699-L1,

pIFU001-T1 and

pIFU002-T1
IFU-

105

L1-Inner-

REV

ccttggcacccgagaattccac

caagctataacgcagcc

IFU-

106

L2-Inner-

FWD

gttcagagttctacagtccgac

gatcggctgcgttatagcttgg
438-537

pJS699-L2,

pIFU001-T2 and

pIFU002-T2
IFU-

107

L2-Inner-

REV

ccttggcacccgagaattccag

ccccctttgtttttaaccaa

DNA (from PCR cleanup) 15 µL

Fwd inner primer (10µM) 2.5 µL

Rev inner primer (10µM) 2.5 µL

2X Q5 Master mix 25 µL

ddH2O 5 µL

Final volume 50 µL

1st PCR cycling conditions

Steps Temperature Time Cycles

Initial Denaturation 98 °C 1 min 1

Denaturation 98 °C 10 sec

25 cyclesAnnealing 64 °C 20 sec

Extension 72 °C 1 min

Final extension 72 °C 2 min 1

Hold 4 °C forever

24. 24. Perform a PCR cleanup to remove unwanted single stranded DNA. To the PCR prod-

ucts add:
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PCR Products 50 µL

Exonuclease I 5 µL

rSAP 10 µL

Total volume 65 µL

In the thermocycler

37°C 20 min

80°C 20 min

4°C hold Forever

25. Attach the barcodes and the Illumina adapter with a 2nd PCR reaction. The barcode must

be unique for each sample to allow the analysis of different samples on a single MiSeq run.

Primers used on 2nd PCR (corresponding to the Illumina primers – “Illumina adapter”

and “Barcode” – in Figure A.3):

Description Sequence

Illumina FWD (RP1) aatgatacggcgaccaccgagatctacacgttcagagttctacagtccga

Illumina REV caagcagaagacggcatacgagatnnnnnngtgactggagttccttggcacccg

agaattcca

Note: nnnnnn refers to unique RPI Illumina barcode (full list: Illumina Adapter Se-

quences and Kowalsky et. al 2015 [61]). In this study, we used adapters #1-20 but any set

of adapters can be used.

H2O 18 µL

DNA (from cleaning step) 2 µL

Fwd outer primer (10µM) 2.5 µL

Rev outer primer (10µM) 2.5 µL

2X Q5 MM 25 µL

Final volume 50 µL

https://support.illumina.com/downloads/illumina-adapter-sequences-document-1000000002694.html
https://support.illumina.com/downloads/illumina-adapter-sequences-document-1000000002694.html
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2nd PCR cycling conditions

Steps Temperature Time Cycles

Initial Denaturation 98 °C 1 min 1

Denaturation 98 °C 10 sec

25 cyclesAnnealing 64 °C 20 sec

Extension 72 °C 1 min

Final extension 72 °C 2 min 1

Hold 4 °C forever

26. Gel extract the amplified DNA using Monarch Gel Extraction kit. Select the approx. 500bp

band. A clear band should be seen with the correct size (515 bp for Tile 1 and 487bp for

Tile 2) on the SYBR safe gel. If this band is not seen, refer to Troubleshooting 3. If

products cannot be seen in a SYBR safe gel, there will not be enough DNA for sequencing

(minimum 2ng DNA is required).

27. Clean up with Agencourt AMPure XP following standard procedure on a 96 well format

(Instructions For Use).

28. Quantification with Quant-iT™ PicoGreen™ dsDNA Reagent following standard procedure

(Quant-iT™PicoGreen™dsDNA Reagent and Kits).

(a) Prepare Quant-iT™reagent.

(i) Thaw Quant-iT™reagent at room temperature (20-25°C) covered in foil.

(ii) Prepare a working solution by diluting the Quant-iT™reagent 200-fold in TE.

CRITICAL: The working solution must be prepared on the same day of the quan-

tification and stay protected from the light, preferably wrapped in aluminum

foil.

https://www.beckmancoulter.com/wsrportal/techdocs?docname=B37419
https://www.thermofisher.com/document-connect/document-connect.html?url=https%3A%2F%2Fassets.thermofisher.com%2FTFS-Assets%2FLSG%2Fmanuals%2Fmp07581.pdf&title=UXVhbnQtaVQgUGljb0dyZWVuIGRzRE5BIFJlYWdlbnQgYW5kIEtpdHM=
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(b) In a black 96-well plate (Product # 3792), prepare a 1:2 standard curve starting at

100ng/mL of Lambda DNA using the first row of the plate. Add 100 µL in each well

and include a blank with 100 µL TE.

(c) In the same plate, add 1 µL of purified sample in 99 µL TE.

Note: If the sample’s concentration is ¡ 40 ng/µL, up to 2.5 µL of sample can be

used. On the contrary, if the concentration is too high, necessary dilutions in

IDTE can be carried out.

(d) Add 100 µL Quant-iTTM working solution to each well and incubate for 5 min at

room temperature (20-25°C) while covered in foil.

(e) Measure the fluorescence using a plate reader (ex: 480nm, em: 520 nm). Subtract the

blank from all the samples and use the Lambda DNA serial dilutions to generate a

standard curve of fluorescence vs DNA concentration. With the curve, determine the

concentration of each sample. In our hands the concentrations are between 6 ng/µL

and 60 ng/µL.

29. Pool individual barcoded amplicons into a single test tube. In a 1.5 mL tube, mix equivalent

molar amounts of each sample to have the same number of reads and submit to a sequencing

facility.

A.4.5 Step 2B: Illumina sequencing

Libraries can be sequenced on an Illumina MiSeq using the MiSeq V2-500 cycle kit. While we

have used the University of Colorado sequencing core, there are commercial and academic cores that

offer sequencing as a fee-for-service (NovoGene or Rush University Medical Center, for example).

The libraries have been split into two tiles assuming the use of 250 bp paired end sequencing, but

our software supports longer paired-end reads as well. One critical detail essential for sequencing is
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dealing with the low nucleotide diversity of the RBD libraries. We circumvent this issue primarily

by instructing the sequencing core to add PhiX in the pooled library, which is a crucial step for

correct clustering of the sequences. PhiX is a well characterized adapter-ligated library that helps

balance nucleotide diversity. We have obtained good sequencing results with 35% PhiX. Refer to

Troubleshooting 4 if the DNA is not clustering correctly.

We typically obtain around 90% coverage for all the libraries screened.

A.4.6 Step 3: Run software and generate results

Timing: <1 hour

This is the primary computational step in the protocol. This software package can perform

all necessary analysis and interpretation of results. With the completion of this step, potential

escape mutations are identified for a given antibody.

Software description:

This software is divided into two separate modules. The first module manages the input

FASTQ files and is abbreviated ‘dms’ for deep mutational scanning. The second module, titled

‘analysis’, is responsible for interpreting the output generated from the dms module. Apart from

specifying which experiment to analyze before the analysis module is run, the transition between

these two modules is seamless.

This protocol results in a total of three output files. The dms module generates one of these

files and the analysis module identifies the other two. The output from the dms module is a comma-

separated values (CSV) file that identifies the single mutations, their corresponding counts in each

population, and an enrichment ratio (ER) that compares these counts. Next, the analysis module

generates a CSV file with additional columns to the file generated in the dms module. The new

columns identify the following for each observed mutation: the threshold ER value determined from
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the control data for a given tile, the p-value calculated by the one-sided exact Poisson rate ratio

test, the FDR value, and the minimum number of nucleotides away the given mutation could be

from the wild type sequence. The second output of the analysis module is a heatmap in Microsoft

Excel that identifies potential escape mutations in blue. Refer to Figure A.4 for details on the

outputs mentioned above.

analysis output 

1 CSV File

1 Microsoft 
Excel File

RBD Position
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Figure A.4: Schematic of deep sequencing library preparation. The CSV file is first gen-
erated, adding the results of statistical calculations. The second output from the analysis module
is the Microsoft Excel document containing a heatmap with escape mutant residues identified. In
the heatmap, wild type residues and positions are listed in the top two rows of the file and each
possible mutation is listed in the left column. Three colors exist in each Excel output file: grey cells
indicate that the mutation was not observed in the population; white cells indicate mutations that
were observed in the population but did not meet the criteria for escape mutant; and, blue cells
represent mutations that meet the necessary criteria to be classified as potential escape mutants
for the given antibody.

The dms module assumes that amplicons are of the same fixed length and that each amplicon

is read in both the forward and reverse directions, leading to a pair of FASTQ files. When the mod-

ule is run, it merges the paired reads of the FASTQ files, collapses identical synonymous mutations

into single counts, and subsequently calculates enrichment ratios between specified populations

(see ‘Quantification and statistical analysis section’). A detailed explanation of this process has

already been published [159, 160]. The analysis module performs the necessary analytical steps to

identify the escape mutations. While a thorough explanation of the statistical approach is detailed

in Quantification and statistical analysis, please refer to Figure A.5 for an overview of the entire
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process.

30. Complete the configuration file to include the details of the experiment. For the dms

module, the user should fill out the configuration file to include all experiments. Therefore,

the module can be run once and the analysis can be streamlined. An example configuration

file is on Github: https://github.com/WhiteheadGroup/SpikeRBDStabilization.git.

We recommend that this example file is copied and that the original document remains

available for reference. For an explanation of each section and option in the configuration

file, please refer to Table A.3 and Table A.4.

(a) If the experiment of interest only uses one tile, refer to Troubleshooting 5.

CRITICAL: The example configuration file is already filled out so that users only need

to complete the file names, the file paths, and create names for their experiments. If

the original libraries are used, no additional changes are needed to the configuration

file. All other parameters and details are set as default and do not need to be changed

for a successful run of the software.

31. Run the software by execution of commands at the command line. Some command line

flags can be used here to override information set in the configuration file. Details about

these command line arguments are in Table A.5.

(a) Run the dms module. This module can be run with following command (assume the

configuration file is titled example.config and that it is found in the root directory):

python3 -m dms –config example.config

The dms module will deposit output files in a folder found in the root directory of

the software unless the output directory is intentionally changed. The files are always

deposited into the folder titled “Output”. If that folder does not exist in the directory,

an output folder will be created.

https://github.com/WhiteheadGroup/SpikeRBDStabilization.git
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Note: The dms package is a general deep mutational scanning tool. It can be run

independently of any other analysis and does not depend on the other module

described here.

(b) Run the analysis module with the following command (again, assume the configuration

file is titled example.config and that it is found in the root directory). The [Analysis]

section of the configuration file must be updated before every run to represent accurate

experiments. However, all other sections of the configuration file should remain the

same for both modules: python3 -m analysis –config example.config

(i) Details on the approach for this analysis can be found in the Quantification and

statistical analysis section.

The analysis module will deposit output files in a folder found in the root directory.

The files are always deposited into the folder titled “Processed”. If that folder does

not exist in the directory, the folder will be created.

Input Analyze all FASTQ deep sequencing 
data

Merge forward and reverse reads

Count number of reads

Compare selected vs unselected read 
counts to calculate enrichment ratios 

(ERs)

Output

Deep mutational scanning

❶

CSV file: all mutations and their 
corresponding ERs

Analysis

Read through deep sequencing 
analysis results

Determine kernel density estimate 
distribution from control data

Calculate critical enrichment ratios 
for each tile from desired false 

discovery rate (FDR)

Calculate p-values

Processed

❷

Excel file: heat map(s) with ERs 
highlighting identified hits

CSV file: mutations with their ERs, 
FDRs, and p-values

🔢
Configuration 

file and 
command line 

flags

FASTQ deep 
sequencing 

files

📂📂

Figure A.5: The flow structure of the software. For each module (Deep mutational scanning;
Analysis) the actions taken and output are listed.

Note: We provide the CSV outputs of the dms module on Github in the “Output” folder.
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There are two files: one representing the control population (example control.csv),

cells without ACE2 labeling, and the other representing an antibody population for

CC12.1 [3], titled example CC12.1.csv. In addition, the example configuration file

provided is already configured to properly run the analysis module with these exam-

ple files. The only required change is to update the file paths to the Output folder

containing the aforementioned example files. To run the analysis module with this

data, follow the instructions in step 31b.

