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Antibodies are engineerable quantities in medicine. Learning antibody mole-
cular recognition would enable the in silico design of high affinity binders
against nearly any proteinaceous surface. Yet, publicly available experiment
antibody sequence-binding datasets may not contain the mutagenic, anti-
genic, or antibody sequence diversity necessary for deep learning approaches
to capture molecular recognition. In part, this is because limited experimental
platforms exist for assessing quantitative and simultaneous sequence-function
relationships for multiple antibodies. Here we present MAGMA-seq, an inte-
grated technology that combines multiple antigens and multiple antibodies
and determines quantitative biophysical parameters using deep sequencing.
We demonstrate MAGMA-seq on two pooled libraries comprising mutants of
nine different human antibodies spanning light chain gene usage, CDR H3
length, and antigenic targets. We demonstrate the comprehensive mapping of
potential antibody development pathways, sequence-binding relationships for
multiple antibodies simultaneously, and identification of paratope sequence
determinants for binding recognition for broadly neutralizing antibodies
(bnAbs). MAGMA-seq enables rapid and scalable antibody engineering of
multiple lead candidates because it can measure binding for mutants of many
given parental antibodies in a single experiment.

The success of AlphaFold2' for predicting structure from sequence has
spurred intense interest in deep learning approaches for protein
functional prediction. Arguably the largest open prize in protein bio-
technology is learning antibody molecular recognition, as this would
enable the in silico design of developable, high affinity binders against
any antigenic surface. Deep learning has been utilized to advance
antibody design approaches for overall structure prediction*?, para-
tope and epitope identification*, affinity maturation*® and antibody
sequence humanization’. These examples highlight the promise of

deep learning approaches but also their limitations. Put simply,
unbiased experimental antibody binding datasets do not exist at the
scale required for extant deep learning algorithms to capture antibody
molecular recognition®’.

Researchers recently assessed the scale of experimental data
required for accurate prediction of antibody binding effects upon
mutation’. Through simulated data, they found that a training dataset
comprising hundreds of thousands of unbiased antibody-antigen
binding measurements across thousands of diverse antibody-antigen
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complexes would be sufficient to learn the effect of mutation on
binding energetics. The structure of this data—on the order of a few
hundred mutational data points per antibody spread across thousands
of antibodies targeting diverse antigenic surfaces—suggests a different
paradigm than deep mutational scanning approaches'’, which assess
tens of thousands of mutations for individual proteins. Requirements
for this ‘wide mutational scanning’ paradigm include the ability to (i)
determine quantitative monovalent binding energetics, with mea-
surement uncertainty, for multiple antibodies against different anti-
gens and over a wide dynamic range, (ii) recapitulate the native pairing
of variable heavy and light chains which can be achieved using antigen
binding fragments (Fabs), (iii) track multiple mutations per antibody
on either or both chains simultaneously, and (iv) include internal
controls for quality control and validation. This technology could also
be deployed immediately for current antibody engineering applica-
tions, including the reconstruction of multiple probable antibody
development pathways”, rapid affinity maturation campaigns for
multiple leads simultaneously, fine specificity profiling for antibody
paratopes, and antibody repertoire profiling against different
immunogens.

Current antibody engineering techniques exist but have not
demonstrated the ability to generate the depth of data required for
learning antibody molecular recognition. Antibody deep mutational
scanning using various display techniques has been demonstrated for
different task-specific applications but does not provide quantitative
binding information. Deep mutational scanning has been used to
determine quantitative changes in binding affinity for protein binders
but only for a narrow dynamic range'>, TiteSeq'* utilizes yeast surface
display and next generation sequencing to ascertain quantitative affi-
nities, but has only been demonstrated for a library from one parental
antibody single chain variable fragment (scFv)", which can alter the
paratope through the constrained folding of heavy and light chains
imposed by an inserted linker'. Another high-throughput technique
demonstrated for one antibody included high-throughput mammalian
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display”. Additional demonstrations®" exist that have evaluated
multiple antibodies and antigens simultaneously but are not high-
throughput.

We introduce MAGMA-seq, a technology that combines multiple
antigens and multiple antibodies and determines quantitative bio-
physical parameters using deep sequencing to enable wide mutational
scanning of antibody Fab libraries. We demonstrate the ability of
MAGMA-seq to quantitatively measure binding affinities, with asso-
ciated confidence intervals, for multiple antibody libraries. We validate
the results of MAGMA-seq with isogenic antibody variant titrations (i.e.
labeling isogenic yeast displaying Fabs at various concentrations of
antigen and fitting fluorescence measurements to a binding isotherm
to extract Kp). We further demonstrate the utility of MAGMA-seq on a
mixed pool of antibody libraries with two distinct antigens, SARS-CoV-
2 spike (SI) and influenza hemagglutinin (HA), and recover the
sequence-binding profiles for six antibodies across four distinct pro-
tein surfaces. MAGMA-seq facilitates the engineering of antibodies for
different applications in parallel: we demonstrate the mapping of
potential antibody development pathways, antibody responses to
multiple epitopes simultaneously, and identification of paratope
sequence determinants for binding recognition for broadly neutraliz-
ing antibodies (bnAbs). MAGMA-seq enables rapid and scalable anti-
body engineering.

Results

The protocol for MAGMA-seq (Fig. 1a) starts by generating mutagenic
libraries for all antibodies of interest in a Fab format. Fab libraries are
subcloned into yeast display vectors each containing a 20 nt molecular
barcode; the Fab variant and barcode are paired by sequencing. The
library is transformed into yeast, and yeast is grown and induced to
surface display the Fabs. The yeast library is sorted at multiple labeling
concentrations of antigen(s) by collecting a fixed percentage of yeast
cells. After sorting, the collected yeast plasmids are extracted, and the
barcode region is sequenced using short-read sequencing. The
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Fig. 1| MAGMA-seq is an integrated technology for antibody wide mutational
scanning. a Protocol schematic. b Yeast surface titrations of 4A8 and CC12.1
Fabs against Fc-conjugated S, in the established (light) and updated (dark) yeast
surface display vectors. Cytograms from indicated data points are shown for
updated yeast surface backbones. Inset describes experimentally determined

IGHV1-69 14 Lambda 1GLV1-51 9.4 5,500

Kp values (n=2). ¢ Antibodies assessed using updated yeast surface display
vectors. RBD Receptor Binding Domain Wuhan Hu-1, NTD N Terminal Domain
Wuhan Hu-1, NA influenza neuraminidase N2 A/Brisbane/10/2007, HA influenza
hemagglutinin A/Brisbane/02/2018 H1. Source data are provided as a Source
Data file.
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sequenced data and sorting parameters are then input into a compu-
tational maximum likelihood estimation (MLE) pipeline to infer most
likely biophysical parameters, and associated confidence intervals, for
each antibody variant.

There have been several yeast display Fab plasmids described**;
ours most closely relates to a Golden Gate compatible plasmid from
Rosowski et al.?° Common to many plasmids, including Rosowski
et al.°, is the light chain and heavy chain (V and CH1) expressed using
a Gall/Gall0 galactose-inducible bidirectional promoter (BDP). We use
Golden Gate” to assemble small shuttle vectors containing the Vy, Vy,
and BDP, as well as regions of homology to the CHI1 and light chain
sequence. After mutagenesis, the Fab yeast surface display library is
generated by Gibson assembly?® using the regions of homology on the
shuttle vector and empty yeast surface display vector containing the
barcode. Beyond these innovations, we made several useful changes to
the Rosowski plasmid (Supplementary Fig. 1), including (i) construct-
ing plasmids for both kappa and lambda light chains; (ii) encoding a V5
C-terminal epitope tag on the light chain to assess light chain expres-
sion; and (jii) making a conservative coding mutant in CH1 and several
silent mutations on the yeast vector for compatibility with short-read
sequencing.

To test whether our updated plasmids interfered with Fab bind-
ing, we performed yeast surface titrations of SARS-CoV-2 antibodies
4A8” and CCI12.1*° against Wuhan Hu-1 Sl in the established and
updated yeast surface display vectors (Fig. 1b) and fit the mean fluor-
escence data (F) to a saturable binding isotherm:

- [$1],
- (Fmax - Fmin) m +Fmin (1)

l

Here F,ay is the maximum average cell fluorescence at binding
saturation, [S1], is the ligand concentration, F,;, is the cell auto-
fluorescence, and K, is the monovalent binding dissociation constant.
The confidence intervals for Kp overlapped for both antibodies
(Fig. 1b), suggesting that the combined changes were not deleterious
for binding. For further validation, we performed additional yeast
surface titrations with a representative set of antibodies encompassing
diverse Complementarity-determining region (CDR) H3 lengths
(lengths 11-23), immunoglobulin heavy chain variable region (IGHV)
gene families, and either lambda or kappa light chains (Fig. 1c; Sup-
plementary Fig. 2). In all cases, interpretable binding isotherms were
observed. Thus, our yeast display plasmids can measure binding for a
range of human Fabs.

To demonstrate the capability of MAGMA-seq to track potential
development trajectories of multiple antibodies simultaneously, we
selected three anti-S1 antibodies”* that target Wuhan Hu-1 S1 at two
distinct domains, the RBD and the NTD (Fig. 2a). For each of these
antibodies, mutagenic libraries theoretically comprising all possible
sets of mutations between the mature and inferred universal common
ancestor (UCA) were constructed using combinatorial nicking
mutagenesis*>* and the libraries were pooled in approximately equi-
molar ratios and assembled into the yeast surface vector with a target
of multiple barcodes per antibody variant (Fig. 2a).