CRITICAL: The analysis module is written with the intention that it will be executed

shortly after running the dms module. Therefore, if output files of the dms module

are significantly edited, the analysis module may not run as expected

Table A.3: Descriptions of sections in the configuration file

Configuration

file section

Description

Parameters This section defines the basic parameters for the dms module.

Available options (described in Table A.4): max mismatches,

min quality, and fastq file dir.

Tile:Tx This section defines a tile that will be analyzed. For every tile in an

experiment, a new tile section should be created. To define a tile, change

the name after the colon.

Available options (described in Table A.4): wt seq, first aa, cds start,

cds end, and positions.

Note: this section should generally remain unchanged from the example

configuration file. The option to change these parameters is provided as a

convenience for anyone following these protocols with different libraries.
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Table A.2 Continued

Configuration

file setction

Description

Samples This section defines the different samples in the experiment, connecting the

tiles with the file names for the paired-end reads. All samples are in this

section, no other [Samples] section is necessary to define multiple samples.

The title for each sample is chosen by the user and should be entered

without quotation marks. Each sample must be unique, and all samples

should be options under [Samples]. The samples must be defined as follows:

sample name: ‘Tx’, ‘FASTQ filename1’, ‘FASTQ filename2’

‘Tx’ - the tile identifier that must match the tile name provided in the tile

section.

‘FASTQ filename1’ - the name of the FASTQ file that contains the sample’s

forward reads.

‘FASTQ filename2’ - the name of the FASTQ file that contains the sample’s

reverse reads
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Table A.2 Continued

Configuration

file setction

Description

Experiments This section defines each experiment by giving it a name and identifying

the reference and selected populations. All experiments are in this section,

no other [Experiments] section is necessary to define multiple experiments.

The title for each experiment is chosen by the user and should be en-

tered without quotation marks. Each experiment must be unique, and all

experiments should be options under [Experiments].

The experiments must be defined as follows: experiment name: ‘refer-

ence sample’, ‘selected sample’

‘reference sample’ - the name of the sample that contains the reference

population

‘selected sample’ - the name of the sample that contains the desired se-

lected population

∗ Both ’reference sample’ and ’selected sample’ must be defined in the

[Samples] section as options. The name of these samples must be copied

exactly into quotes in the [Experiments] section.
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Table A.2 Continued

Configuration

file setction

Description

Proteins This section combines different tiles that correspond to the same protein.

This is so the information across all tiles for a given protein can be con-

solidated into single concise files.

The title for each protein is chosen by the user and should be entered

without quotation marks. Each protein must be unique, and all proteins

should be defined under this section.

The proteins must be defined as follows: protein name: ‘experi-

ment name1’, ‘experiment name2’, . . . , ‘experiment nameN’

‘experiment name1’ - the name of the experiment that is the first tile for

the protein

‘experiment name2’ - the name of the experiment that is the second tile

for the protein

∗ All experiment names must be defined in the [Experiments] section as

options. The name of these samples must be compiled exactly into quotes

in the [Proteins] section.

It is possible to define a protein with a single experiment, but the single

quoted experiment name must be followed by a comma in the definition.

Analysis This section defines statistical parameters for the analysis module. The

information provided here results in the final escape mutant hits identified.

Available options (described in Table A.3): control filepath, anti-

body filepath, output title, FDR, significance.
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Table A.4: Descriptions of options for each section in the

configuration file

Configuration

file section

Configuration

file options

Description

Parameters max mismatches The maximum number of mismatches allowed when read-

ing overlapping sequences of paired-end reads from FASTQ

deep sequencing files. Reads with a higher number of mis-

matches are discarded.

The input must be a positive integer or None. If None, then

no reads will be discarded due to mismatches.

The default value used in our analysis is 10.

Parameters min quality The minimum sequencing quality score required to keep a

read in the analysis. A read with a score lower than this

minimum benchmark will be discarded.

The input must be a positive integer or None. If None, then

no reads will be discarded due to quality.

The default value used in our analysis is 10.

Parameters fastq file dir This option allows the user to specify the directory that

contains the FASTQ files to be analyzed. The file path

should be a folder that contains FASTQ files with the file

names provided in the configuration file. An absolute file

path should be used.

The input must be a string.

An example for this value is:

‘/Users/lab/Documents/fastq files’
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Table A.3 Continued

Configuration

file section

Configuration

file options

Description

Tile:Tx wt seq The nucleotide DNA sequence of the tile which includes

the entire sequence of a read from deep sequencing. This

generally includes the primers used.

The input must be a string of capital letters.

The default values used in our analysis is different for each

Tile and shown below:

Tile 1: ’TGGAGGAGGCTCTGGTGGAGGCGGTAGCG

GAGGCGGAGGGTCGACAAACTTGTGCCCTTTTGG

TGAAGTTTTTCAAGCCACCAGATTTGCATCTGTT

TATGCTTGGAACAGGAAGAGAATCAGCAACTGTG

TTGCTGATTATTCTGTCCTATATAATTCCGCATC

ATTTTCCACTTTTAAGTGTTATGGAGTGTCTCCT

ACTAAATTAAATGATCTCTGCTTTACTAATGTCT

ATGCAGATTCATTTGTAATTAGAGGTGATGAAGT

CAGACAAATCGCTCCAGGGCAAACTGGAAAGATT

GCTGATTATAATTATAAATTACCAGATGATTTTA

CAGGCTGCGTTATAGCTTGG’
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Table A.3 Continued

Configuration

file section

Configuration

file options

Description

Tile 2: ’GGCTGCGTTATAGCTTGGAATTCTAACAAT

CTTGATTCTAAGGTTGGTGGTAATTATAATTACC

TGTATAGATTGTTTAGGAAGTCTAATCTCAAACC

TTTTGAGAGAGATATTTCAACTGAAATCTATCAG

GCCGGTAGCACACCTTGTAATGGTGTTGAAGGTT

TTAATTGTTACTTTCCTTTACAATCATATGGTTTC

CAACCCACTAATGGTGTTGGTTACCAACCATACA

GAGTAGTAGTACTTTCTTTTGAACTTCTACATGC

ACCAGCAACTGTTTGTGGACCTAAAAAGTCTACT

AATTTGGTTAAAAACAAAGGGGGC’

Tile:Tx first aa The residue number of the first amino acid in the protein

sequence.

The defaults used in our analysis are: Tile 1: 333 Tile 2:

437

Tile:Tx cds start The nucleotide position in a merged read is where the coding

sequence starts (after primers or any other miscellaneous

nucleotides at the start of the read). Note: this index is

given using Python slicing conventions, so it is zero-indexed.

For example, the sequence ‘GATC’ is numbered 0123. If the

sequence starts at ‘A’, cds start would be 1.

The input must be a nonnegative integer.

The default used in our analysis is different for each Tile

and shown below:

Tile 1: 43 Tile 2: 18
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Table A.3 Continued

Configuration

file section

Configuration

file options

Description

Tile:Tx cds end The nucleotide position in a merged read is where the coding

sequence ends (before primers or any other miscellaneous

nucleotides at the end of the read). Note: this index is

given using Python slicing conventions, and so is the index

of the first nucleotide that is not part of the coding sequence.

For example, if the CDS is ‘AT’ in ‘GATC’, cds end would

be 3.

The input must be a nonnegative integer.

The default values used in our analysis is different for each

Tile and shown below:

Tile 1: 355 Tile 2: 321
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Table A.3 Continued

Configuration

file section

Configuration

file options

Description

Tile:Tx positions The amino acid positions of interest in the experiment. If

the user only desires certain positions in the output files,

this is where those positions should be specified.

The input must be a list of integers. For example: [22, 42,

44, 51]. If you desire only one residue, enter the integer as

a list (e.g. [31]).

The default positions used in our analysis is different for

each Tile and shown below: Tile 1: 333, 334, 335, 339, 340,

344, 345, 346, 349, 351, 352, 354, 356, 357, 358, 359, 360,

362, 363, 364, 366, 367, 370, 372, 373, 375, 376, 377, 378,

380, 381, 382, 383, 384, 385, 386, 388, 389, 390, 394, 396,

405, 408, 411, 412, 413, 414, 415, 417, 420, 421, 424, 426,

427, 428, 430

Tile 2: 437, 439, 440, 441, 444, 445, 446, 447, 448, 449, 450,

452, 455, 456, 457, 458, 459, 460, 462, 463, 464, 465, 466,

468, 469, 470, 471, 473, 474, 475, 477, 478, 479, 481, 482,

483, 484, 485, 486, 487, 489, 490, 492, 493, 494, 498, 499,

500, 501, 503, 504, 505, 506, 508, 516, 517, 518, 519, 520,

521, 522, 523, 527
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Table A.3 Continued

Configuration

file section

Configuration

file options

Description

Analysis control filepath The file path, including the file name, to the output file

from the initial deep mutational scanning module for the

control experiment. Absolute file paths should be used.

Include extensions, if applicable.

An example of this value is:

‘/Users/lab/Documents/rbd/Output/example control.csv’.

Analysis antibody filepath The file path, including the

file name, to the output from the initial deep mutational

scanning module for the desired antibody experiment.

Absolute file paths should be used.

Include extensions, if applicable.

An example of this value is:

‘/Users/lab/Documents/rbd/Output/example CC12.1.csv’.

Analysis output title The prefix to be used in the processed file names at the end

of running the analysis module.

An example of this value is: ‘CC12-1’

Analysis FDR The target false discovery rate (FDR) for identifying an

enrichment ratio threshold. This threshold is then used to

determine escape mutant hits.

The default used in our analysis is 1.

Analysis significance The p-value cutoff used to determine if a given enrichment

ratio is significantly greater than the threshold value.

The default used in our analysis is 0.01.
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Table A.5: Command line flags that can be used when run-

ning dms module

Comand line flag Description

‘–use multiprocessing’

[boolean]

This flag provides an option for the user to use the multipro-

cessing module or to turn it off. The multiprocessing module

reads FASTQ files using multiple cores and can speed up the

run time. The default is set to True and the argument parser

accepts yes, no, true, or false as options.

‘–fastq file dir’ [file path] This flag allows the user to specify the directory that contains

the FASTQ files to be analyzed. The file path should be a

folder that contains FASTQ files with the file names provided

in the configuration file. The default is an empty string.

‘–output dir’ [file path] This flag allows the user to specify the output directory where

all CSV and Microsoft Excel files will be saved when the run is

complete. The default is an empty string.

‘–max mismatches’ [number] The maximum number of mismatches allowed when reading

overlapping sequences of paired-end reads from FASTQ deep

sequencing files. Reads with a higher number of mismatches

are discarded. The default is set to None which sets no limit

to the number of mismatches and does not discard reads due

to mismatches. Any other input should be a positive integer.
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Table A.4 Continued

Command line flag Description

‘–min quality’ [number] The minimum deep sequencing quality score required to keep

a read in the analysis. A read with a score lower than this

minimum benchmark will be discarded. The default is set to

None which sets no lower limit on the quality of a read and

accepts all scores. Any alternative input must be a positive

integer.

‘–min ref counts’ [number] The cutoff used to discard variants that have a low number

of counts in the reference population. Variants with reference

counts below this cutoff will be discarded. The default is set to

5 and inputs must be a nonnegative integer.

‘–pseudocount’ [number] The pseudocount used when a variant contains counts observed

in the reference population but not in the selected population.

This is required because observing no counts in the selected

population while having counts in the reference population will

lead to an undefined enrichment ratio. The default is set to 1

and inputs must be a positive integer.

Expected outcomes

There are several expected outcomes from the experimental procedure. These outcomes are

included in the protocol, but they are also written here for completeness. First, in the preparation

steps, co-transformation into yeast should result in >104 transformants for the wild type S RBD

(Preparatory Work B(ii), #3e) and >1.2×105 transformants for each S RBD library [74] (Prepara-

tory Work B(iii), #4j). Second, when making yeast stocks for the wild type S RBD (Preparatory

Work B(ii), #3l), each 1.5 mL S. cerevisiae EBY100 culture will produce an average of six 1 mL
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yeast stocks. Third, the FACS step sorting 200,000 cells from the competing assay (Step 1C, #15)

should take around 40 min to collect if using our Sony SH-800 system. This time results from a

sorting rate of 5-10,000 cells per sec and maintaining a 70% sorting efficiency. Finally, gel extrac-

tion in the sample preparation stage before sequencing (Step 2A, #26) should always give one clear

band with the correct size on the SYBR safe gel (515 bp for Tile 1 and 487bp for Tile 2). Any other

expected outcomes during the experimental stages are very small and listed with their associated

steps.

After the experimental work, the major outcome of the computational step is a statistical

measure of how likely each single point mutant present in the library is of being an escape mutant

for a specific neutralizing antibody. This information is captured in a comma-separated values

(CSV) file generated by the analysis module. The most important information in this CSV file

is a false discovery rate (FDR) for each mutation. The FDR for a mutation quantifies how many

mutations we would expect to have similar, or more significant, enrichment ratios and depths of

coverage by random chance. Other information contained in the CSV file for the set of mutants

includes their corresponding counts in each population, an enrichment ratio (ER) that compares

these counts, a p-value calculated by the one-sided exact Poisson rate ratio test, and the minimum

number of nucleotides away the given mutation could be from the wild type sequence. The second

output of this software is a heatmap in Microsoft Excel that identifies potential escape mutations

in blue. Refer to Figure A.4 for details on the outputs mentioned above.

Quantification and statistical analysis

All statistical analysis is performed by the custom software developed for this protocol. This

occurs entirely in Step 3 from the procedures above. To determine escape mutations, the antibody

population must be compared against the control group. A control was used to help identify

which mutations are randomly expected to appear in the given library. With this data, we can

determine the mutations present in the selected antibody population that occur more frequently
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than would typically be expected when looking at the control data. This information is captured

as the FDR value. If these specific mutations have enough counts to be confident of their presence

in the antibody library, then we call those variants escape mutations. A more detailed and formal

explanation of the statistical approach follows.

First, the critical metric for determining escape mutants in this analysis is the enrichment

ratio at each position. An enrichment ratio is the log2 transform of the frequency of an observed

mutation in the selected population divided by the frequency of that mutation in the reference

population (Figure A.6A). This calculation is performed by the dms module prior to running any

statistical analysis.

When running the analysis module, a kernel density estimate (KDE) is first fit to the control

data. This provides an empirical ER distribution for cells sorted without antibody or ACE2 labeling,

which serves as a null hypothesis in which observed ERs are due to stochasticity in sorting and

other non-relevant differences between variants. In determining which distribution to use for this

data, we initially fit common probability distributions (Figure A.6B). However, KDE consistently

provided a better fit to the data. In addition, a KDE eliminates the need to make the underlying

assumptions common with parametric functions, yet still provides an accurate distribution [161].

Thus, given the unpredictable nature of the control data, a nonparametric probability distribution

such as the KDE was chosen to ensure a reliable distribution for each given control group without

making any assumptions about the distribution of data.

Using this KDE from the null distribution, a threshold value for enrichment ratios can be

determined. We estimate the false discovery rate (FDR) for a given threshold ERt as the number

ERs we expect to find above that threshold in the null experiment. This is given by FDR =

(1 − F (ERt)) × N , where F is the experimentally determined cumulative distribution function

(CDF) of the control experiment ERs and N is the number of variants in the library. Rearranging,

we find ERt = F−1(1 − FDR
N ), where F−1 is the inverse CDF. For a library size using these
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Figure A.6: Quantification and statistical analysis. A. An example of an enrichment ratio
calculation. This calculation uses the total counts in the selected population, ST , the total counts
in the reference population, RT , and the total counts of the given N501Y mutation in the selected
and reference populations, Sj and Rj , respectively. B. Demonstrating that the best fit for this data
is a kernel density estimate (KDE). The KDE fits very closely to the data, while other common
probability distributions, such as the normal and logistic curves, do not. C. Showing the final
statistical step that considers the depth of coverage when deciding to identify an escape mutation.
For mutations with high depth of coverage, the returned p-value will be much smaller than for
mutations with lower depths of coverage.

experiments (N=1120 for tile 1 or N=1260 for tile 2) and with an FDR=1, the typical range for

this threshold is 2.2<ERt<2.6.

We then compare each observed ER in an experiment to this threshold to see which variants

have enrichment ratios larger than ERt. However, comparing just the observed ER to the thresh-

old would ignore the depth of coverage for each mutation. Since the depth of coverage provides

information about our confidence in the observed ER, we use it directly in the comparison. This is

explained in detail below.

For a given experiment, we have two sets of reads {kpi } and two totals np, where p ∈ {ref, sel}
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is the reference or selected population. Note that, since we discard reads that don’t encode single

mutations, it is not generally true that
∑

i k
p
i = np . We approximate each read count kpi as being

distributed as kpi ∼ Pois(rpi n
p
i ) for some unknown rate rpi . If we knew this rate, the true enrichment

ratio would be given by ERi = log2

(
rseli

rrefi

)
. Therefore, testing the hypothesis that ERi ⩾ ERt

amounts to testing that
rseli

rrefi

⩾ 2ERt , which we do with krefi ,nref ,kseli , and nsel using a one-sided

Poisson rate ratio test implemented in the Python package statsmodels [103]. The significance level

of the test, α, is determined by the user and can be changed in the configuration file. Our analysis

used α = 0.01. Please refer to Figure A.6C for additional details.

Limitations

The method described has several experimental parts that introduce limitations to the pro-

tocol. First, this protocol identifies only the subset of neutralizing antibodies that directly compete

with ACE2 for binding on S RBD. Neutralizing antibodies for SARS-CoV-2 can bind on Spike at

locations other than the RBD [40, 39, 52], and some neutralizing antibodies recognize the N343

glycan that we have removed from the displayed S RBD to avoid hyper-mannosylation [72]. A dif-

ferent approach taken by the Bloom research group can be considered if non-competing antibodies

must be analyzed [31, 66] that also bind on the S RBD. We have previously tried to display the S

ectodomain in yeast but were not successful [3].

Second, this procedure is only designed to identify escape mutants resulting from single amino

acid mutations. The smaller single mutation library limits our ability to test the possibility that

a combination of amino acid mutations could work in conjunction and ultimately lead to escaping

antibody binding. Larger and more complex libraries would be needed to test this type of escape

mutant. In addition, the custom software developed with this protocol is not written to identify

such scenarios.

Third, the residues examined in this study are all located on the surface of S RBD. While
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ACE2 and other antibodies will only interact directly with these surface residues, it is possible that

buried residues could have indirect impacts on binding. Furthermore, since we test monomeric S

RBD some surface mutations identified as putative escapes by this method could produce steric

clashes in the full trimeric S. Each mutation is pleiotropic with unpredictable potential changes in

the fitness of the virus. Thus, the escape mutants identified by this protocol will necessarily be a

subset of the escape mutants for these same positions observed in nature.

Finally, given that a mutation was observed in the population, the output is binary (yes/no

for an escape mutant). Some true escape mutants may be missed if the mutation does not appear

with high enough frequency in the antibody population. This is especially true if ER values are close

to the cutoff, if the mutation is not sampled in the reference library, or if the control population

has some aberrations that skew the ER threshold higher.

A.5 Troubleshooting

Problem 1:

S RBD does not display on the yeast surface or has a very low display. This problem may

rise in Before you begin step 14 or Step-by-step method details step 8.

Potential solution:

Low display percentages occur with insufficient culture aeration during growth. Ensure the

14 mL culture tube is shaking and that the culture volume is 1.5 mL or less. Induction time and

temperature were optimized for our laboratory settings and may need to be altered to optimize

display. Other common temperatures are 18°C and 30°C.

If necessary, a 0.2 w/v% galactose can be added to the SDCAA+ and 0.2 w/v% dextrose can

be added to the SGCAA+. If the RBD is still not displaying, co-transform again.
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Problem 2:

No or low PE signal increase when binding biotinylated ACE2 to the displayed RBD. This

problem may arise in Before you begin step 20 or Step-by-step method details step 10e Tube 2.

Potential solution:

Increase the biotin to protein ratio. If the signal increases as the ratio increases, use the

necessary ratio to see a good PE signal increase.

Problem 3:

Product from the second PCR when preparing the libraries for deep sequencing does not

show on a SYBR safe gel in Step-by-step method details step 26.

Potential solution:

First check that there is some product on the right band size using the more sensitive SYBR

gold stain. If so, rerun the PCR steps using more cycles. Else, cells could have been contaminated

during cell recovery or the yeast miniprep did not have a high enough yield.

Problem 4:

Illumina deep sequencing does not cluster correctly. This would occur after preparing for

sequencing in Step-by-step method details Step 2B.

Potential solution:

Increase PhiX percentage to increase nucleotide diversity to promote correct clustering.
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Problem5:

The example configuration file is not set up by default for running with only one tile. Thus,

using the software for an experiment that only has a single tile may result in an error if the

configuration file is not formatted correctly through the initial setup in Step-by-step method details

step 30.

Potential solution:

To run a single tile, continue to add the experiment in the [Proteins] section. However, after

identifying the first tile, add a comma and then a space (leaving the rest of the line blank). For

example, if the experiment name is ‘6-29’ and the chosen title for the protein is ‘1 6-29’ then use

the following format in the [Proteins] section.

Control 1: ’1 Control’,

This should fix any issues.

A.6 Resource availability

A.6.1 Lead contact

Further information and requests for resources and reagents should be directed to and will

be fulfilled by the lead contact, Tim Whitehead timothy.whitehead@colorado.edu.

A.6.2 Materials availability

All plasmids and mutational libraries used in this work are available from AddGene (https:

//www.addgene.org/Timothy_Whitehead/).

Data and code availability All scripts used to process and analyze deep sequencing data

are freely available on Github (https://github.com/WhiteheadGroup/SpikeRBDStabilization.

mailto:timothy.whitehead@colorado.edu
https://www.addgene.org/Timothy_Whitehead/
https://www.addgene.org/Timothy_Whitehead/
https://github.com/WhiteheadGroup/SpikeRBDStabilization.git
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git).
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Appendix B

User-defined library generation by Golden Gate assembly

B.1 Background & protocol overview

Golden Gate assembly is a one-pot DNA assembly technique that uses temperature cycling

with a type IIS restriction enzyme (BsaI-HFv2 reported here), T4 ligase, and input DNA to clone

multiple DNA fragments sequentially into a vector. Generally, for this protocol, a PCR thermo-

cycler cycles between a 37°C step and a 16°C step. During the 37°C step BsaI generates four

base pair overhangs downstream of its GGTCTC(X) binding motif and during the 16°C step the

reannealed DNA is ligated by T4 ligase. BsaI sites on the DNA fragments are designed such that

overhangs will match complementary overhangs on upstream and downstream fragments or vector

ends, allowing the fragments to be assembled in order. Additionally, the orientation of the BsaI

sites on the vector and fragments are such that they are removed from the final product. Thus,

cycling of these cutting and ligating steps continues to act on the input DNA and leaves the final

product untouched, resulting in high incorporation efficiencies.

Here we detail a version of this protocol that can be applied to any vector and protein coding

sequence to generate large, site-specific, combinatorial libraries by assembling synthetic mutagenic

DNA fragments that we denote cassettes into a destination vector. Cassettes are linear dsDNA

and can be purchased as synthetic dsDNA (e.g. gBlocks/eBlocks from IDT) or assembled from

oligonucleotide or oligo pool ssDNA. Destination vectors have some, or all, of the protein coding
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sequence replaced with a selective marker, such that mutated cassettes coding for that sequence

replace the marker during the Golden Gate reaction, resulting in functional plasmids. Users can

follow our protocol to make their own destination vector or use one of our premade vectors; our

protocol provides a detailed explanation for designing cassettes that work with pND003, pND004,

and pND005. After the destination vector is obtained, cassette(s) (one to four demonstrated) are

generated from ssDNA by PCR and co-incubated with the destination vector in a Golden Gate

reaction to assemble the library, which is then transformed into E. coli. We describe a streamlined

protocol such that, once the destination vector is in hand, new libraries can be built in a single day.

The protocol is listed in three sections: (1.) Design and construction of the destination

vector; (2.) Design and construction of double stranded cassette DNA; (3.) Golden Gate assembly

and transformation into E. coli. Additionally, we provide examples for different steps based on the

creation of the SARS-CoV-2 S RBD (333-541) yeast display libraries (RBD libraries).