Several deep mutational scanning protocols pair a barcode to an
encoded protein variant using long-read sequencing'****. MAGMA-
seq is compatible with both long-read sequencing and short-read
sequencing. For short-read sequencing, the barcode is separately
paired with the Vi and V| using independent Golden Gate intramole-
cular ligation reactions®, which places the barcode adjacent to either
the CDR H3 or the CDR L3 (Fig. 2b). The reaction products are sepa-
rated on an agarose gel to remove concatemers and isolate the correct
intramolecular ligation product (Supplementary Fig. 3), and amplicons
are prepared for paired end short-read sequencing. PCR-based
amplicon preparation of mixed populations is known to result in chi-
mera formation between closely related nucleic acid sequences®*, We

evaluated several different amplicon preparation protocols by asses-
sing chimera formation between three isogenic plasmids containing
distinct mutations and unique barcodes. Using this approach, we
identified a protocol resulting in low amounts of overall chimera for-
mation (Supplementary Fig. 4).

To evaluate the fidelity of our protocol, we sequenced 20 isogenic
clones using Oxford Nanopore sequencing. The pooled, mutagenic
antibody library was prepared in replicates for Illumina short-read
sequencing following our optimized protocol for both Vy and V.
pairings. 95% (19/20; replicate 1) and 85% (17/20; replicate 2) of
barcode-antibody pairing was identical between nanopore and short-
read sequencing (Fig. 2¢), and no incorrect calls were made in either
replicate. In total, we paired 1059 barcodes and recovered 64/64
CC12.1 variants (100% library coverage), 48/64 COV2-2489 variants
(75% library coverage) after an alternative filtering step (Supplemen-
tary Fig. 5), and 56/64 4A8 variants (87.5% library coverage) with a
mean of 4.8 barcodes per variant (Fig. 2d).

The library was transformed into yeast, passaged, and induced by
galactose. We sorted the library at 10 different S1 labeling concentra-
tions by sorting yeast cells into two bins by fluorescence using the
channel corresponding to binding S1 (Figs. 1a and 2e, Supplementary
Fig. 6). We sequenced and counted the number of barcodes collected
from each of the bins at every sampled concentration as well as a
reference population of Fab displaying cells. The count data were
aggregated with fluorescence bin limits, sorted cell counts, and pre-
determined parameters describing the expected fluorescence dis-
tributions, and then analyzed by a custom MLE algorithm to generate
monovalent binding dissociation constants (Kp) and max mean fluor-
escence at saturation (F.,) estimates for each variant. Our MLE
algorithm performs minimization of the difference between observed
and expected sequencing counts given an underlying system of
equations describing the theoretical distributions and anticipated
measurement error (for full details, see Supplementary Note 1, Sup-
plementary Figs. 11-13, Supplementary Table 1). Importantly, the
algorithm can quantify Kp estimate uncertainty (Fig. 2f). Distributions
of Kp estimates were observed to be consistent across barcodes of the
same variant, with high overlap between confidence intervals (Fig. 2g
and Supplementary Fig. 7). Our MLE algorithm uses two fixed global
parameters relating to the estimated error rate in FACS and the
fluorescence probability distribution of the expressed constructs. We
evaluated the sensitivity of the output on these parameters, finding
that the mean absolute error in logKp ratio ranged from 0.016 - 0.039
log;0(Kp/Kp,wt), showing little effect overall on our parameter choices
(Supplementary Fig. 8).

To address whether parameter estimates from MLE are consistent
with isogenic titrations, we used combinatorial nicking mutagenesis®
to prepare biological replicates for 61 separate 4A8 variants. For each
variant, we performed four isogenic titrations (n=4; 2 technical
replicates and 2 biological replicates of each, see Supplementary
Data 2) and determined the change of dissociation constant relative to
the mature 4A8 Fab (log;o(Kp/Kpwt)). While we observed a single
outlier, likely because of low sequencing coverage (average counts per
bin = 7, Fig. 2h), the mean absolute error of MLE generated Kps relative
to the isogenic titrations fell at or below the level of precision of the
isogenic titrations for almost all variants tested (isogenic titration
experimental limit = 0.21 logKp/logKp (e, Fig. 2h). Additionally, the
MLE algorithm captured the statistically significant differences in Fp,ax
that are known to exist between 4A8 and CC12.1 Fabs from isogenic
titrations (Fig. 2i). Thus, MAGMA-seq can recover biophysically
meaningful parameters that are consistent with isogenic titrations.

We performed regression analyses on the MAGMA-seq output to
gain insight into the impact of individual mutations as well as to
determine epistatic effects of mutations on the overall development
trajectory for the 4A8, CC12.1, and COV2-2489 antibodies. As expected,
due to the high Kp and low F,,x observed for COV2-2489 WT (see
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Fig. 1c), we noticed that few barcodes from any variants of this anti-
body appeared in any of the sorted bins at substantial quantities and
similar analysis was not completed. For 4A8 and CC12.1, we performed
one-hot encoding of the programmed mutations and then analyzed
each antibody separately using different regression techniques
(Ordinary Least Squares (OLS), Least Absolute Shrinkage and Selection
Operator (LASSO)*°, and Ridge Regression* (Supplementary Data 3).
While agreement was observed amongst all regression methods, we
selected the LASSO due to the parameter minimization inherent to the
method.

LASSO regression for the 4A8 isogenic clone logKp ratio titration
data and a 2" order model fit the data with MAE =0.099 log;o(Kp/
Kp,we)- All 2" order coefficient weights fell below 0.07 1og;0(Kp/Kp,we)
(less than 17% absolute difference in binding affinities), supporting a
sparse development pathway (Fig. 3a). An identical analysis performed
on the 4A8 MLE dataset reproduced the same sparse pathway results
(Fig. 3a; MAE = 0.063 log;0(Kp/Kp,wt))- Surprisingly, only the light chain
mutation M94T had any appreciable effect on binding. The coefficient

weights for the 4A8 titrations and MLE proved consistent with a cor-
relation coefficient of 0.94 for all first order weights (Fig. 3b). The
correlation coefficient for all first and second order weights is lower at
0.70 due to the noise present in the titration data collection (Fig. 3b).
MAGMA-seq also allowed us to perform regression analysis on Fy,.y, a
proxy for the total amount of active Fab on the yeast surface. For 4A8, a
2™ order model showed F .. is influenced by multiple mutations. 159M
decreases F.x by 10%, and K120Q improves F,,.x values by 9% com-
pared to mature 4A8 (Fig. 3c).

Analogous regression for antibody CCI12.1 was performed using
the MLE data for AAGpinging and Fmax. A second order model described
the data with MAE = 0.07 log;0(Kp/Kp,wt) and 3923 RFU for AAGpinding
and F,.,, respectively. Consistent with 4A8, we found a sparse muta-
tional landscape with CCI12.1 and S1 where only two mutations, F27L
and Y58F, are required for enhanced affinity (Fig. 3d). M104L improves
Fmax Values by approx. 16% in the presence of F27L and Y58F (Fig. 3e).

4A8 binding to Sl is mediated predominantly by the Vi chain with
important contacts to the NTD in CDR H1 and CDR H3?. V; M94T is the
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only one of six mutations from germline that improves binding affinity.
A structural hypothesis for this mutation is that it repositions the
CDR H3 in a more productive conformation for NTD recognition
(Fig. 3f). CC12.1 uses both Vi and V, to contact S RBD*? (Fig. 3d). Y58F
directly contacts the RBD surface for improved binding, while F27L
may subtly reposition the CDR H1 for improved recognition. M104L
decreases binding affinity in the context of F27L and Y58F but
improves functional expression, and it may participate in subtle
antibody-antigen rearrangements which could cause the minor 2-body
effects seen (Fig. 3d, g). MAGMA-seq alone as well as in combination
with known structures can aid in the structural and genetic under-
standing of antibody development trajectories.

To determine whether MAGMA-seq can evaluate multiple anti-
bodies sorted against multiple antigens simultaneously, we prepared a
library containing mutants of eight distinct antibodies®*™*¢ (1GO1,
1G04, 319-345, 222-1C06, CR6261, 2-7, UCA 2-17, and 4A8) containing
varying light chain gene usage and CDR H3 length. 1G01 and 1G04 bind
at the active site on NA influenza neuraminidase N2 A/Brisbane/10/
2007*. CR6261 is a bnAb binding to group 1 HAs*. 319-345 and 222-
1C06 are nAbs which recognize the anchor epitope on H1 HA*, 2-7,
UCA_2-17, and 4A8 recognize SARS-CoV-2 spike Wuhan Hu-1*
(Figs. 1c, 4a). We sorted replicates of this library of 4,105 matched
barcoded antibodies against 11 varying combined concentrations of
HA and S1. The 11 sorts were structured such that, at all labeling
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concentrations, the average population had an appreciable binding
signal (Supplementary Fig. 9). One labeling concentration contained
only HA or S1, respectively. Additionally, the library contained internal
controls for evaluating the sorting error and for assessing the fidelity
of affinity reconstruction. The complete dataset for all antibody var-
iants is listed in Supplementary Data 4. As expected, none of the NA-
specific 1GO1 or 1G04 antibody variants had inferred dissociation

constants below 1 pM for either the HA or S1 antigen. HA-specific and
S1-specific antibodies mapped neatly to one of the two antigens using
the antigen-only sort (Fig. 4b). The 4A8 variants, included as internal
controls, were consistent with the parameter weights from the pre-
vious sort (logKp ratio of T94M relative to the S7T variant: 1.33).
Additionally, the estimated Kp values from MLE are reasonably con-
sistent between replicate sorts. After removing variants containing
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Fig. 4 | MAGMA-seq infers biophysical properties in mixed antibody, mixed
antigen sorts. a Antigen-specific antibody sub-libraries and antigens used in the

sorting experiments. Non-binders 1G01 and 1G04 were also included. b Probability
of an antibody variant sorted into an antigen-specific bin when only 2000 nM of S1
(Y-axis) or H1 HA (X-axis) was incubated with yeast. For HA, only the top sorting bin
was included in the analysis. ¢ R? of MLE K, estimates from sort replicates for HA

targeting antibodies 222-1C06, 319-345 (anchor epitope), and CR6261 (stem

epitope). d Structure (PDB ID: 3GBN) of CR6261 bound to H1 HA. Purple sticks are
HA-contacting positions that are encoded from the inferred UCA sequence. The
side chains of residues mutated in the mature antibody relative to the UCA are
shown as gold sticks and lines. e, f LASSO regression of e logKp, ratios and f Fyx
percentage differences one body and two body weights for CR6261. Weights are
shown relative to the mature antibody. Source data are provided as a Source
Data file.
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stop codons and non-converged values, we observe an R? of 0.71 and
MAE of 0.32 log;o(Kp/Kp,wt) for antibodies 222-1C06, 319-345 (anchor
epitope), and CR6261 (stem epitope) (Fig. 4c). Relative to replicate 1,
replicate 2 underpredicts some of the intermediate affinity antibodies.
We attribute this discrepancy to the absence of the 100 nM labeling bin
for the second replicate.