B.2 Materials and supplies

∗ All customized DNA fragments were purchased from IDT

Item Supplier Catalog number

Section 1: Construction of destination vector

pETconNK Klesmith et al.

2017[162]

https://www.

addgene.org/

81169/

knock-out gene Lee et al. 2015[130] https://www.

addgene.org/

65154/

Section 2: Construction of dsDNA cassette

https://www.addgene.org/81169/
https://www.addgene.org/81169/
https://www.addgene.org/81169/
https://www.addgene.org/65154/
https://www.addgene.org/65154/
https://www.addgene.org/65154/
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Materials and supplies table Continued

Item Supplier Catalog number

Cassette 1 ultramer/opool This study Table S4

Cassette 2 ultramer/opool This study Table S4

Cassette 3 ultramer/opool This study Table S4

Forward primer This study Table S5

Q5 High-Fidelity 2X Master Mix NEB M0492S

KAPA HiFi Ready Mix Roche/Fisher 7958927001

Nuclease Free Water IDT 11-05-01-14

Ultrapure Agarose Invitrogen 16500-500

TAE Buffer (Tris-acetate-EDTA) (50X) Thermo Scientific B49

SYBR Safe DNA gel stain Invitrogen S33102

Gel loading dye, Purple NEB B7024

Nucleo-Spin® Gel and PCR Clean-up kit Macherey-Nagel 740609.250

Section 3: Golden Gate assembly and transformation into E. coli

Destination vector This study Section B.3.1

dsDNA Cassette 1 This study Section B.3.2

dsDNA Cassette 2 This study Section B.3.2

dsDNA Cassette 3 This study Section B.3.2

BsaI-HF v2 NEB R3733S

T4 DNA ligase NEB M0202S

T4 DNA ligase reaction buffer NEB B0202S

Nuclease Free Water IDT 11-05-01-14

XL1-Blue Competent Cells Agilent 200249

TransforMax EC100 Competent Cells Biosearch Technologies EC10010

Corning® Square Bioassay dish Sigma CLS431272
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Materials and supplies table Continued

Item Supplier Catalog number

Glass Beads Sigma G8772

Kanamycin GoldBio K-120-25

ZymoPURE II Plasmid Midiprep kit Zymo Research D4201

B.3 Protocol

B.3.1 Section 1: Design and construction of the destination vector

Background: We built three destination vectors (MBP E. coli expression, yeast surface

display, yeast two-hybrid), each containing a GFP marker and BsaI recognition sequences next to

high-fidelity overhangs (Figure B.1). If any of these destination vectors are suitable, section 1 can

be skipped.

pYTK047 Insert

Superfolder GFP

pND003

pYTK047 Insert

Superfolder GFP

pND004

pYTK047 Insert

Superfolder GFP

pND005

Figure B.1: Premade general-use destination vectors for Golden Gate-based cassette mutagenesis

If these destination vectors are unsuitable, you can create your own destination vector. The

following describes how to make a destination vector using Gibson Assembly, although a variety of

cloning techniques could be used.

1: Pick a backbone

Pick a backbone for your destination vector which contains the protein of interest and the
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desired vector components (tags, promoters, selection markers, etc). Check to see if the vector

already contains BsaI sites. If so, these should be removed by site-directed mutagenesis before

proceeding.

2: Choose a selection marker

Our lab has used both GFP and RFP but other selection markers, such as LacZ[127, 87],

LacI[87], β-galactosidase[87] or sacB[134], have been demonstrated to be effective for GG assembly.

3:Choose the start and stop points for your cassettes

Before picking the start and end points for your library, you must choose the general region

covered by your cassettes. Here you have two options. If you already have your protein in the

desired vector, your cassettes can cover only the coding sequence containing your mutation sites.

This allows for the fewest number of cassettes, is the simplest to design, and is ideal for large

protein-coding sequences but requires that a new destination vector be created if you mutate a

different region of your protein. Alternatively, you can have your cassettes begin and end outside

the protein coding region, such that any library can be made for any protein without building a

new destination vector (as with our premade destination vectors).

Once you have chosen the region covered by your cassettes, pick a set of high-fidelity 4 base

pair overhangs from Table 1 in Potapov et al[87]. Then find a four base pair sequence near the

beginning and end of that region from that set. These will be the start and end points for your

cassettes.

4: Design primers for creation of the destination vector

Design primers to clone the desired selective marker and BsaI sites into the destination vector,

in place of the backbone sequence covered by the cassettes. If using Gibson Assembly, this includes

two primers to amplify the selection marker from its source as well as two primers to amplify
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the backbone vector. The primer set for amplifying the backbone should add BsaI sites directly

adjacent to the first and last overhangs and 20 base pairs of homology with the selection marker

from each end of the PCR fragment. Importantly, the BsaI sites should be in between the overhang

and selection marker sequence (Figure B.2).

5: Create the destination vector

If using Gibson Assembly, the template vector and selection marker insert should be amplified

using a standard PCR reaction. The resulting PCR products are then gel purified and combined

by Gibson Assembly[141].

Gene of Interest

Backbone 
Source Vector

Selection Marker Gene

Selection Marker 
Source Vector

PCR
Gibson 

Assembly
Destination 

Vector

Figure B.2: Building a destination vector using Gibson Assembly

B.3.2 Section 2: Design and construction of cassettes

Background: After designing a destination vector or choosing to use one of our premade

vectors, you must design cassettes that contain your mutated protein-coding sequence, high-fidelity

overhangs, and a BsaI recognition sequence. Additional sequences must be included when designing
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cassettes for use with pND003, pND004, or pND005 (described below). These cassettes are ordered

as synthetic ssDNA fragments and are converted to dsDNA using a reverse primer.

1: Cassette designs

The first step in designing cassettes is choosing your library’s start and end points with

respect to your protein coding sequence. If you created your own destination vector, as per section

1, these have already been chosen. If you are using our premade vectors, these can be chosen

arbitrarily. Next, you must decide the number and length of your cassettes, which is usually based

on the maximum length of the synthetic DNA fragments you are using (It is important to remember

that the length of each fragment must include at least 7 base pairs on either side of the coding

sequencing for the BsaI site). This will then determine the general areas in your coding sequence

where each cassette will begin and end.

Within these areas, look for four base pair sequences that match high-fidelity overhangs from

the set you used for the destination vector or that are listed for our premade vectors at the bottom

of Table B.2. Note that all overhangs must be from the same set, cannot be used more than once

and that residues coded for by base pairs in the overhangs cannot be mutated. These overhang

sequences will be the starting and ending points of each cassette. If designed correctly, the first

and last four protein-coding base pairs of each cassette will match the first or last four protein-

coding base pairs of the adjacent cassettes (see Example B.4). Next, you will add BsaI recognition

sequences directly adjacent to the overhangs (Figure B.3). Note, it is a good idea to check that

any mutations you make do not introduce a BsaI site into your coding sequence. We also added

short sequences outside of the BsaI site, if no other sequence was present, to ensure BsaI binding;

we have not tested whether this is necessary to achieve high transformation efficiencies.

2: Cassettes designs for use with pND003, pND004, and pND005

Skip if not using our premade destination vectors.
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Short sequence we included to support 
binding of BsaI to its recognition 
sequence. Removing it may not affect 
efficiencies but has not tested by us.

Only needed when working with our 
premade destination vectors or designing 
destination vectors with cassettes that 
extend beyond the protein coding sequence. 
Constant sequences that code for 
promoters, stop codons, terminators, and 
tags in source vectors. Exact sequences that 
match our premade vectors are found in 
Supplemental Table 3 (colored in red).

BsaI recognition sequences (forward/ 
reverse).

User’s protein coding sequence. X 
represents the first and last mutation sites 
in the cassette

4 base pair high-fidelity overhang 
sequence. When working with our 
premade destination vectors, the initial 
overhang in the first fragment and final 
overhang in the last fragment must 
contain a predetermined overhang that 
matches the vector. Exact sequences are 
found in Supplemental Note, Table 1 
(colored in cyan).

Optional sequence that can be added if 
there are not enough bases after the last 
mutation site to design a reverse primer 
with an appropriate Tm

GCCGTGGTCTCANNNNNNNNNNNNNNNNXN. . . . . . . .NXNNNNNNTGAGACCNNNN

First DNA Fragment for Premade Vectors

Last DNA Fragment for Premade Vectors

GCCGTGGTCTCANNNNNNXN. . . . . . . .NXNNNNNNNNNNNNNNNNTGAGACCNNNN

GCCGT

GGTCTCA/TGAGACC

NNNN

NNNNNNNNNN

NNXN. . . . . . . .NXNN

NNNN

GCCGTGGTCTCANNNNNNXN. . . . . . . .NXNNNNNNTGAGACCNNNN

Generalized DNA Fragment Designs

(Optional)

Reverse primer stops 
before mutation site

(Optional)

(Optional)

Reverse Primer

Reverse Primer

Reverse Primer

(Specific to 
premade vector)

(Specific to 
premade vector)

Figure B.3: Generalized design schematic of cassettes for Golden Gate-based cassette mutagenesis
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Cassettes that will be used with pND003, pND004, or pND005 should be designed as de-

scribed above, with two important exceptions:

First, cassettes should use overhang sequences as outlined in Table B.2. All our destination

vectors were made with high-fidelity overhangs from Set 1 from the Table D.7 in Potapov et al4.

Once you have chosen a destination vector, the initial overhang from your first cassette and the final

overhang from your last cassette should be the ones listed in the sequence for the chosen vector, as

seen in Table B.2. The rest of your overhangs should come from the remaining sequences in Set 1,

found at the bottom of Table B.2.

Second, your first and last cassettes should include additional sequences, specific to the chosen

destination vector, that are shown in red in Table B.2. These code for promoters, terminators, and

continuations of tag sequences leading up to the overhang sequences. Note that stop codons do not

need to be added to your sequence as these are already coded for in each vector.

Table B.2: Sequence specific designs of cassettes for use with pND003, pND004, and pND005.
Coloring of bases corresponds to schematics in Figure B.3.

First Cassette Last Cassette

pND003 GCCGTGGTCTCACGGTAGCGG
AGGCGGAGGGTCGGCTAGCCA
TNNNN. . . NNNNNNNNTGAGAC
CNNNN

GCCGTGGTCTCANNNNNNN
N. . . NNNNCTCGAGGGGGGCGGA
TCCGAATGAGACCNNNN

pND004 GCCGTGGTCTCACGGTCGTCAG
ACTGTCGATGAAGCCCTGAAAG
ACGCGCAGACTGGCGGCGGGGG
AGGTNNNN. . . NNNNNNNNTGAG
ACCNNNN

GCCGTGGTCTCANNNNNNN
N. . . NNNNTGAGATCCGGCTGCT
AACAAAGCCCGAAAGGATGAGA
CCNNNN

pND005 GCCGTGGTCTCATCCTGAAA
GNNNN. . . NNNNNNNNTGAGAC
CNNNN

GCCGTGGTCTCANNNNNNN
N. . . NNNNTGAGTCGTATTACCT
CAGCCAAGCTAATTCTGAGAC
CNNNN

High-fidelity overhangs that can be used

in conjunction with pND003, pND004,

and pND005

TGCC, GCAA, ACTA, TTAC, CAGA,

TGTG, GAGC, AGGA, ATTC, CGAA,

ATAG, AAGG, AACT, AAAA, ACCG
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3: Design primers for creation of double stranded cassette DNA

Next, a single reverse primer must be designed to create double stranded cassette DNA.

The primer should not overlap with any mutation site. If mutation sites are located close to

the overhang sequences, additional bases might need to be added to the end of a cassette to

have a long enough complementary sequence for primer binding (Supplemental Figure 3). In

this study, we used primers with melting temperatures (Tm) ranging from 56°C to 72°C with

comparable results. For the RBD library, we used NEB Tm calculator to determine the primer

melting temperature and the IDT Oligoanalyzer™tool to analyze the possible hetero-dimers and

the Gibbs free energy of the designed primers. We designed primers to avoid large negative ∆G

of any possible mismatch (homodimer, unintended heterodimer, secondary structure) limiting this

to >-22 kcal/mol. Additionally, we designed the ∆∆G of the intended heterodimer to any other

structure to be <-20 kcal/mol. Inspection of the types of secondary structures may also be helpful

to look for sequences which can amplify in an unintended manner from an annealed 3’ end (e.g.

a hairpin or dimer that anneals the 3’ end with an extended 5’ end can serve as a template for

amplifying products like “primer dimers”).

4. Generate cassette dsDNA from synthetic ssDNA.

Our experimental protocol below starts at this step, in which dsDNA is generated from single-

stranded synthetic DNA fragments. We found that smearing sometimes occurred but that using at

least 35 PCR cycles leads to sufficient amplification of the desired product over background. The

PCR products are then gel purified and can be stored until the next step.

Day 1

1. Dilute the synthetic DNA fragments and the reverse primers to a final concentration of

10 µM in Nuclease Free Water. (See Example B.4 for equations used to resuspend the

synthetic DNA)

https://tmcalculator.neb.com/#!/main
https://www.idtdna.com/pages/tools/oligoanalyzer?returnurl=%2Fcalc%2Fanalyzer
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Note: The IDT Resuspension Calculator tool can be used.

2. Generate dsDNA cassettes

(a) Assemble the PCR reactions as follows:

Cassette (10 µM) 1.25 µl

Primer reverse (10 µM) 1.25 µl

Q5 2X Master Mix 12.5 µl

Nuclease Free Water 10 µl

Reaction volume 25 µl

Note: We have used KAPA HiFi Ready Mix (Roche) and Phusion polymerase (NEB)

with comparable results.

PCR cycling conditions

Steps Temperature Time Cycles

Initial Denaturation 98°C 30 s 1

Denaturation 98°C 10 s

35 cyclesAnnealing 56°C∗ 30s

Extension 72°C 1:30 min

Final extension 72°C 2 min 1

Hold 4°C hold

∗Note: We have demonstrated generation of dsDNA using primers with a Tm of 56°C

as well as 72°C.

(b) Purify linear DNA by gel electrophoresis and gel extraction. One clear band is ex-

pected for each fragment. Purify all excised fragments using a Nucleo-Spin® Gel and

PCR Clean-up kit (Macherey-Nagel). Elute in 20µl Nuclease free water. (See Example

B.4; if trouble getting the right size band see Troubleshooting B.5)

https://www.idtdna.com/site/account/login?returnurl=%2Fcalc%2Fresuspension%2F
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(c) Quantify the linear DNA products by measuring A260 using a spectrophotometer. We

often obtain concentrations of approx. 40 ng/µl.

B.3.3 Section 3: Golden Gate assembly and transformation into E. Coli

Background. Use a Golden Gate reaction to assemble the dsDNA fragments into your

destination vector. This section takes about 5 hours, including bacterial transformation, and can

be combined with section 2 for a single day library generation protocol

Day 1 (Cont.)

1. Assemble the pieces with a Golden Gate reaction.

(a) Per 40 fmol of input DNA, assemble the reaction as follows, adding the enzymes last.

(See Example B.4 for the calculations used)

dsDNA fragments 40 fmol each

Destination vector 40 fmol

10x T4 DNA ligase buffer 2.5 µl

BsaI-HF-v2 1 µl (20 units)

T4 DNA ligase 1 µl (400 units)

Nuclease Free Water up to 25µl

Reaction volume 25 µl

Note: input DNA or total reaction size can be scaled up linearly, as shown in the

main text.

Note: NEBridge Golden Gate Assembly kit (NEB) can also be used with comparable

results following manufacturer’s instructions.

(b) Set the reaction on a thermal cycler using the conditions below:
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Thermal cycler conditions

Temperature Time Cycles

37°C 1 min
60 cycles

16°C 1 min

37°C 5 min 1

65°C 10 min 1

4°C infinity and beyond

(c) To concentrate the DNA, perform a PCR clean-up using a Monarch® PCR & DNA

clean-up kit (NEB), eluting in 6 µl of nuclease free water.

2. Transform into E. coli.

(a) Transform the 6 µl of eluent into electrocompetent cells. (See Example B.4)

(i) Optionally, transform 0.1 ng of pUC18 (XL1 Blue) or pUC19 (TransforMax) into

electrocompetent cells to assess competency.

(b) Recover the cells in 1 ml SOC or TB media for 1 h at 37°C with shaking at ∼300 rpm.

(c) Do 6 serial dilutions of the recovered cells and plate 10 µl of each dilution on an LB

agar plate, containing the appropriate antibiotic, to assess transformation efficiencies.

Plate the remainder of the cells on a LB agar square Bioassay dish, containing the

appropriate antibiotic, using plating beads. Incubate the plates at 37°C overnight.

Day 2

3. Check the transformation efficiency and if it is above the desired efficiency, scrape the

Square Bioassay dish. Add ∼3 ml of LB to the plate, using an L shaped cell scraper or

a bended glass pasteur pipette, scrape the cells off the agar plate. Collect the cells in a

corner and transfer them to a 50ml falcon tube by pipetting. Repeat this process five to
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seven times for a total 15-20 ml cell volume or until the plate is clear of cells. (See Example

B.4 to calculate the desired transformation efficiency)

Note: Depending on the destination vector, it might take up to two days to see green

colonies. A good control to compare fluorescence of the uncut destination vector is to

transform the neat destination vector by itself.

4. Make E. Coli glycerol stocks by spinning down 1.5 ml of the scraped cells and resuspending

in 700 µl LB media and 300 mul 50 w/v% glycerol.

Note: Since the desired transformation efficiency is 100 fold above the library size, 1.5ml

of the scraped cells will have a good representation of the library.

5. Prepare 10 mL of the scraped cells using a ZymoPURE Midiprep kit (Zymo Research) to

obtain the plasmid library.

B.4 Examples

Example 1:

In the case of the RBD library, positions 333-416 and 510-541 were not mutated, therefore,

they are part of the destination vector. For the RBD we wanted to mutate separately the epitopes of

class 1 and class 2 antibodies7. Therefore, we divided positions 400 to 509 into 3 cassettes: cassette

1 containing positions 400-436, cassette 2 containing positions 436-472 and cassette 3 containing

positions 472-509. This means that positions 400, 436, 472 and 509 can not be mutated (Figure

S2).

Example 2: If the ultramer ordered contains 4 nmol of DNA, resuspending in 200 µl will

give a 20µM concentration.

4nmol × 1µmol

103nmol
× l

20µmol
× 106µl

l
= 200µl
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The oligo pool ordered contained 10pmol of DNA per individual oligo with 1644 oligos. Since

we want the final concentration to be per pool:

10pmol × 1644oligos× 1nmol

103pmol
= 16.44nmol

Resuspending in 164.4 µl will give a 100µM concentration of the pool.

16.44nmol × 1µmol

103nmol
× l

100µmol
× 106µl

1l
= 164.4µl

Example 3: The fragments for the RBD are ∼170 bp, so the 170bp band was excised and

gel extracted.

Example 4:

∗ All dilutions are in nuclease free water.

Cassette Length (bp) Concentration from PCR (ng/µl)

1 167 33.56

2 168 40.24

3 172 30.31

Cassette 1

167bp× 650Da

1bp
× 1g

1Da ·mol
× 40 · 10−15mol × 109ng

1g
= 4.34ng

4.34ng × 1µl

33.56ng
= 0.13 → 1.3µl1 : 10dilution

Cassette 2

168bp× 650Da

1bp
× 1g

1Da ·mol
× 40 · 10−15mol × 109ng

1g
= 4.37ng
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4.37ng × 1µl

40.24ng
= 0.11 → 1.1µl1 : 10dilution

Cassette 3

172bp× 650Da

1bp
× 1g

1Da ·mol
× 40 · 10−15mol × 109ng

1g
= 4.47ng

4.47ng × 1µl

30.31ng
= 0.11 → 1.1µl1 : 10dilution

Cassette 1 1.3 µl

Cassette 2 1.1 µl

Cassette 3 1.1 µl

Destination vector 2.3 µl

T4 DNA ligase buffer 2.5 µl

BsaI-HF-v2 1 µl

T4 DNA ligase 1 µl

Nuclease Free Water 14.7 µl

Reaction volume 25 µl

Example 5: XL1-Blue Competent Cells (Agilent) or TransforMax EC100 Competent Cells

(Biosearch Technologies) have been used with comparable results. In our hands when trans-

forming 0.1ng of pUC18 into XL1-Blue we obtain 1.0e5 transformants (1.0e9 transformants/µg

DNA) and when transforming 0.1ng of pUC19 into TransforMax EC100 we obtain 6.2e5 (6.2e9

transformants/µg DNA).

Example 6: The RBD libraries have a theoretical library size on the order of 10k protein-

encoding variants. To ensure that all the variants are transformed, we want a 100-fold coverage.

Therefore, the minimum desired transformation efficiency is 1e6.
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B.5 Troubleshooting

Troubleshooting 1: If a single band is not observed, increase the extension time and/or

increase the number of cycles. If Q5 1X Master Mix (NEB) does not give the desired results, the

reaction can be set up with KAPA HiFi Ready Mix (Roche). Alternatively, using “touchdown

PCR”8 may also minimize smearing.
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BsaI BsaI

BsaI BsaI

BsaI BsaI

Golden Gate assembly

Figure B.4: Schematic of cassette assembly and location of the BsaI overhangs. The BsaI overhang
at the end of cassette 1 matches the beginning of cassette 2 (green). Since those 4 bp allow the
assembly, the codon(s) containing the overhang nucleotides cannot be mutated. Notice that the
BsaI sites are located on the outside of each cassette and are not part of the assembled product.
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Figure C.1: 910-30 recognizes RBD in a glycan-independent manner and competes with
hACE2 for binding. A. S RBD N343Q with a C-terminal myc epitope tag was displayed on
the surface of yeast and labeled with no protein or 1 nM of CR3022, human ACE2-Fc (hACE2),
or 910-30. Cells were washed, secondarily labeled with anti-c-myc-FITC and Goat anti-Human
IgG Fc PE conjugate, and read on a Sony SH800 cell sorter. Biological replicates were performed
on two different days. B. Yeast cell surface titrations of 910-30 IgG against aglycosylated S RBD
yield a KD of 230 ± 70 pM. Technical triplicates were performed for two biological replicates (n =
6), and error reported is 2 s.e.m. C. Competition binding experiments of free 910-30, hACE2 and
CR3022 with biotinylated 910-30. Technical triplicates were performed for two biological replicates
(n = 6).
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Figure C.2: Overview of yeast display constructs used in screening S RBD and prefusion
stabilized S ectodomain libraries. Related to STAR Methods.
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Figure C.3: Non-neutralizing antibody CR3022 dissociation constant compared to liter-
ature. Yeast cell surface titrations of non neutralizing CR3022 IgG against aglycosylated S RBD
yield an apparent KD of 171 ± 25 pM. Technical triplicates were performed (n = 3), and error
reported is 2 s.e.m. Data for the HKU 910-30 nAb is from Banach et al, 2021. [28, 2]. Related to
Figure 3.1.
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Figure C.4: FACS sorting gates used to collect S RBD escape mutants. Representative
sorting gates used for all escape mutant FACS screens. The three gates were SSC/FSC; FSC-
H/FSC-A to discriminate single yeast cells; FSC-A/FITC+ to select cells displaying the RBD on
their surface; and SAPE+/FITC+ to identify mutants that allow ACE2 binding in the presence of
10 µg/mL antibody. Shown here are gates for the antibody CC6.29. Related to Figure 3.1.