Two antibodies in the library contained mutations allowing for the
reconstruction of potential development trajectories from their
inferred UCA sequence. 2-7 is a Wuhan Hu-1 Sl-specific nAb*°. 2-7
contains five mutations from its inferred germline, all in the V, (A5G,
A31G, D52E, K55N, T95S). The inferred development (Supplementary
Fig. 10) was superficially like the sparse development pathways
observed for 4A8 and CC12.1, with four 1* order couplings predicting
the dissociation constants of the potential pathway variants, as sup-
ported from LASSO regression.

CR6261 is an influenza bnAb targeting the HA stem epitope ori-
ginally described by Throsby et al.”. It is an unusual antibody in two
ways. First, its development trajectory is dissimilar to other VH1-69
anti-HA antibodies previously characterized”. Second, it confers
molecular recognition only through its Vy, mainly by positioning
apolar residues at framework 3 (FR3) (F74, V78), in CDR H1 (F29), and in
CDR H2 (F54) in a hydrophobic groove*** (Fig. 4d). Both CDR residues
are encoded in germline VH1-69 sequence in allelic human populations,
but the inferred UCA sequence does not appreciably recognize the H1
HA stem epitope®. The potential first steps of its trajectory from its
inferred UCA sequence have been developed by Lingwood et al.*,
supporting a first committed step of some combination of H1 muta-
tions T28P and S30R necessary for orientation of F29, and at least some
subset of the framework 3 (FR3) mutations (E73D/T75A/S76G/A78V)
necessary for F74 insertion (Fig. 4d). We sampled 2.9% (470/16,384
possible variants) of the potential sequences between the UCA and
mature CR6261. MAGMA-seq recovered a Kp of 12nM for mature
CR6261, consistent with isogenic titration of 9.4 nM and with previous
literature reports®. LASSO regression supported a 2™ order epistatic
model (Supplementary Data 3), with a total of 5 1% order and 15 2™
order weights above an absolute 0.18 log;o(Kp/Kpw:) energetic
threshold. Consistent with the studies from Lingwood and Pappas, the
strongest 1 order weights contributing to binding affinity are T28P,
S30R, and FR3 mutation ASOV (Fig. 4e), and the two strongest 2" order
weights are the epistatic couplings between T28P/S30R (0.65 log;o(Kp/
Kpwe)) and S74F/A80V (0.57 log;o(Kp/Kp,we)).- The known epistasis in
the T28P/S30R mutations can be rationalized as altering the orienta-
tion of the CDR H1 loop such that F29, usually buried, largely becomes
solvent exposed in the unbound structure. Consistent with this
hypothesis, the surface expression of Fabs containing T28P/S30R
mutations decreased by approximately 10% (Fig. 4f), as expected for
mutations which increase the apolar solvent accessible surface area.
The other epistatic relationship observed of S74F/A78V can relate to
the positioning of hydrophobic residues, where the 78V is needed to
constrain the correct F74 rotamer for precise shape complementarity
in the stem groove. In sum, the sparse sampling of bnAb mutants allow
for the reconstruction of the development pathways that are in con-
cordance with the existing body of structural, genetic, and immuno-
logical evidence for this antibody. Thus, MAGMA-seq can reconstruct
the likely development pathways for multiple human antibodies
against different antigens in the same experiment.

The libraries described thus far are all retrospective analyses of
antibody development trajectories, where libraries encoded chimeras
of the mature and UCA sequences. To further investigate the utility of
this method, our second demonstration of MAGMA-seq included a
prospective antibody development library and a few CDR targeted site-
saturation mutagenesis libraries. We generated each of these antibody
libraries in parallel reactions and subsequently pooled and barcoded
the variants. We bottlenecked the library, which selected individual
variants randomly, and assessed it with MAGMA-seq.

To test whether MAGMA-seq could map prospective antibody
development trajectories, the mixed library contained a subset of a
larger library of the UCA sequence of the anti-S NTD 2-17 (UCA_2-17)*.
This larger library theoretically contained all single nucleotide sub-
stitutions at the CDRs and framework positions. Its UCA was predicted
to bind at a K4 of 2050 nM (range 400-3200 nM; 0.23 log;o(Kp/Kp,wt)
s.d.; 58 barcoded UCA sequences) and a mean F,,, =890, consistent
with measurements of the isogenic control (Fig. 1c). We were able to
recover 318 uniquely barcoded variants. Many of these mutants, like
VH:Y9IDHN or Vi:C92GFY near the CDR H3, are expected to structu-
rally destabilize the protein, resulting in non-specific binders. Still,
several mutants had lower inferred dissociation constants or higher
Fimax values than the UCA, including Vi:I51IN in CDRH2 (K4 970 nM) and
V1:N32D (F,2x 4,000) observed in the mature 2-17 sequence, Vy;:S75P
(Kg 400nM), and Vi:A97P in CDRH3 (Kyq 490 nM) (Fig. 5a). Thus,
MAGMA-seq can evaluate potential forward trajectories for antibodies
that are consistent with genetic and structural data.

We also used MAGMA-seq to infer the preliminary rules of
recognition for an emerging class of influenza neutralizing antibodies.
Antibodies 319-345 and 222-1C06 target a distinct anchor stem epi-
tope of H HA**. Anchor bnAbs appear to be germline restricted to light
chains VK3-11 or VK3-15, with heavy chains from germlines VH3-23,
VH3-30/VH3-30-3, and VH3-48. All mature anchor bnAbs encode a CDR
H3 of diverse amino acid sequences, with a glycine either at the
beginning or end of the CDR H3 and two to four hydrophobic residues
at the middle of the sequence. The cryo-EM structure of 222-1C06
bound to H1 HA shows the structural basis of recognition. The inter-
action at the anchor epitope is dominated by multiple hydrophobic
interactions across the heavy and light chains. The germline-encoded
and invariant CDR KL3 ‘NWPP’ motif from positions 93-95 A are at the
center of the binding interface. CDRH2 (Leu55) and CDRH3 (Trp99,
Pro100, Thr100a) all contribute hydrophobic contacts at the binding
interface (Fig. 5b, c).

We recovered 183 and 390 single non-synonymous mutants of
222-1C06 and 319-345, respectively (1429 uniquely barcoded variants).
The observed Kp for mature antibodies were low nM (319-345: 16 nM;
222-1C06: 27nM) and highly reproducible between independent
barcodes (319-345: 0.092 log;o(Kp/Kpwe) S.d., n=171; 222-1C06: 0.07
log10(Kp/Kpwe) s-d., n=92). CDR loops L1, L2, and H1 make peripheral
contacts at the interface. Consistent with this, only 3.8% of single
mutants (2/118 and 11/161 for 222-1C06 and 319-345, respectively) at
CDR L1, L2, and H1 positions disrupted binding affinity by greater than
0.7 log10(Kp/Kp,we) (Supporting Data 4). This contrasts with CDR H2,
where 40% (20 of 51) of single and double mutants disrupted binding
greater than 0.7 log;o(Kp/Kp wt), supporting the importance of H2 in
recognition of the anchor epitope (Fig. 5¢). While the library under
sampled CDRH3, mutations at Trp99 for 222-1C06 (W99E log(Kp i/
Kpwr) 1.9) and Gly100d for 319-345 (G100dL/1>2.1 log;o(Kp/Kp wt))
were deleterious, consistent with the precise positioning of the loop
needed for binding. In the KL3 ‘NWPP motif, observed mutations at
N93 seem to have little effect on binding affinity, while mutations at
W94, P95, and P95a seem to drastically disrupt binding in 222-1C06
(Fig. 5¢). Intriguingly, mutations at these same positions in 319-345 are
only mildly deleterious (Fig. 5c), suggesting that the antibody para-
topes are positioned slightly differently against HA.

To identify candidate mutants with lower binding affinities
than the mature antibodies, we identified all variants with
log(Kpi/KD,wt) values falling at least two standard deviations below
zero. No 319-345 mutants met this cutoff, while four 222-1C06 variants
did (VH:E100bG, VH:S54G, VH:D101G, and VH:D101S; Fig. 5¢). E100b is
adjacent to an acidic patch on HA in the structural complex (Fig. 5c),
and so mutation to glycine likely improves binding by eliminating this
unfavorable electrostatic contact. The mechanistic basis of the D101
mutations remains unclear, as mutation likely disrupts a salt bridge
with CDRH3 R94. Likewise, the effect of S54G is obscure, although we
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mutational profiles for certain residues in the CDR H3 and KL3. CDRs L1-L3 and H1-
H3 are shown as larger width ribbons than the rest of the main chain. Residues with
a CB within 5 A of HA are shown as colored sticks. The panel inset for the EI00bG
mutation shows the electrostatic potential surface of H1 HA. Source data are pro-
vided as a Source Data file.

note that this mutation occurs in several 319-345 clonotypes** isolated
from patients.

Discussion

In this paper we present MAGMA-seq, an integrated technology for
quantitative wide mutational scanning of human antibody Fab librar-
ies. We demonstrate MAGMA-seq on two pooled libraries comprising
mutants of ten different human antibodies spanning light chain gene
usage, CDR H3 length, and antigenic targets. Analysis of MAGMA-seq
outputs allows for the simultaneous mapping of retrospective and
prospective potential antibody development pathways, paratope affi-
nity maturation, and the sequence dependence on binding for broadly
neutralizing antibodies. MAGMA-seq can be deployed immediately not
only in these areas but for affinity maturation campaigns, specificity
mapping campaigns, and for fine paratope mapping. A compelling
advantage of MAGMA-seq is its ability to measure binding for mutants
of many given parental antibodies in a single experiment. Since mod-
ern biotech campaigns typically use dozens of candidates in initial
testing, MAGMA-seq enables the streamlining of such measurements.

We used MAGMA-seq to reconstruct potential development
pathways for anti-influenza (CR6261) and anti-SARS-CoV-2 (4AS8,
CCl12.1, 2-7) nAbs. We found that these development pathways can be
reconstructed by considering binding contributions from only a
handful of the mutations. This is supported by a body of evidence from
other protein families®*? showing the sparseness of functional protein
landscapes®™. We also found that these sequence-binding fitness
landscapes were most consistent with one-body or at most two-body
interactions, consistent with recent protein engineering literature™ >,
The resulting implication is that sampling of a small percentage of
potential variants is sufficient for reconstruction of fitness landscapes.
Indeed, for the CR6261 experiments we sampled 470 out of 16,384
possible variants and were still able to reconstruct a development
trajectory supported by existing evidence. Likely many such antibody
trajectories can be inferred from relatively few experiments.

We also evaluated the sequence dependence of two recently
described nAbs targeting the anchor epitope on influenza HA. Our
broad findings established the importance of several key mutations at
the antibody side of the interface, identified electrostatic com-
plementarity as a mechanism for improving nAb recognition to the
anchor epitope, and highlighted the importance of shape com-
plementarity for the diverse CDR H3 sequences found to fit in the

interface. We anticipate that MAGMA-seq will be used to enumerate
the sequence determinants for entire sets of antibodies targeting key
neutralizing or other important antigenic epitopes.

There are some limitations with the current demonstration of this
technology. First, we assess binding using yeast surface display, lim-
iting the practical dynamic range of binding affinities to 0.5 nM-2 puM.
At high affinities, the labeling time to reach equilibrium reaches >10 h,
and at low affinities the antigen can dissociate off the yeast surface
during sorting”. Many therapeutic antibodies with low picomolar
monovalent binding affinities would be impracticable to assess accu-
rately. Second, we have measured order of magnitude differences in
Fmax values between different mature Fabs (see Fig. 1c). Evidence
suggests some correlation between functional expression on the yeast
surface and stability of variants deriving from the same parental
sequence®*®, but a complete understanding of what drives differential
Fab expression between parental Fabs is not yet known. The low F,ax
values of some antibodies can hinder MLE performance solely due to
the variant having low probability of being sorted into a bin, which was
exemplified by the low counts of antibody COV2-2489 variants col-
lected in our first demonstration. Third, the MLE algorithm uses one
global parameter that cannot be measured during the experiment.
Despite this limiting assumption, the inferred monovalent dissociation
constants match published results where known. Fourth, no explicit
removal of non-specific binders, like that seen for the anti-S NTD 2-17
sorts, were performed here. A parallel sort with polyspecificity reagent
could improve discrimination of bona fide binders. Fifth, we note that,
due to the implementation of FACS with yeast display, accuracy of
MAGMA-seq estimated binding affinities may not precisely match
gold-standard in vitro measurements like SPR, where antibody/antigen
interactions are more directly quantified. Additional encumbrances to
the method presented include the formation of antibody sequence
chimeras during intramolecular ligation that reduce the number of
identified barcodes and the use of TruSeq small RNA single 6-nt index
adapters that allow for more index hopping during Illumina sequen-
cing. Technical improvements would remain compatible with the rest
of the MAGMA-seq workflow. Long-read sequencing is becoming
increasingly inexpensive and more accurate, and as it improves it
removes the necessity of PCR amplification.

We demonstrated this technology on libraries of fewer than
10,000 variants, although the functional limit on the library size is
much larger. The potential complexity bottlenecks for library size are
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through generation of individual mutagenic libraries, Gibson assembly
into barcoded yeast display plasmids, transformation into yeast,
sorting in yeast, and sequencing. An additional complexity bottleneck
arises through the linking VH and VL genotypes via barcodes. The
major bottleneck at the current stage of development is through cell
sorting. For sorting speeds of commercially available cell sorters, the
protocol leads to approx. 1000 cells collected per sorting bin (10,000
events per second x 40% Fab displaying cells per event x 25% collection
of the Fab displayed cells). Since we sample at least 150-fold above the
theoretical size of the library, this means that a library size of 10,000
would take 25 minutes per labeling concentration. Sorting the full suite
of 10-12 labeling concentrations would then take a full working day,
including start-up and shutdown. Significantly larger libraries would
require multiple days of sorting or multiple cell sorters running in
parallel.

Massively parallel measurements of protein binding affinities can
be used to train deep learning models to capture antibody molecular
recognition. We have demonstrated that this MAGMA-seq technology
can perform wide mutational scanning for multiple antibodies against
different antigens over a wide dynamic range of binding affinities.
These measurements are made in a natural human Fab background
and have multiple internal controls needed for quality control and
validation. The next steps are an integrated computational and
experimental appraisal of the quality and quantity of data needed for
such purposes.

Methods

Materials

All media components were purchased from ThermoFisher or VWR. All
enzymes were purchased from New England Biolabs unless otherwise
specified. The recombinant SARS-CoV-2 Spike S1-hFc-His tagged pro-
tein used for titrations and sorting was purchased from ThermoFisher
(RP-876-79). The recombinant neuraminidase (NA) for titrations was
obtained through BEI Resources, NIAID, NIH: N2 Neuraminidase (NA)
Protein with N-Terminal Histidine Tag from Influenza Virus, A/Bris-
bane/10/2007 (H3N2), Recombinant from Baculovirus, NR-43784. The
ectodomain of A/Brisbane/02/2018 H1 HA with a foldon trimerization
domain was expressed in HEK293T cells (ATCC, female, #CRL-11268)
and purified using Ni-NTA affinity chromatography. Recombinant
neuraminidase and recombinant hemagglutinin were biotinylated in a
20:1 molar ratio of biotin to antigen with EZ-Link NHS-Biotin (Ther-
moFisher, 20217) following the manufacturer’s instructions.

Plasmids

All plasmids were constructed using either NEBuilder HiFi DNA
Assembly Master Mix (New England Biolabs) for Gibson assembly**, by
Golden Gate assembly”~°, using a Q5 Site-Directed Mutagenesis Kit
(New England Biolabs), or by nicking mutagenesis®>*°. Synthetic DNA
was ordered either as gBlocks or eBlocks (IDT). A complete list of
plasmids, libraries, gene blocks, and primers are located in Supple-
mentary Data 1.

pMBKO046, the old 4A8 Fab YSD vector, was constructed by
Golden Gate assembly with plasmids pMBKO08 and pMBK027 and
gene blocks 7 & 8. pMBK047-pMBK228, the 4A8 Fab YSD library
plasmids, were generated by combinatorial nicking mutagenesis®* with
PMBKO046 as the template and primers 142 and 328-339 and isolated by
Sanger sequencing (Genewiz) of individual colonies.

The mini-mutagenesis shuttle vectors for the 4A8/CC12.1/COV2-
2489 library: pMBK231, pMBK233, pMBK234, pMBK235, pMBK236,
pMBK237, pMBK248 were generated by golden gate assembly of the
antibodies corresponding VH and VL gene fragments with pBMP103-
UMI and pBDP and were sequence confirmed by Oxford nanopore
sequencing (Plasmidsaurus).

The isogenic yeast display Fab plasmids were constructed by yeast
homologous recombination. The sequence verified shuttle vector(s)

(pMBK231-pMBK248, pMBK317-pMBK318, pMBK341-pMBK342) and
the yeast display plasmids pBMP103 for kappa antibodies and
pMBK275 for lambda antibodies were separately digested with NotI-HF
and bands corresponding to the antibody Fab or yeast vector back-
bone were fractionated on an agarose gel and extracted using
Macherey-Nagel NucleoSpin® Gel and PCR Clean-up kit (740609.50).
The purified DNA was mixed in a 2:1 molar ratio of Fab insert to yeast
display backbone and co-transformed into chemically competent
EBY100 (ATCC MYA-4941).

The Fab shuttle vectors with kanamycin (pBMP101 and pMBK272)
and chloramphenicol (pMMP_kappa and pMMP_lambda) antibiotic
resistance genes were constructed using either gBlocks or eBlocks
(IDT) and Gibson Assembly using NEBuilder HiFi DNA Assembly
Master Mix.

The lambda mRFP yeast surface display plasmid, pYSD_lamb-
da_mRFP, was constructed by first digesting pYSD_kappa_mRFP with
Pacl and NotlI-HF to remove the kappa light chain segment and next the
lambda light chain e-block was cloned in by Gibson Assembly using
NEBuilder HiFi DNA Assembly Master Mix.

Construction of Fab libraries

Fabs were diversified either by complete combinatorial mutagenesis®,
site-saturation mutagenesis®, or oligo pool nicking mutagenesis®’.
Complete combinatorial libraries of Fabs were prepared from mature
human antibodies and their inferred universal common ancestor
(UCA). UCA sequences were inferred using IgBLAST®. In total, 10
mutagenic libraries were prepared (all library details are in Supple-
mentary Data 1).

To generate libraries LOO1, L002, LO03, L024, and L029, combi-
natorial mutagenesis was performed exactly as previously described®
using the mini-mutagenesis plasmids pMBK234, pMBK235, pMBK236,
pMBK237, pMBK233, pMBK248, pMBK317, and pMBK318, as the par-
ental plasmid DNA templates and the mutagenic oligos 137, 139, 142,
145, 146, 153, 332-339, 347-356, 375-376, and 456-459, (IDT) con-
taining degenerate codons that encode either for the mature antibody
residue or the UCA residue.