197

Reference

CC6.29 CC6.30 

CC12.13CC12.3CC12.1 

CC6.31

S RBD N343Q Surface Display (anti-c-myc-FITC)

A
C

E
2
 b

in
d
in

g
 (

S
A

P
E

)

Figure C.5: Sorting gates for competitive binding experiments. PE/FITC cytograms for
aglycosylated S RBD yeast libraries sorted using competitive binding with ACE2-Fc. The top
cytogram shows the control experiment with no ACE2 labeling. Gates represent the top 2% of the
FITC+ cells by PE signal for each antibody used in the study. Related to Figure 3.1.
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Figure C.6: Per-mutation enrichment ratio (ER) distributions as a function of average
depth of coverage control (top) and CC12.3, CC12.1, CC6.29 nAb competing experiment (bot-
tom). ER thresholds determined for FDR = 1 are shown in the control panels (top). Hits (with
ER greater than the threshold at p ≤ 0.01) are shown with larger black dots. Related to Figure
3.1.
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Figure C.7: CC12.1 heatmap using FDR <0.1 as cut-off. Blue - escape mutant hit, white – not
a hit, grey – mutation not present. Position numbers in grey indicate ACE2 footprint. Related to
Figure 3.2.
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Figure C.8: CC12.3 heatmap using FDR <0.1 as cut-off. Blue - escape mutant hit, white – not
a hit, grey – mutation not present. Position numbers in grey indicate ACE2 footprint. Related to
Figure 3.2.
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Figure C.9: CC6.29 heatmap using FDR <0.1 as cut-off. Blue - escape mutant hit, white – not
a hit, grey – mutation not present. Position numbers in grey indicate ACE2 footprint. Related to
Figure 3.2.
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Figure C.10: CC6.31 heatmap using FDR <0.1 as cut-off. Blue - escape mutant hit, white – not
a hit, grey – mutation not present. Position numbers in grey indicate ACE2 footprint. Related to
Figure 3.2.
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Figure C.11: CC12.13 heatmap using FDR <0.1 as cut-off. Blue - escape mutant hit, white –
not a hit, grey – mutation not present. Position numbers in grey indicate ACE2 footprint. Related
to Figure 3.2.



204

Figure C.12: Structural recognition of S RBD (chocolate cartoon) by nAB CC12.1 (PDB
ID 6XC2, blue ribbon). S positions K417, D420, Y421 are shown as spheres and the CDR H2 and
key CC12.1 residues are shown as sticks. Related to Figure 3.2.

Figure C.13: MLV-based SARS-CoV-2 pseudo-virus neutralization assays for SARS-
CoV-2 RBD variants. Data shown are replicates of the neutralization assays repeated on separate
days (replicate 1 - day 1; replicate 2 - day 2). IC50 neutralization values shown are averages of two
technical replicates. Replicate 1 data is also presented in Figure 1j of the main text. Related to
Figure 3.2.
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Figure C.14: Comparison between biological replicates for S RBD positions 437-527 for
CC6.29, CC12.1, and CC12.3. Escape mutant hits identified in replicate 1 are shown as closed
blue circles (a p ≤ 0.01 for an FDR <1). p-values are calculated using a one-sided Welch’s t-test
with the alternative hypothesis that the mean enrichment ratio from the replicate 2 hits are >the
mean enrichment ratio from the replicate 2 non-hits. Related to Figure 3.2.
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Figure C.15: (a) Comparison of the root mean square fluctuation (RMSF) profile of CC12.1 in
complex with wildtype/control S RBD (averaged across the 100 ns production run) and S RBD
with the D420E mutation (averaged across 25 ns intervals). (b) Structural mapping of highly
fluctuating residues on S RBD with the D420E mutation, identified in panel (a), when complexed
with CC12.1. Wildtype and mutant RBDs are shown in brown and gray and CC12.1 in blue and
gray, respectively, while residues are colored blue for wildtype RBD and red for the mutant RBD;
highly fluctuating residues are shown in surface representation. (c) MD snapshot showing the
proposed mechanism of escape of S RBD from CC12.1 through mutation Y421N. (d) Structural
mapping of highly fluctuating residues on S RBD with the D420E mutation, identified in panel (e),
when complexed with CC12.3. (e) Comparison of the RMSF profile of CC12.3 in complex with
wildtype S RBD and S RBD with the D420E mutation. Related to Figure 3.4
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Figure C.16: Yeast surface display for SARS-CoV-2 prefusion stabilized S ectodomain
compared to S RBD. FITC signal (RFU), FITC signal to noise ratio, and PE signal (RFU) and
PE signal to noise ratio for both ACE2-Fc and CR3022 are shown for biological replicates of spike
ectodomain with differing media, induction temperatures, and orientation of Spike relative to Aga2p
(blue triangles). The FITC fluorescence derives from an anti-cmyc FITC antibody that recognizes a
C-terminal cmyc epitope tag for displayed protein, while the PE signal is from biotinylated ACE2-Fc
or CR3022 subsequently labeled with streptavidin-PE. The concentration of the secondary binding
protein for the S ectodomain was 500nM ACE2-Fc and 500nM CR3022. FITC signal (RFU), FITC
signal to noise ratio, and PE signal (RFU) and PE signal to noise ratio for both ACE2-Fc and
CR3022 shown for S RBD at optimal conditions (orange circles). The concentration of secondary
binding protein for the S RBD is at 1 nM, which is at saturation.
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Figure C.17: Determination and location of potential stabilizing hits. (A) Spike ectodomain
schematic with labeled and colored boundaries. Below schematic is the locations of the mutated
residues in the oligo pool, cyan, as well as locations of the top identified hits shown in magenta.
NTD: N-terminal domain, RBD: receptor-binding domain, RBM: receptor-binding motif, SD1:
subdomain 1, SD2: subdomain 2, S1/S2: furin cleavage site, S2’: S2’ cleavage site, HR1: heptad
repeat 1, CH: central helix, CD: connector domain, HR2: heptad repeat 2. (B) Average depth of
coverage vs. Enrichment ratio for single mutants for (left) ACE2 and (right) CR3022. All mutations
are shown in gray with the two hits (K113I & A372N) colored magenta. (C) Prefusion spike trimer
shown with domains colored as they are in panel A. RBD is shown in the up conformation and along
with SD1 and SD2 is shown on the same spike monomer. The NTD and S2 subunits are shown on a
neighboring monomer. Oligo pool mutated residues are represented as cyan spheres. (D) Putative
reaction coordinate and interaction of hit A372N in the spike ectodomain. A372N is hypothesized
to destabilize the down protomer by steric repulsion with an adjacent ‘down’ protomer.
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Figure C.18: Identification of SARS-CoV-2 RBD escape mutants using yeast screen-
ing. Related to Figure 4.1. A. Gating strategy and gates set for the escape mutant analysis
for CC12.1 and eCC12.1.4. Control is the population of yeast cells without labeling by either bi-
otinylated ACE2 or a given nAb. B. Heatmap showing predicted RBD (residues 333-527) escape
mutants for CC12.1 and eCC12.1.4 in yellow to burnt orange with varying levels of confidence
according to the key
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Figure C.19: FACS sorting gates used to collect S RBD variants that maintain ACE2
binding. Representative sorting gates used for all FACS screens. The three gates were SSC/FSC;
FSC-H/FSC-A to discriminate single yeast cells; FSC-A/FITC+ to select cells displaying the RBD
on their surface; and SAPE+/FITC+ to identify mutants that allow ACE2 binding
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Figure C.20: Isogenic titration curves. Individual colonies were randomly selected from each
library. For each variant, isogenic titrations were performed ranging from 1pM to 1µM ACE2.
Titration curves are separated by library: LY005 (top left), LY006 (top right) and LY008 (bottom
left). Wild type (pIFU039) titration curve is included as a control. Technical replicates were
performed for each variant, error bars represent 2s.e.m.. A wild type titration was performed in
duplicate each day, therefore, error bars for pIFU039 represent 4 s.e.m.
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Figure C.21: Polyspecificity assay. The different libraries (LY005, LY006 and LY008) as well
as WT (pIFU039) were labeled with different concentrations of lysozyme (0.25nM, 1nM and 5nM)
for 30min at room temperature with shaking. As a control for specific binding we labeled the cells
with 100nM ACE2 at the same conditions. We observed two peaks of SAPE fluorescence, one from
the non-binding cells and the second from the cells displaying RBD that binds to ACE2. In the
presence of lysozyme, a single peak of SAPE fluorescence is observed showing that the displayed
RBD does not have non-specific binding. The fluorescence of the non-binding cells in the presence
of lysozyme increases due to the binding of lysozyme to the yeast cell wall.
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Table D.2: List of escape mutants identified in this

study. Escape mutants were identified by a p value <0.01

for containing a FDR <1. Related to Figure 3.1.

nAb Variant Counts in

competition

selection

Counts in

reference

population

Enrichment

Ratio

Minimum

nucleotide

distance

FDR p value

for FDR

<1

CC.12-1 D405K 249 24 3.5 2 7.7E-07 1.5E-03

CC.12-1 Q414A 566 28 4.5 2 5.0E-13 8.3E-16

CC.12-1 K417A 634 19 5.2 2 5.0E-13 6.8E-25

CC.12-1 K417C 506 21 4.7 3 5.0E-13 1.9E-16

CC.12-1 K417D 358 7 5.8 2 5.0E-13 1.4E-17

CC.12-1 K417E 800 23 5.3 1 5.0E-13 1.0E-31

CC.12-1 K417F 446 12 5.4 3 5.0E-13 6.3E-19

CC.12-1 K417G 1655 54 5.1 2 5.0E-13 1.9E-59

CC.12-1 K417H 432 17 4.8 2 5.0E-13 8.5E-15

CC.12-1 K417I 155 12 3.8 1 1.3E-10 1.6E-03

CC.12-1 K417L 2303 63 5.3 2 5.0E-13 1.1E-90

CC.12-1 K417N 732 19 5.4 1 5.0E-13 1.1E-30

CC.12-1 K417P 1197 11 6.9 2 5.0E-13 3.0E-68

CC.12-1 K417S 1869 45 5.5 2 5.0E-13 1.1E-78

CC.12-1 K417T 1528 38 5.5 1 5.0E-13 1.2E-63

CC.12-1 K417V 787 33 4.7 2 5.0E-13 1.5E-24

CC.12-1 K417W 1427 42 5.2 2 5.0E-13 1.2E-54

CC.12-1 K417Y 523 15 5.3 2 5.0E-13 2.8E-21

CC.12-1 D420A 4199 84 5.8 1 5.0E-13 5.5E-189

CC.12-1 D420C 707 48 4.0 2 7.5E-13 1.1E-13
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Table D.2 Continued