Briefly, a plasmid strand is selectively nicked and degraded leav-
ing circular single-stranded parental template DNA strands. Mutagenic
oligos containing degenerate codons can anneal to the single-stranded
parental templates and the rest of the strand is synthesized and ligated
via polymerase and ligase resulting in heteroduplex plasmids. Next,
the alternate plasmid strand is selectively nicked and degraded and
subsequently an oligonucleotide can anneal to a non-mutagenic region
and the complete plasmid can be synthesized with polymerase and
ligase.

To construct libraries OMILO04, OMILOO6, OMILO11, and
OMILO012 for 319-345, 222-1C06, 1GO1, and 1G04, targeted site-
saturation mutagenesis was performed by the method of Bloom®.
Template linear PCR products were made using primers OMI1009 and
OMI1011 which amplify the VH-BDP-VL region of plasmids OMI0014,
OMI0016, OMI0020, and OMIO021. 25 pL of 2x Q5 Master Mix, 2.5 pL
of 10 pM OMI1009, 2.5 pL of 10 pM OMI1011, 1.2 pL of S ng/pL of the
template plasmid were combined with 18.8 pL of water. Each of the
PCR reactions were run on a thermocycler at the following settings:

1. 98 °C for 30s.

2.98°Cfor10s.

3.72°C for 56s.

4. Repeat steps 2 and 3 for 24 additional cycles.

PCR products were then purified over agarose gels using a
NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel, 740609.50).
These products were used as templates for the forward and reverse
fragmenting reactions prepared as described® with the following
modifications: 2x Q5 Master Mix was substituted for 2x KOD Hot Start
Master Mix, OMI1009 was used as the outer forward primer, OMIOO11
was used as the outer reverse primer, and mutagenic oligos tiling the
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VH and VL CDRs were used for the forward and reverse pools. Each
fragmenting PCR reaction results in many different length products
containing zero, one, or multiple codon changes. The reactions were
run for 10 cycles of the above thermal cycler program. The products
from this reaction were used as templates for the joining reaction. The
joining reaction was prepared as described in Bloom with the same
modifications from the fragmenting reactions to synthesize the full
length dsDNA mutagenic genes. Additionally, the joining reaction
volume was scaled from 30 pL to 50 pL to increase product yield. The
joining reaction was cycled using the above program for 20 total
cycles. The products from this reaction were gel purified over agarose
gels using a NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel,
740609.50).

LO30, the UCA_2-17 forward trajectory library was generated fol-
lowing oligo pool mutagenesis®® with a fast anneal step performed with
the oligo pool listed in Supporting File 1. The molar ratio of template
DNA to oligonucleotides was adjusted to 10:1. This procedure is
identical described above for the combinatorial nicking mutagenesis
except instead of having excess primers that anneal to each prepared
single-stranded DNA parental template, the ratio of templates to pri-
mers is modified to promote an average of only one primer annealing
per template to result in libraries containing variants with an average
of one mutation.

A total of 1 pg of plasmid libraries in a reaction volume of 20 uL in
rCutSmart buffer were separately digested with 20 units of Notl-HF
(NEB) for 1h at 37 °C. In parallel, 2-5 pg of pBMP103-UMI or pMBK275-
UMI library in a reaction volume of 20 uL in rCutSmart buffer was also
digested with 20 units of NotI-HF for 1 h at 37 °C. The digested DNA was
fractionated on a1(w/v) % agarose gel. Bands corresponding to the VH-
BDP-VL region of the antibodies (1.8 kB) and the yeast surface display
vector backbone for the UMI library (6.4 kB) were extracted using
Macherey-Nagel’s NucleoSpin® Gel and PCR Clean-up kit (Macherey-
Nagel, 740609.50).

The yeast surface display and barcoded mutagenic antibody
library (LOO6 4A8/CC12.1/COV2-2489) was generated using Gibson
Assembly with the gel extracted components in a 2:1 molar ratio of
antibody library insert to pBMP103-UMI yeast surface display vector.
Each of the antibody combinatorial libraries contained 64 variants and
were mixed in an equimolar amount for the Gibson Assembly
reaction” using the NEBuilder HiFi DNA Assembly master mix follow-
ing the manufacturer’s protocol. A column clean-up was performed to
remove residual buffer and enzymes and approx. 25% of the cleaned
reaction product was transformed into homemade chemically com-
petent E. coli Machl. The next day, 11,000 transformants were
observed from the transformation dilution plate and the entire library
was harvested and miniprepped.

The barcoded yeast surface display libraries for the SI/HA mixed
antigen sort were generated by Gibson assembly of the gel extracted
components in a 2:1 molar ratio of antibody library insert to yeast
surface display vector for the kappa and lambda antibody libraries
separately. L024 and L029 were assembled with LO18 library and LO30,
OMILO0O4, OMILO06, OMILO11, and OMILOO12 were assembled with
pBMP103-UMI library in a total reaction volume of 20 uL. Both Gibson
Assembly reactions were incubated for 4 hours at 50 °C and the reac-
tion products were cleaned and concentrated to 6 uL with a Monarch
DNA & PCR Cleanup Kit (NEB). The entire 6 uL product was trans-
formed via electroporation into TransforMAX cells (Lucigen,
EC300110) and incubated at 37 °C overnight. A dilution plate was used
to assess the transformation efficiencies and the transformants were
bottlenecked to 2000 lambda variants and approximately 8000 kappa
variants. The bottlenecked libraries were grown up in 50 mL SOB +
kanamycin overnight at 37 °C. The next day the libraries were mini-
prepped and pooled together and 6 different 4A8 barcoded plasmids
were also spiked into the library pool. 5ug of plasmid DNA was
transformed into chemically competent Saccharomyces cerevisiae

(EBY100, ATCC MYA-4941) in parallel reactions for the biological
replicate libraries and stored as yeast glycerol stocks in -80°C
according to Medina-Cucurella & Whitehead®*.

Barcode-variant pairing

Barcodes were paired with Vy and V| variants through Oxford nano-
pore sequencing or by short-read sequencing of amplicons prepared
by intramolecular ligation of barcode in proximity to the CDR3 of
either the Vy or V, using Golden Gate”. Oxford nanopore sequencing
(Plasmidsaurus) was performed on individual plasmids. Short-read
amplicons were sequenced on an lllumina MiSeq with 2x250 paired
end reads (Rush University Sequencing Core). For intramolecular
ligation, two replicates were performed independently.

The optimized intramolecular ligation procedures were per-
formed in a reaction volume of 100 pL with 1 pg of plasmid library, 400
U of T4 DNA ligase (1L of 400 U/pL), and 1X T4 DNA ligase buffer
(NEB; catalog # B0202S). Also added to the reaction were either 30 U
of Bbsl (3 L of 10 U/pL) (NEB; catalog # RO539L) - for the intramole-
cular ligation of barcode to VL - or 30 U of PaqCI (3 pL of 10 U/pL) plus
3 pL PaqCl activator (diluted from 20 pM stock 1:4 in 1X T4 DNA ligase
buffer) (NEB; catalog # RO745L) - for ligation of barcode to VH. The
reaction was subjected to 60 cycles of 37 °C for one minute followed
by 16 °C for one minute, and then a final incubation of 37°C for
5 minutes. Exonuclease Il was added to each reaction (1L of a 1:10
dilution made in 1X rCutSmart buffer from 100 U/pL stock) (NEB;
catalog # M0206L) followed by incubation at 37 °C for 30 minutes. We
performed electrophoresis on the reactions on 1% (w/v) agarose gels in
1X TAE and gel extracted (Macherey-Nagel, catalog # 740609.50) the
bands corresponding to intramolecular ligated products for the VH-
barcode and VL-barcode pairing.

Amplicons were prepared by first performing a PCR using primers
428 - 431 to amplify the barcode and gene sequence (UMI-VL: 428 &
430; UMI-VH: 429 & 431) and append Illumina TruSeq small RNA
compatible sequences. 10 ng of gel extracted input DNA was amplified
in a 25 L total reaction with Phusion High-Fidelity Polymerase with
reaction components following the manufacturers recommended
protocol. The PCR thermocycler program progressed for 12 cycles.
After the first PCR was completed, a shrimp alkaline phosphatase
(rSAP) clean-up step was performed according to the manufacturer’s
instructions on 10 pL of PCR product. 1 pL of rSAP cleaned DNA was
used as the input for the seconod PCR, which amplifies the amplicon
further and appends unique 6-bp TruSeq small RNA barcodes and
lllumina sequencing adapters. The second PCR was performed using
Phusion High-Fidelity Polymerase with reaction components following
the manufacturers recommended protocol for 14 cycles with a 25 uL
total reaction volume. After the second PCR, the amplicons were
cleaned with Ampure XP beads (Beckman Coulter, A63880) following
the manufacturer’s instructions. Each dsDNA PCR product was quan-
tified using Quant-IT PicoGreen (Invitrogen, P11495) and pooled for
deep sequencing.

For optimization of the protocol above, three individual plasmids
were sequenced by Oxford nanopore. These plasmids were then mixed
in pre-defined ratios and different amplicon prep conditions were
applied. These differences include: the polymerase used, the number
of PCR cycles, and the type of PCR clean-up between the first and
second PCRs. The three polymerases used were Phusion High-Fidelity
DNA polymerase (NEB, M0530), Q5 polymerase in a 2X Master Mix
(NEB, M0492), and KAPA polymerase (Roche, 7958927001) and each
PCR reaction components and thermocycler program were performed
according to the manufacturer’s instruction.

Yeast Cell Surface Titrations

To determine the binding affinity of individual variants, isogenic
titrations were performed according to Chao et al.®*. A population of
yeast displaying a single Fab variant are induced to display copies of
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the Fab on the surface and different concentrations of antigen are
added in separate reactions. Fluorescence tags as a readout for antigen
binding are analyzed using flow cytometry and fractional saturation
curves of the titrated antigen concentration compared to fluorescence
intensity allow for determination of the variant monovalent binding
affinity to the antigen. 4A8 variants were made by the method of
combinatorial nicking mutagenesis®>. Each variant was tested in
duplicate on two separate days (n =4 total replicates) and compared
with a titration of mature 4A8 Fab to determine the log Kp ratio
(log10(Kp/Kp,wt)). The isogenic titrations reported in Fig. 1 were
reported in at least duplicate (n>2).

Sorting of Fab libraries

For sorting the mixed 4A8/COV2-2489/CCl12.1 library, 1e7 (ten million)
yeast library cells from glycerol stocks were shaken at 230 rpm and
grown in 250 mL flasks at 30 °C overnight in 50 mL SDCAA + PenStrep
and kanamycin. The next day, the 1e7 yeast cells were induced in
SGDCAA + PenStrep and kanamycin at 20 °C for 48 hours in a total
reaction volume of 50 mL. On the morning of sorting the cells were
concentrated to an ODggo =5 in ice-cold PBSF. Ten million library cells
were then labeled with different amounts of S1-hFc-His at the following
concentrations in nM: 0, 1, 2.5, 5, 10, 50, 100, 250, 500, 1000, 2000 for
30 minutes at room temperature. After the binding reactions were
finished cells were spun down, washed with 1 mL of ice-cold PBSF, and
then labeled with 6.25 pL anti-V5-AlexaFluor488 (ThermoFisher, 37-
7500-A488, 1mg/mL) and 25 puL Goat anti-hFc-PE (ThermoFisher, 12-
4998-82, 0.5 mg/mL) for 30 minutes covered on ice. After fluorophore
labeling, the cells were pelleted and washed with 1 mL of ice-cold PBSF,
and pellets were left covered on ice until loading onto Sony SH800 cell
sorter, at which time each pellet was resuspended in 5 mL of ice-cold
PBSF. Cells were first gated for yeast cells and single cells (drawn
according to Banach et al.*® to avoid collection of clumped yeast of
irregular large yeast aggregates), and then a gate for positive Fab
expression was drawn and 200,000 cells were collected as the library
reference population (Supplementary Fig. 6). Sorting bins for the Top
25% and Next 25% of binding based on PE signal were gated from the
display positive population and 200,000 cells were collected in each
bin (Supplementary Fig. 6). Sorted cells were recovered in 1mL of
SDCAA plus antibiotics overnight at 30 °C, at which time another 1 mL
of SDCAA was added. Cells were grown until they reached an ODggo
greater than 2. Cell stocks were made for each sorted population at
1mL of ODgpo =1 in yeast storage buffer (20% w/v glycerol, 20 mM
HEPES-NaOH, 200 mM NacCl, pH = 7.5).

For sorting the SI/HA library, 1e7 (ten million) yeast library cells
from glycerol stocks were shaken at 230 rpm and grown in 250 mL
flasks at 30 °C overnight in 50 mL SDCAA + PenStrep and kanamycin.
The next day, the 1e7 yeast cells were induced in SGDCAA + PenStrep
and kanamycin at 20 °C for 48 hours in a total reaction volume of
50 mL. On the morning of sorting the cells were concentrated to an
ODgoo =5 in ice-cold PBSF. Ten million library cells were then labeled
with different amounts of S1-hFc-His and biotinylated HA for 30 min-
utes at room temperature. The 11 labeling concentrations spanned
from 2.5nM - 2000 nM and included mixes of both S1-hFc-His and
biotinylated HA. After the binding reactions were finished cells were
spun down, washed with 1 mL of ice-cold PBSF, and then labeled with
6.25uL anti-V5-AlexaFluor488 (ThermoFisher, 37-7500-A488, 1mg/
mL, Lot#:YD372483), 25 uL Goat anti-hFc-PE (ThermoFisher, 12-4998-
82, 0.5mg/mL, Lot#:2626356), and 25 pL SAPE (ThermoFisher, S866)
for 30 minutes covered on ice. After fluorophore labeling, the cells
were pelleted and washed with 1 mL of ice-cold PBSF, and pellets were
left covered on ice until loading onto Sony SH800 cell sorter. Each
pellet was resuspended in 5 mL of ice-cold PBSF and loaded on to the
cell sorter. Cells were first gated for yeast cells and single cells, and
then a gate for positive Fab expression was drawn and 1,000,000 cells
were collected per bin for the first replicate and 750,000 cells per bin

were collected for the second replicate. Sorted cells were recovered in
5 mL of SDCAA plus antibiotics for at least 30 hours at 30 °C and cell
stocks were made for each sorted population in yeast storage buffer.
Yeast biological replicates were performed. The plasmid encoded
master library was prepared once and separately transformed into
yeast; these libraries were sorted on separate days.

Amplicon preparation and deep sequencing

Plasmid DNA from each collected population (le6-4e6 sorted yeast
cells) was prepared according to Medina-Cucurella & Whitehead®*
using Zymoprep Yeast Plasmid Miniprep kits in either individual
Eppendorftubes (D2004) or 96-well plate format (D2007) and plasmid
DNA was eluted in 30 pL nuclease free water. 15 pL of eluted plasmid
DNA was further purified with exonuclease I and lambda exonuclease.
The barcode region of the purified DNA was amplified using 25 PCR
cycles with Illumina TruSeq small RNA primers following Kowalsky
et al. ‘Method B**” using Phusion High-Fidelity DNA polymerase in a
50 pL total reaction. 5 pL of the PCR product was size verified on a 1%
(w/v) agarose gel and the remaining 45 pL was cleaned with Ampure XP
beads (Beckman Coulter, A63880) following the manufacturer’s
instructions. Each dsDNA PCR product was quantified using Quant-IT
PicoGreen (Invitrogen, P11495) and pooled in equimolar amounts for
deep sequencing. Amplicons were sequenced on either an Illumina
MiSeq (4A8/CC12.1/COV2-2489 sort) or NovaSeq6000 (S1/HA sorts) by
Rush University with single end reads.

Data processing

Sequencing files were processed using the custom Python code
accessible on GitHub (https://github.com/WhiteheadGroup/MAGMA-
seq). The code contains three primary modules used in this work
referred to as haplotyping, scanning, and parameter estimation. Hap-
lotyping takes input sequencing files from internally ligated yeast
display plasmids and creates a barcode-to-variant map. Scanning reads
input sequencing files for sorted yeast populations for which only
barcode sequences are processed, counts, and matches the barcodes
to a variant specified in the previously generated barcode-to-variant
map, and integrates this with sorting conditions for final output.
Finally, the parameter estimation module performs maximum like-
lihood estimation (MLE) on each variant contained in the output to
generate parameter estimates for Kp and F,.x with 95% confidence
intervals determined from reduced chi squared. See the “config” folder
on GitHub for exact parameters used for generating each of the
datasets used in this work.

For each of the sequencing processing modules (haplotyping and
scanning), FASTQ files and processing parameters are entered into a
config file (see README and example config files on GitHub reposi-
tory). Necessary packages including Biopython, NumPy, and SciPy can
be easily installed into a conda virtual environment with the included
YAML file. The code is highly efficient and parallelizable (using the
multiprocessing library) and can run on datasets containing millions of
sequences in under an hour on our hardware (Alpine supercomputing
cluster (CU Research Computing) x86_64 AMD Milan CPU with 32MB
L3 Cache (utilizing 8 cores), 3.75 GB RAM/core).

Sequence merging and filtering

We adapted the software from Haas et al.*®® for merging paired end
reads at all the pertinent amplicon lengths. Sequences are then filtered
based on the sequence agreement within overlap regions (see Haas
et al.”® for algorithm details) as well as overall minimum quality scores
across the full amplicon, gene, and barcode regions. Barcodes and
genes are extracted from these successfully merged reads assuming a
fixed location within the amplicon. Sequences are then collapsed and
counted based on unique barcode and gene combinations and gene
sequences are matched to a set of possible wild-type sequences based
on Hamming distance. Amino acid mutations are then determined
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based on the chosen wild-type sequence. Variant frequencies are cal-
culated by considering the genotypes represented in the dataset,
ignoring barcodes.

A six-letter sequence motif (CGGCGG) occurring within the COV2-
2489 antibody VH gene causes a precipitous drop in quality scores of
all base calls downstream from this previously known motif*’ on the
reverse read (Supplementary Fig. 5). This drop in quality score
required a different haplotyping protocol for this antibody library
where paired reads were not merged. This is justifiable as the muta-
tions encoded in our library all exist on the high quality forward read,
and the barcodes are located on the reverse read upstream of the
quality drop. We identified reads from this antibody by matching the
read to an unmutated region at the beginning of the sequence (VH
positions 1-31), filtered the individual forward reads based on quality
(dropping reads with overall minimum quality <Q10), and then paired
the associated barcode from the reverse read based on index. The
resulting data was passed into the following haplotyping step identical
to the other merged reads.

Haplotyping: pairing a barcode with Fab variant

For each barcode, we make a variant call by comparing all observed
barcode-genotype pairings. We first apply a mutation filter (variants
with more than 10 mutations from the assigned wild-type are
removed). We then apply the count filter and a frequency filter (see
config for filtering values used). Additionally, options are available for
removing all silent mutations and/or all mutations not encoded in the
mutagenic library. From the remaining possible pairings, we divide the
observed read counts by the variant frequency and select the variant
with the maximum of these values. This method appropriately weights
lower observed counts of rarer variants. The raw pairing data as well as
the processed barcode-to-variant map are output to CSV files for
analysis.

After barcode maps have been made for VH and VL segments, we
merge the two maps based on identical barcodes and output the
resulting pairings as a CSV file. A final check is performed where bar-
codes that pair to heavy and light chains from distinct antibodies are
removed from the map, resulting in a barcode-to-variant map.