nAb Variant Counts in

competition

selection

Counts in

reference

population

Enrichment

Ratio

Minimum

nucleotide

distance

FDR p value

for FDR

<1

CC.12-1 D420E 3842 113 5.2 1 5.0E-13 2.7E-144

CC.12-1 D420H 372 34 3.6 1 1.1E-07 3.9E-05

CC.12-1 D420K 584 10 6.0 2 5.0E-13 4.0E-29

CC.12-1 D420L 1885 54 5.3 2 5.0E-13 9.8E-73

CC.12-1 D420M 756 26 5.0 3 5.0E-13 3.9E-27

CC.12-1 D420N 914 24 5.4 1 5.0E-13 1.0E-37

CC.12-1 D420Q 678 24 5.0 2 5.0E-13 4.8E-24

CC.12-1 D420R 4431 110 5.5 2 5.0E-13 1.8E-181

CC.12-1 D420S 1979 49 5.5 2 5.0E-13 4.0E-82

CC.12-1 D420T 733 33 4.6 2 5.0E-13 1.0E-21

CC.12-1 D420W 372 41 3.3 3 5.8E-05 1.5E-03

CC.12-1 D420Y 299 24 3.8 1 6.4E-10 2.4E-05

CC.12-1 Y421A 888 109 3.2 2 1.1E-03 9.5E-05

CC.12-1 Y421C 1952 126 4.1 1 5.0E-13 1.9E-37

CC.12-1 Y421H 1140 27 5.5 1 5.0E-13 5.6E-49

CC.12-1 Y421L 5137 159 5.2 2 5.0E-13 1.1E-186

CC.12-1 Y421N 1262 56 4.6 1 5.0E-13 1.1E-36

CC.12-1 Y421W 3129 156 4.5 2 5.0E-13 1.9E-79

CC.12-1 Q498H 4086 296 3.6 1 1.7E-02 6.9E-30

CC.12-1 Q498Y 1467 147 3.1 2 3.7E-01 2.0E-04

CC.12-1 N501F 7508 617 3.4 2 7.6E-02 3.0E-37

CC.12-1 N501M 9286 519 4.0 2 2.0E-04 4.0E-111

CC.12-1 N501T 10942 890 3.4 1 6.8E-02 3.1E-55



217

Table D.2 Continued

nAb Variant Counts in

competition

selection

Counts in

reference

population

Enrichment

Ratio

Minimum

nucleotide

distance

FDR p value

for FDR

<1

CC.12-1 N501V 12572 885 3.6 2 1.1E-02 1.7E-94

CC.12-1 N501W 4503 305 3.7 3 6.3E-03 2.9E-38

CC.12-1 N501Y 7767 639 3.4 1 7.6E-02 2.5E-38

CC.12-1 Y505W 12149 894 3.6 2 2.1E-02 9.4E-82

CC.12-1 Y508H 1478 113 3.5 1 3.3E-02 1.8E-10

CC.12-1 P527I 467 43 3.3 2 2.1E-01 7.4E-03

CC.12-1 P527M 155 7 4.3 2 1.3E-06 7.5E-04

CC.12-3 Q414A 627 28 4.4 2 5.0E-13 1.1E-13

CC.12-3 Q414G 807 44 4.1 2 5.0E-13 9.8E-14

CC.12-3 T415G 1424 82 4.0 2 1.4E-12 2.3E-21

CC.12-3 K417A 514 19 4.6 2 5.0E-13 1.7E-13

CC.12-3 K417C 496 21 4.4 3 5.0E-13 1.1E-11

CC.12-3 K417D 210 7 4.8 2 5.0E-13 1.0E-06

CC.12-3 K417E 557 23 4.5 1 5.0E-13 3.1E-13

CC.12-3 K417F 344 12 4.7 3 5.0E-13 6.8E-10

CC.12-3 K417G 1439 54 4.6 2 5.0E-13 1.3E-34

CC.12-3 K417H 352 17 4.2 2 5.0E-13 1.0E-07

CC.12-3 K417I 502 12 5.3 1 5.0E-13 2.3E-17

CC.12-3 K417L 2239 63 5.0 2 5.0E-13 1.2E-65

CC.12-3 K417M 983 23 5.3 1 5.0E-13 5.4E-33

CC.12-3 K417N 467 19 4.5 1 5.0E-13 1.8E-11

CC.12-3 K417P 922 11 6.3 2 5.0E-13 3.5E-40

CC.12-3 K417Q 680 28 4.5 1 5.0E-13 7.1E-16
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Table D.2 Continued

nAb Variant Counts in

competition

selection

Counts in

reference

population

Enrichment

Ratio

Minimum

nucleotide

distance

FDR p value

for FDR

<1

CC.12-3 K417R 1486 84 4.0 1 8.7E-13 8.3E-23

CC.12-3 K417S 1475 45 4.9 2 5.0E-13 1.5E-41

CC.12-3 K417T 1229 38 4.9 1 5.0E-13 1.5E-34

CC.12-3 K417V 1080 33 4.9 2 5.0E-13 8.3E-31

CC.12-3 K417W 1127 42 4.6 2 5.0E-13 1.3E-27

CC.12-3 K417Y 344 15 4.4 2 5.0E-13 2.6E-08

CC.12-3 D420A 2677 84 4.9 1 5.0E-13 1.5E-72

CC.12-3 D420C 619 48 3.6 2 3.0E-07 2.5E-06

CC.12-3 D420E 2875 113 4.5 1 5.0E-13 1.0E-64

CC.12-3 D420K 317 10 4.9 2 5.0E-13 7.6E-10

CC.12-3 D420L 1313 54 4.5 2 5.0E-13 3.1E-29

CC.12-3 D420M 550 26 4.3 3 5.0E-13 1.6E-11

CC.12-3 D420N 595 24 4.5 1 5.0E-13 2.5E-14

CC.12-3 D420Q 410 24 4.0 2 2.6E-12 4.6E-07

CC.12-3 D420R 2769 110 4.5 2 5.0E-13 8.6E-62

CC.12-3 D420S 1061 49 4.3 2 5.0E-13 2.4E-21

CC.12-3 D420T 530 33 3.9 2 4.0E-11 5.1E-08

CC.12-3 D420Y 273 24 3.4 1 2.0E-05 7.1E-03

CC.12-3 Y421A 1030 109 3.1 2 3.1E-03 4.8E-04

CC.12-3 Y421F 729 80 3.1 1 7.2E-03 6.7E-03

CC.12-3 Y421H 881 27 4.9 1 5.0E-13 2.3E-25

CC.12-3 Y421L 3735 159 4.4 2 5.0E-13 2.6E-77

CC.12-3 Y421N 1039 56 4.1 1 5.0E-13 1.7E-17
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Table D.2 Continued

nAb Variant Counts in

competition

selection

Counts in

reference

population

Enrichment

Ratio

Minimum

nucleotide

distance

FDR p value

for FDR

<1

CC.12-3 Y421W 3746 156 4.5 2 5.0E-13 2.9E-79

CC.12-3 N460V 315 28 3.4 2 1.1E-01 8.5E-03

CC.12-3 Q498H 3844 296 3.6 1 2.1E-02 4.3E-28

CC.12-3 Q498W 4847 466 3.3 2 2.1E-01 4.7E-17

CC.12-3 Q498Y 1445 147 3.2 2 3.1E-01 4.8E-05

CC.12-3 N501F 9266 617 3.8 2 2.3E-03 7.4E-91

CC.12-3 N501W 4284 305 3.7 3 6.9E-03 1.9E-37

CC.12-3 N501Y 9508 639 3.8 1 2.7E-03 1.9E-91

CC.12-3 Y505W 11672 894 3.6 2 1.9E-02 1.3E-82

CC.12-13 A475K 35 11 3.3 2 3.1E-06 3.7E-02

CC.12-13 N501W 2074 745 3.1 3 1.2E-04 1.3E-35

CC.12-13 N460P 21 8 3.0 2 5.1E-04 1.8E-01

CC.12-13 E484N 21 8 3.0 2 5.1E-04 1.8E-01

CC.12-13 N501F 3378 1311 3.0 2 7.8E-04 3.5E-43

CC.12-13 N501V 4041 1593 3.0 2 1.1E-03 3.5E-48

CC.12-13 N501Y 3028 1339 2.8 1 1.2E-02 2.4E-21

CC.12-13 L455M 19 10 2.6 1 2.1E-01 4.5E-01

CC.12-13 N501T 3053 1677 2.5 1 3.6E-01 2.1E-03

CC.12-13 N501I 2695 1531 2.4 1 5.5E-01 4.9E-02

CC.6-29 A475R 174 6 4.4 2 1.1E-07 5.6E-04

CC.6-29 S477P 472 18 4.3 1 1.8E-06 7.2E-08

CC.6-29 T478L 1562 85 3.7 2 3.4E-03 2.1E-13

CC.6-29 T478Q 239 12 3.9 2 8.4E-04 1.6E-03
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Table D.2 Continued

nAb Variant Counts in

competition

selection

Counts in

reference

population

Enrichment

Ratio

Minimum

nucleotide

distance

FDR p value

for FDR

<1

CC.6-29 T478R 1421 77 3.8 1 3.2E-03 1.9E-12

CC.6-29 E484I 392 25 3.5 2 3.3E-02 1.9E-03

CC.6-29 E484K 615 36 3.6 1 1.1E-02 1.9E-05

CC.6-29 E484R 1313 87 3.5 2 5.2E-02 1.5E-07

CC.6-29 F486A 741 27 4.3 2 5.3E-07 4.1E-12

CC.6-29 F486G 866 35 4.2 2 7.8E-06 2.1E-12

CC.6-29 F486I 551 29 3.8 1 1.9E-03 5.6E-06

CC.6-29 F486L 2159 103 3.9 1 3.1E-04 1.4E-22

CC.6-29 F486R 325 20 3.6 2 2.1E-02 3.0E-03

CC.6-29 F486S 1207 47 4.2 1 3.1E-06 1.9E-17

CC.6-29 F486V 1421 58 4.2 1 1.0E-05 4.0E-19

CC.6-31 Q493W 176 39 3.2 2 1.8E-05 3.3E-04

CC.6-31 Q493F 166 41 3.1 3 3.0E-04 2.9E-03

CC.6-31 Y505W 3857 1111 2.8 2 8.5E-03 1.6E-22

CC.6-31 L455W 33 10 2.8 1 2.2E-02 2.9E-01

CC.6-31 Q493Y 124 38 2.7 2 2.7E-02 9.2E-02

CC.6-31 N450A 20 8 2.4 2 1.1E+00 6.0E-01
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Table D.3: Mutations identified in literature. [30, 31,

84, 85, 86]. Related to Figure 3.4.

Mutation Antibody Germline Source (PMID)

T345A 2H04 IGHV1-55 33535027

T345N 2H04 IGHV1-55 33535027

T345S 2H04 IGHV1-55 33535027

R346G SARS2-01 33535027

R346G 2H04 IGHV1-55 33535027

R346K C135 IGHV3-30 32743579

R346M C135 IGHV3-30 32743579

R346S C135 IGHV3-30 32743579

A352D SARS2-01 33535027

Y369C COV2-2082 IGHV3-20 32935107

N370K COV2-2082 IGHV3-20 32935107

N370S COV2-2082 IGHV3-20 32935107

A372S COV2-2082 IGHV3-20 32935107

A372T COV2-2082 IGHV3-20 32935107

A372V COV2-2082 IGHV3-20 32935107

T376I COV2-2082 IGHV3-20 32935107

T376I COV2-2094 IGHV3-20 32935107

K378E SARS2-31 33535027

K378N COV2-2677 IGHV4-39 32935107

K378N COV2-2082 IGHV3-20 32935107

K378N COV2-2094 IGHV3-20 32935107

K378Q COV2-2677 IGHV4-39 33535027

K378R COV2-2677 IGHV4-39 32935107



222

Table D.3 Continued

Mutation Antibody Germline Source (PMID)

K378R COV2-2082 IGHV3-20 32935107

K378R COV2-2094 IGHV3-20 32935107

P384L COV2-2677 IGHV4-39 32935107

P384S COV2-2677 IGHV4-39 32935107

R408I COV2-2082 IGHV3-20 32935107

R408I COV2-2094 IGHV3-20 32935107

R408K COV2-2082 IGHV3-20 32935107

R408K COV2-2094 IGHV3-20 32935107

R408K SARS2-31 33535027

R408T COV2-2082 IGHV3-20 32935107

R408T COV2-2094 IGHV3-20 32935107

A411S COV2-2082 IGHV3-20 32935107

K417E REGN10933 IGHV3-48 32540904

K417N COV2-2082 IGHV3-20 32935107

K417N COV2-2094 IGHV3-20 32935107

K417R COV2-2082 IGHV3-20 32935107

K417R COV2-2094 IGHV3-20 32935107

A435S COV2-2094 IGHV3-20 32935107

D614G+A435S H014 32730807

N439K H00S022 32730807

N440K C135 IGHV3-30 32743579

L441R 2H04 IGHV1-55 33535027

K444E 2H04 IGHV1-55 33535027

K444E SARS2-38 33535027
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Table D.3 Continued

Mutation Antibody Germline Source (PMID)

K444E SARS2-22 33535027

K444N SARS2-38 33535027

K444R SARS2-22 33535027

K444Q REGN10934 IGHV3-15 32540904

K444Q REGN10987 IGHV3-30 32540904

K444R SARS2-22 33535027

V445A REGN10987 IGHV3-30 32540904

V445A COV2-2499 IGHV4-39 32935107

V445F COV2-2499 IGHV4-39 32935107

V445G SARS2-22 33535027

V445I COV2-2499 IGHV4-39 32935107

G446A COV2-2096 IGHV1-8 32935107

G446A COV2-2499 IGHV4-39 32935107

G446D SARS2-02 33535027

G446D SARS2-32 33535027

G446D SARS2-38 33535027

G446D SARS2-22 33535027

G446S COV2-2096 IGHV1-8 32935107

G446S COV2-2499 IGHV4-39 32935107

G446V COV2-2096 IGHV1-8 32935107

G446V COV2-2499 IGHV4-39 32935107

G446V SARS2-02 33535027

N450D SARS2-07 33535027

N450K SARS2-32 33535027
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Table D.3 Continued

Mutation Antibody Germline Source (PMID)