Scanning
The scanning module matches sequenced barcodes from sorted
libraries to barcodes in the map produced by the haplotyping module.
It is designed to process single reads only (alternatively, forward reads
from paired-end sequencing runs can be used). As described pre-
viously, barcodes are identified based on fixed location within the read.
As a default, barcodes are filtered based on adherence to the template
sequence of mixed bases; this option can be turned off. Each barcode
is matched to an identical barcode in the barcode-to-variant map and
the number of times each barcode is seen is summed. Information
entered by the user in “limit.csv” including high and low bin limits (Hj
and Gj, respectively), and number of cells sorted and collected in each
bin (Nk and Njk, respectively) are matched with concentration and bin
names to generate the CSV file needed for the next parameter esti-
mation step. Note that the concentration and bin names in the “lim-
it.csv” must match the identifiers from the scanning barcodes config
file. For example, a bin named “top25” at concentration “5 nM” should
be identified in the config file as “conc5nM_bintop25”.

Scan barcode outputs information for each of the concentrations
and bins analyzed as well as an overall output in two forms: (1)
“ combined.csv” records the counts by barcode and (2) “_col-
lapsed.csv” records the counts collapsed by antibody variant. Both the
combined and collapsed CSV files are ready for input into the para-
meter estimation module assuming a proper “limit.csv” was specified.
For each bin and concentration, the percentage of barcodes that
matched to a variant in the map is recorded. With our conservatively
filtered maps, these percentages tend to range between 50 and 70%

read matching. Far lower percentages usually indicate low efficiency of
haplotyping.

Parameter Estimation

A complete description of the mathematics behind parameter esti-
mation is detailed in Supplementary Note 1 (Supplementary Figs. 11-13,
Supplementary Table 1). Custom Python software was used to estimate
variant-specific monovalent binding dissociation constants (Kq;) and
mean maximum fluorescence at saturation (Fpax) fit by Eq. (1). These
values were inferred using maximum likelihood estimation of the fol-
lowing expression for the log likelihood LL;(K 4 ;, F ax 1)

J o‘ijk

2
ix —Model;;
Ll—i(Kd,i'Fmax,i): - Z (lu> )

Here, pj is the probability of capturing variant i in bin j at labeling
concentration k and is determined from observables from the deep
sequencing experiment according to the following equation:

ik
py= 2 S ©)
i
& is the total fraction of cells collected in the sorting bin relative
to the reference sample, ryy is the number of observed read counts for
variant i in bin j at labeling concentration k, r;; is the number of
observed read counts for variant i in the reference population, and the
summations represent the sum of observed read counts over all
barcodes.
Modely is the model probability of the variant i sorting in bin j at
labeling concentration k and is defined as:
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Here, Fg; and F »; are the gating boundaries in the selected bin j,
and o is the standard deviation of the log normal distribution and set to
1.02 for all variants. Different parameter values in Eq. (1) change the
variant-specific mean fluorescence F at each labeling concentration
used in the experiment.

The parameter g, representing the uncertainty in the probability
of sorting is defined as:

2 1 1
Ojjk = J <aijk,extrinsic) + Py <fk + r) )
ij

ir

For sorts reported in Fig. 2, Oy extrinsic Was set to 0.02. For the
sorts reported in Fig. 4, this value was measured using the average
probabilities of the non-binding mutants of antibodies 1G01 and 1G04.

Parameter estimation requires that the data be supplied in the
format of the scanning module output (see examples/scan_output.csv
for example) where each row specifies a single observation of a variant
labeled at a given concentration and collected at a given bin. Addi-
tionally, a few global parameters must be entered by the user. First,
sigma defines the width of the lognormal distribution that represents
the possible fluorescence range for a given variant. We have found that
this value is somewhat independent of the variant and label con-
centration. In our testing, these values range from 0.90 to 1.02. Sec-
ond, “B” represents the variant-independent cell autofluorescence,
which can be determined by reading fluorescence values of Fab-
expressing yeast cells without binding partner. We find that this value
should fall in the range of 290-350 RFU (in PE channel) using our
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equipment (Sony SH800, yeast cells, 488 nm laser with compensation
for PE/AlexaFluor488 fluorophores).

To achieve accurate estimates for weak binders and poorly
expressed Fabs (high Kp or low F.,.,) a few modifications to the MLE
algorithm were necessary. First, manual curation was used to remove
bins that had poor sequencing coverage or that had inferred prob-
abilities that were inconsistent with the other datasets. For the data
represented in Figs. 2 and 3, the two bins affected were at the 25 nM
labeling concentrations. The MLE algorithm first performs parameter
estimation using all remaining top 25% bins. The maximum likelihood
estimates were analyzed and variants with calculated Kp, that exceeded
1uM or Fax that fell under 12,000 RFU were removed. For these
variants, MLE was performed again by concatenating top 25% and next
25% bins into a single top 50% bin at each concentration using the joint
probability estimate using equation (7). For the mixed antigen sorts
represented in Figs. 4 and 5, 2-7 variants were assessed by combining
both bins for 25 and 50 nM labeling concentrations. Additionally, all
anti-S1 probabilities p; were multiplied by 0.64 to correct for cell
sorter efficiency in this experiment.

Supervised learning

Programmed mutations for reverse trajectory libraries were one-hot
encoded using the custom python notebook One-hot-encode.ipynb.
Ordinary least squares (OLS), least absolute shrinkage and selection
operator (LASSO), and ridge regression analyses were performed on
the one-hot encoded variants for log(Kpi/Kpwt) (4A8 titrations and
MLE) and F,.x (MLE) regularization using custom Python Jupyter
notebooks OLS.ipynb, LASSO.ipynb, and Ridge.ipynb. Coefficient
weights and error values for each regression technique and model
order are detailed in Supplementary Data 3.

Sequences of anchor mAbs used in this study are from Guth-
miller et al.** Clonal analyses were performed using VGenes (https://
wilsonimmunologylab.github.io/VGenes/) using sequences from
Guthmiller et al.

Statistics & reproducibility

In all experiments in this study, no data were excluded from the ana-
lysis. Yeast libraries were prepared in independent replicates and
sequenced at high depth of coverage to confirm Kp estimates. All
statistical tests were computed either using SciPy or custom code and
are included in the Python scripts freely available on GitHub.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Deep sequencing data is available on the sequencing read archive
under SRA accession PRJNA1026152, accession codes SRR26328231,
SRR26328232, and SRR26328233. The plasmids for constructing com-
patible workflow Fabs pBDP (AddGene ID: 217827), pMMP kappa
(AddGene ID: 217828), pMMP_lambda (AddGene ID: 217829), pYSD_
kappa_mRFP (AddGene ID: 217830), and pYSD_lambda mRFP
(AddGene ID: 217831), as well as positive control plasmids p4A8_S7T_BC
(AddGene ID: 217832) and p4A8_M591_ T94M BC (AddGene ID: 217833),
are freely available from AddGene (Deposit: 84029). Source data are
provided with this paper.

Code availability
All custom scripts and code are freely available on GitHub (https://
github.com/WhiteheadGroup/MAGMA-seq).

References
1. Jumper, J. et al. Highly accurate protein structure prediction with
AlphaFold. Nature 596, 583-589 (2021).

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Abanades, B. et al. ImmuneBuilder: Deep-Learning models for
predicting the structures of immune proteins Brennan. Commun.
Biol. 1-8 https://doi.org/10.1103/physics.15.181 (2023).

Ruffolo, J. A., Sulam, J. & Gray, J. J. Antibody structure prediction
using interpretable deep learning. Patterns 3, 100406 (2022).
Pittala, S. & Bailey-Kellogg, C. Learning context-aware structural
representations to predict antigen and antibody binding interfaces.
Bioinformatics 36, 3996-4003 (2020).

Hie, B. L. et al. Efficient evolution of human antibodies from general
protein language models and sequence information alone. bioRxiv
2022.04.10.487811 https://doi.org/10.1038/s41587-023-01763-2
(2022).

Makowski, E. K. et al. Co-optimization of therapeutic antibody affi-
nity and specificity using machine learning models that generalize
to novel mutational space. Nat. Commun. 13, 3788 (2022).
Prihoda, D. et al. BioPhi: A platform for antibody design, humani-
zation, and humanness evaluation based on natural antibody
repertoires and deep learning. MAbs 14, 2020203 (2022).
Hummer, A. M., Abanades, B. & Deane, C. M. Advances in compu-
tational structure-based antibody design. Curr. Opin. Struct. Biol.
74,102379 (2022).

Hummer, A. M., Schneider, C., Chinery, L. & Charlotte, M. Investi-
gating the Volume and Diversity of Data Needed for Generalizable
Antibody-Antigen AA G Prediction. 1-16 Preprint at bioRxiv https://
doi.org/10.1101/2023.05.17.541222 (2023).

Wrenbeck, E. E., Faber, M. S. & Whitehead, T. A. Deep sequencing
methods for protein engineering and design. Curr. Opin. Struct.
Biol. 45, 36-44 (2017).

Phillips, A. M. et al. Binding affinity landscapes constrain the evo-
lution of broadly neutralizing anti-influenza antibodies. Elife 10,
1-40 (2021).

Kowalsky, C. A. et al. Rapid fine conformational epitope mapping
using comprehensive mutagenesis and deep sequencing. J. Biol.
Chem. 290, 26457-26470 (2015).

Kowalsky, C. A. & Whitehead, T. A. Determination of binding affinity
upon mutation for type | dockerin-cohesin complexes from Clos-
tridium thermocellum and Clostridium cellulolyticum using

deep sequencing. Proteins Struct. Funct. Bioinf. 84, 1914-1928
(2016).

Adams, R. M., Mora, T., Walczak, A. M. &Kinney, J. B. Measuring the
sequence-affinity landscape of antibodies with massively parallel
titration curves. Elife 5, 1-27 (2016).

Phillips, A. M. et al. Hierarchical sequence-affinity landscapes shape
the evolution of breadth in an anti-influenza receptor binding site
antibody. Elife 12, 1-31 (2023).

Sivelle, C. et al. Fab is the most efficient format to express
functional antibodies by yeast surface display. MAbs 10, 720-729
(2018).

Mason, D. M. et al. High-throughput antibody engineering in
mammialian cells by CRISPR/Cas9-mediated homology-directed
mutagenesis. Nucleic Acids Res. 46, 7436-7449 (2018).