N450Y SARS2-32 33535027

L452M COV2-2096 IGHV1-8 32935107

L452R COV2-2096 IGHV1-8 32935107

L452R X593 32730807

L452R P2B-2F6 IGHV4-38 32730807

L452R SARS2-01 33535027

L452R SARS2-32 33535027

Y453F REGN10933 IGHV3-48 32540904

L455F REGN10933 IGHV3-48 32540904

K458Q SARS2-66 33535027

I472V COV2-2479 IGHV1-69 32935107

D614G+I472V X593 32730807

Q474P SARS2-34 33535027

A475V 157 32730807

A475V 247 32730807

A475V CB6 IGHV3-66 32730807

A475V P2C-1F11 IGHV3-66 32730807

A475V B38 IGHV3-53 32730807

A475V CA1 IGHV1-18 32730807

A475V COV2-2165 IGHV3-66 32935107

A475V COV2-2832 IGHV3-66 32935107

G476D SARS2-21 33535027

G476D SARS2-34 33535027

G476D SARS2-71 33535027



225

Table D.3 Continued

Mutation Antibody Germline Source (PMID)

G476S SARS2-21 33535027

S477G SARS2-16 33535027

S477G SARS2-07 33535027

S477G SARS2-19 33535027

S477G SARS2-34 33535027

S477G SARS2-58 33535027

S477G SARS2-71 33535027

S477I SARS2-58 33535027

S477N SARS2-16 33535027

S477N SARS2-07 33535027

S477N SARS2-19 33535027

S477N SARS2-34 33535027

S477N SARS2-58 33535027

P477L SARS2-07 33535027

S477R SARS2-07 33535027

S477R SARS2-16 33535027

S477R SARS2-23 33535027

S477R SARS2-34 33535027

T478I SARS2-19 33535027

T478I SARS2-21 33535027

T478I SASRS2-71 33535027

T478P SASRS2-71 33535027

P479L SARS2-34 33535027

P479L SARS2-71 33535027
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Table D.3 Continued

Mutation Antibody Germline Source (PMID)

P479S SARS2-21 33535027

V483A X593 32730807

V483A P2B-2F6 IGHV4-38 32730807

V483F SARS2-23 33535027

V483G SARS2-23 33535027

E484A 2B04 IGHV2-9 33535027

E484A COV2-2832 IGHV3-66 32935107

E484A COV2-2479 IGHV1-69 32935107

E484A COV2-2050 IGHV1-2 32935107

E484A 1B07 IGHV2-9 33535027

E484A COV2-2096 IGHV1-8 32935107

E484D COV2-2832 IGHV3-66 32935107

E484D COV2-2479 IGHV1-69 32935107

E484D COV2-2050 IGHV1-2 32935107

E484D COV2-2096 IGHV1-8 32935107

E484D 1B07 IGHV2-9 33535027

E484D SARS2-23 33535027

E484D SARS2-66 33535027

E484G 1B07 IGHV2-9 33535027

E484K COV2-2832 IGHV3-66 32935107

E484K COV2-2479 IGHV1-69 32935107

E484K COV2-2050 IGHV1-2 32935107

E484K COV2-2096 IGHV1-8 32935107

E484K REGN10989 IGHV1-2 32540904
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Table D.3 Continued

Mutation Antibody Germline Source (PMID)

E484K REGN10933 IGHV3-48 32540904

E484K REGN10934 IGHV3-15 32540904

E484K REGN10989/10934 IGHV1-2/IGHV3-15 32540904

E484K 2B04 IGHV2-9 33535027

E484K 1B07 IGHV2-9 33535027

E484K SARS2-02 33535027

E484K SARS2-32 33535027

E484K SARS2-58 33535027

E484K C121 IGHV1-2 32743579

E484K C144 IGHV3-53 32743579

E484Q COV2-2832 IGHV3-66 32935107

E484Q COV2-2479 IGHV1-69 32935107

E484Q COV2-2050 IGHV1-2 32935107

E484Q COV2-2096 IGHV1-8 32935107

G485D REGN10989 IGHV1-2 32540904

F486S 2B04 IGHV2-9 33535027

F486S SARS2-21 33535027

F486V REGN10989 IGHV1-2 32540904

F486V REGN10933 IGHV3-48 32540904

F486V SARS2-58 33535027

F486V SARS2-71 33535027

F486L COV2-2832 IGHV3-66 32935107

F486L SARS2-21 33535027

F486Y 1B07 IGHV2-9 33535027
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Table D.3 Continued

Mutation Antibody Germline Source (PMID)

F490P REGN10989 IGHV1-2 32540904

F490P REGN10934 IGHV3-15 32540904

F490P REGN10989/10934 IGHV1-2/IGHV3-15 32540904

F490L X593 32730807

F490L 261-262 32730807

F490L H4 IGHV1-2 32730807

F490L P2B-2F6 IGHV4-38 32730807

F490L COV2-2479 IGHV1-69 32935107

F490L COV2-2050 IGHV1-2 32935107

F490L COV2-2096 IGHV1-8 32935107

F490L SARS2-66 33535027

F490L C121 IGHV1-2 32743579

F490S COV2-2479 IGHV1-69 32935107

F490S COV2-2050 IGHV1-2 32935107

F490S COV2-2096 IGHV1-8 32935107

F490S SARS2-32 33535027

Q493K REGN10989 IGHV1-2 32540904

Q493K REGN10933 IGHV3-48 32540904

Q493K REGN10989/10934 IGHV1-2/IGHV3-15 32540904

Q493K C144 IGHV3-53 32743579

Q493R C144 IGHV3-53 32743579

Q493K C121 IGHV1-2 32743579

S494L COV2-2096 IGHV1-8 32935107

S494P COV2-2096 IGHV1-8 32935107



229

Table D.3 Continued

Mutation Antibody Germline Source (PMID)

S494P SARS2-01 33535027

P499H COV2-2499 IGHV4-39 32935107

P499R COV2-2499 IGHV4-39 32935107

P499S COV2-2499 IGHV4-39 32935107

G504D SARS2-31 33535027

Y508H H014 32730807
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Table D.4: Table of all Golden Gate reactions performed

Experiment Rep.
Destination

Vector
Insert(s)

Input

DNA

(fmol)

Size

(µl)
Colonies

%

GFP

Neg-

ative

pUC19

Colonies

/µg

DNA

T
ra
n
sf
o
rm

a
n
ts

/
C
a
ss
et
te

N
u
m
b
er

(F
ig
.
5
.2
A
)

1

pND003

PYR1 Cass1+2+3+4

40 25

8.4×105 99.9

3.7× 109

(Rep. 1)

4.5× 109

(Rep. 2)

2 PYR1 Cass1+2+3+4 8.4×105 99.9

1
PYR1 Cass1+2+3,

PYR1 Cass4
4.9×105 99.8

2
PYR1 Cass1+2+3,

PYR1 Cass4
7.2×105 99.9

1

PYR1 Cass1+2,

PYR1 Cass3, PYR1

Cass4

3.4×105 99.4

2

PYR1 Cass1+2,

PYR1 Cass3, PYR1

Cass4

6.0×105 99.9

1 PYR1 Cass1, 2, 3, 4 3.5×105 99.7

2 PYR1 Cass1, 2, 3, 4 3.9×105 99.7

G
G

R
B
D

F
u
n
ct
io
n

T
es
t

(F
ig
.5
.1
D
,5
.1
E
) 1

pIFU037
RBD WT eBlock

(1+2+3)
40 20

3× 103 80.0

NA
2 1× 104 91.6

3 1.1×106 96.0

4 5.3×105 98.0

T
ra
n
sf
o
rm

a
n
ts

/
R
ea

ct
io
n

S
iz
e

(F
ig
.
5
.2
B
)

1 pND003 PYR1 Cass1+2+3+4 40 25 3.2×105 96.9

8.3× 109

(Rep. 1)

4.9× 109

(Rep. 2)

7.1× 109

(Rep. 3)

2 pND003 PYR1 Cass1+2+3+4 40 25 9× 105 98.9

3 pND003 PYR1 Cass1+2+3+4 40 25 9× 105 98.9

1 pND003 PYR1 Cass1+2+3+4 160 100 2× 106 99.5

2 pND003 PYR1 Cass1+2+3+4 160 100 2.4×106 99.6

3 pND003 PYR1 Cass1+2+3+4 160 100 2.7×106 99.6

1 pND003 PYR1 Cass1+2+3+4 320 200 8.2×106 99.9

2 pND003 PYR1 Cass1+2+3+4 320 200 2.3×107 99.9

3 pND003 PYR1 Cass1+2+3+4 320 200 1.9×107 99.9

T
ra
n
sf
o
rm

a
n
ts

/

In
p
u
t

D
N
A

(F
ig
.

5
.2
C
)

1 pND003 PYR1 Cass1+2+3+4 80 25 7x105 98.6

NA

2 pND003 PYR1 Cass1+2+3+4 80 25 2.9×106 99.7

3 pND003 PYR1 Cass1+2+3+4 80 25 4× 106 99.8

1 pND003 PYR1 Cass1+2+3+4 160 25 5.8×106 99.7

2 pND003 PYR1 Cass1+2+3+4 160 25 2.7×107 99.8
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3 pND003 PYR1 Cass1+2+3+4 160 25 6.2×106 99.8
R
B
D

L
ib
ra
ry

(F
ig
.
5
.3
A
)

1

pIFU037

RBD ultramer 1+2+3 200 25
5.6×106 99.9

NA
1 2× 106 99.9

1 RBD oligo pool

1+2+3
400 50

1.6×107 98.0

2 2.3×107 92.0

eB
lo
ck

,
U
lt
ra
m
er
,
o
li
g
o
p
o
o
l
co

m
-

p
a
ri
so
n
(F

ig
.
5
.3
D
)

1

pIFU037

WT RBD eBlock

1+2+3

40 25

1.5×107 99.9

6.2× 109

(Rep. 1)

5× 109

(Rep. 2)

2.5× 109

(Rep. 3)

2 2.5×106 99.9

3 3.4×106 99.9

1
WT RBD Ultramer

1+2+3

3.4×106 99.9

2 1.5×106 99.9

3 1.4×106 99.9

1
RBD oligo pool

1+2+3

3.0×106 99.9

2 1.1×106 99.9

3 2.2×106 99.9
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Table D.5: Library statistics for S RBD sequenced libraries

Library 1 Library 2 Library 3

DNA type Ultramer Ultramer Oligo pool

Number of designed mutations 7776 20736 17725

Number of transformants ob-
tained

5.6× 106 2× 106 2× 107

Cassette incorporation efficiency 99.9% 99.9% 99.9%

Library coverage
100%
(7776/7776)

96.7%
(20043/20736)

99.9%
(17701/17725)

% desired reads (designed variants -
right mutation and number of expected
mutations)

86.8%
(824718/949555)

83.9%
(594753/708766)

80.9%
(2607572/3224158)

% chimera reads (variants with the
correct mutations but with more than
3 mutations in cassette 3)

0% (0/949555) 0% (0/708766)
8.9%
(289648/3224158)

% WT sequence reads
0.22%
(1798/824718)

0.06%
(347/594753)

0.02%
(483/2607572)
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Table D.6: S RBD Single saturation mutagenesis library coverage statistics. Related to
Figure 4.1.

S RBD N343Q (Wuhan-1)

Tile Number Tile 1 Tile 2

Positions 333-436 437-537

Number of Designed Mutations 1120 1260

Transformants Obtained from Nicking Saturation
Mutagenesis

5.00E+05 1.50E+06

Transformants Obtained from Homologous Recom-
bination

8.00E+05 1.00E+06

Library Coverage Per Tile 97% (1089/1120) 92% (1161/1260)

Overall Library Coverage 94.5% (2250/2380)



234

Table D.7: Transformation efficiencies for the libraries generated in the study of RBD
sequence varaibility

LY005 LY006 LY008 LY008 rep LY009

Number of de-
signed mutations

7776 20736 1611 2268

E. Coli Number of
transformants

1.60E+06 1.30E+07 1.00E+09 1.00E+09

Cassette incorpo-
ration efficiency

99.99% 99.99% 99.99% 99.00%

Yeast Number of
transformants

>1E+06 >1E+06 >1E+06 >1E+06 >1E+06

Library coverage
100%
(7776/7776)

99.6%
(20660/20736)

99.6%
(1605/1611)

99.1%
(1597/1611)

100%
(2268/2268)
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