Goike, J. et al. Synthetic repertoires derived from convalescent
COVID-19 patients enable discovery of SARS-CoV-2 neutralizing
antibodies and a novel quaternary binding modality. bioRxiv
2021.04.07.438849 https://doi.org/10.1101/2021.04.07.

438849 (2021).

Shiakolas, A. R. et al. Efficient discovery of SARS-CoV-2-neutralizing
antibodies via B cell receptor sequencing and ligand blocking. Nat.
Biotechnol. 40, 1270-1275 (2022).

Rosowski, S. et al. A novel one-step approach for the construction
of yeast surface display Fab antibody libraries. Microb. Cell Fact. 17,
1-11 (2018).

Weaver-Feldhaus, J. M. et al. Yeast mating for combinatorial Fab
library generation and surface display. FEBS Lett. 564, 24-34
(2004).

Nature Communications | (2024)15:3974

13


https://wilsonimmunologylab.github.io/VGenes/
https://wilsonimmunologylab.github.io/VGenes/
https://github.com/WhiteheadGroup/MAGMA-seq
https://github.com/WhiteheadGroup/MAGMA-seq
https://doi.org/10.1103/physics.15.181
https://doi.org/10.1038/s41587-023-01763-2
https://doi.org/10.1101/2023.05.17.541222
https://doi.org/10.1101/2023.05.17.541222
https://doi.org/10.1101/2021.04.07.438849
https://doi.org/10.1101/2021.04.07.438849

Article

https://doi.org/10.1038/s41467-024-48072-z

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

4.

42.

Schréter, C. et al. A generic approach to engineer antibody pH-
switches using combinatorial histidine scanning libraries and yeast
display. MAbs 7, 138-151 (2015).

Lou, J. et al. Affinity maturation of human botulinum neurotoxin
antibodies by light chain shuffling via yeast mating. Protein Eng.
Des. Sel. 23, 311-319 (2010).

Mei, M. et al. Prompting fab yeast surface display efficiency by ER
retention and molecular chaperon co-expression. Front. Bioeng.
Biotechnol. 7, 1-11 (2019).

Roth, L. et al. Facile generation of antibody heavy and light chain
diversities for yeast surface display by Golden Gate Cloning. Biol.
Chem. 400, 383-393 (2018).

Chockalingam, K., Peng, Z., Vuong, C. N., Berghman, L. R. & Chen, Z.
Golden Gate assembly with a bi-directional promoter (GBid): a
simple, scalable method for phage display Fab library creation. Sci.
Rep. 10, 1-14 (2020).

Engler, C., Kandzia, R. & Marillonnet, S. A one pot, one step, pre-
cision cloning method with high throughput capability. PLoS ONE
3, 3647 (2008).

Gibson, D. G. et al. Enzymatic assembly of DNA molecules

up to several hundred kilobases. Nat. Methods 6, 343-345
(2009).

Chi, X. et al. A neutralizing human antibody binds to the N-terminal
domain of the Spike protein of SARS-CoV-2. Sci. (80-.). 369,
650-655 (2020).

Thomas, F. et al. Isolation of potent SARS-CoV-2 neutralizing anti-
bodies and protection from disease in a small animal model. Sci.
(80-.). 369, 956-963 (2020).

Suryadevara, N. et al. Neutralizing and protective human mono-
clonal antibodies recognizing the N-terminal domain of the SARS-
CoV-2 spike protein. Cell 184, 2316-2331.e15 (2021).

Kirby, M. B., Medina-Cucurella, A. V., Baumer, Z. T. & Whitehead, T.
A. Optimization of multi-site nicking mutagenesis for generation of
large, user-defined combinatorial libraries. Protein Eng. Des. Sel.
34, 1-10 (2021).

Kirby, M. B. & Whitehead, T. A. Facile Assembly of Combinatorial
Mutagenesis Libraries Using Nicking Mutagenesis. Methods Mol.
Biol. 2461, 85-109 (2022).

Lee, J. M. et al. Deep mutational scanning of hemagglutinin helps
predict evolutionary fates of human H3N2 influenza variants. Proc.
Natl Acad. Sci. USA 115, E8276-E8285 (2018).

Levin, I. et al. Accurate profiling of full-length Fv in highly homo-
logous antibody libraries using UMI tagged short reads. Nucleic.
Acids Res. 51, 1-15 (2023).

Starr, T. N. et al. Deep mutational scanning of SARS-CoV-2 receptor
binding domain reveals constraints on folding and ACE2 Binding.
Cell 182, 1295-1310.e20 (2020).

Kim, D. S. et al. Three-dimensional structure-guided evolution of a
ribosome with tethered subunits. Nat. Chem. Biol. 18, 990-998
(2022).

Strawn, I. K., Steiner, P. J., Newton, M. S. & Whitehead, T. A. A
method for generating user-defined circular single-stranded DNA
from plasmid DNA using Golden Gate intramolecular ligation. Bio-
technol. Bioeng. 2022.11.21.517425 https://doi.org/10.1101/2022.11.
21.517425 (2022).

Stapleton, J. A. et al. Haplotype-phased synthetic long reads from
short-read sequencing. PLoS ONE 11, 1-20 (2016).

Tibshirani, R. Regression shrinkage and selection via the lasso. J. R.
Stat. Soc. Ser. B 58, 267-288 (1996).

Hoerl, A. E. & Kennard, R. W. American society for quality ridge
regression: biased estimation for nonorthogonal problems amer-
ican society for quality stable. Ridge Regres.: Biase 12, 55-67, http://
www.jstor.org/stable/1267351 (1970).

Yuan, M. et al. Structural basis of a shared antibody response to
SARS-CoV-2. Sci. (80-.). 369, 1119-1123 (2020).

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

50.

60.

61.

62.

63.

64.

Stadlbauer, D. et al. Broadly protective human antibodies that tar-
get the active site of influenza virus neuraminidase. Sci. (80-.). 366,
499-504 (2019).

Guthmiller, J. J. et al. Broadly neutralizing antibodies target a
hemagglutinin anchor epitope. Nature (2021). https://doi.org/10.
1038/s41586-021-04356-8

Throsby, M. et al. Heterosubtypic neutralizing monoclonal anti-
bodies cross-protective against HSN1 and HIN1 recovered from
human IgM+ memory B cells. PLoS ONE 3, e3942 (2008).

Liu, L. et al. Potent neutralizing antibodies against multiple epitopes
on SARS-CoV-2 spike. Nature 584, 450-456 (2020).

Chen, F. et al. VH 1-69 antiviral broadly neutralizing antibodies:
genetics, structures, and relevance to rational vaccine design Fang.
Curr. Opin. Virol. 149-159 https://doi.org/10.1016/j.coviro.2019.02.
004.V (2019).

Fleishman, S. J. et al. of Influenza Hemagglutinin. Sci. (80). 979,
816-822 (2011).

Ekiert, D. C. et al. Antibody recognition of a highly conserved
influenza virus epitope: implications for universal prevention and
therapy. Sci. (80-). 324, 246-251 (2009).

Lingwood, D. et al. Structural and genetic basis for development of
broadly neutralizing influenza antibodies. Nature 489, 566-570
(2012).

Poelwijk, F. J., Socolich, M. & Ranganathan, R. Learning the pattern
of epistasis linking genotype and phenotype in a protein. Nat.
Commun. 10, 1-11 (2019).

Vassallo, C. N., Doering, C. R., Littlehale, M. L., Teodoro, G. I. C. &
Laub, M. T. A functional selection reveals previously undetected
anti-phage defence systems in the E. coli pangenome. Nat. Micro-
biol. 7, 1568-1579 (2022).

Park, Y., Metzger, B. P. H. & Thornton J. W. The simplicity of protein
sequence-function relationships. bioRxiv https://doi.org/10.1101/
2023.09.02.556057 (2023).

Hsu, C., Nisonoff, H., Fannjiang, C. & Listgarten, J. Learning protein
fitness models from evolutionary and assay-labeled data. Nat. Bio-
technol. 40, 1114-1122 (2022).

Smith, M. D., Case, M. A., Makowski, E. K. & Peter, M. Position-
Specific Enrichment Ratio Matrix scores predict antibody variant
properties from deep sequencing data. 1-11 https://doi.org/10.1093/
bioinformatics/xxxxx (2023).

Ding, D. et al. Protein design using structure-based residue pre-
ferences. Nat. Commun. 15, 1639 (2024).

Wittrup, K. D., Tidor, B., Hackel, B. J. & Sarkar, C. A. Quantitative
fundamentals of molecular and cellular bioengineering. 179-190
(Mit Press, 2020).

Klesmith, J. R., Bacik, J.-P., Wrenbeck, E. E., Michalczyk, R. &
Whitehead, T. A. Trade-offs between enzyme fitness and solubility
illuminated by deep mutational scanning. Proc. Natl Acad. Sci. USA
114, 2265-2270 (2017).

Engler, C. & Marillonnet, S. Golden gate cloning - DNA cloning and
assembly. Methods 1116, 119-131 (2014).

Wrenbeck, E. E. et al. Plasmid-based one-pot saturation mutagen-
esis. Nat. Methods 13, 928-930 (2016).

Bloom, J. D. An experimentally determined evolutionary model
dramatically improves phylogenetic fit. Mol. Biol. Evol. 31,
1956-1978 (2014).

Medina-Cucurella, A. V. et al. User-defined single pot mutagenesis
using unamplified oligo pools. Protein Eng. Des. Sel. 32, 41-45
(2019).

Ye, J., Ma, N., Madden, T. L. & Ostell, J. M. IgBLAST: an immu-
noglobulin variable domain sequence analysis tool. Nucleic Acids
Res. 41, 34-40 (2013).

Medina-Cucurella, A. V. & Whitehead, T. A. Characterizing protein-
protein interactions using deep sequencing coupled to yeast sur-
face display. Methods Mol. Biol. 1764, 101-121 (2018).

Nature Communications | (2024)15:3974

14


https://doi.org/10.1101/2022.11.21.517425
https://doi.org/10.1101/2022.11.21.517425
http://www.jstor.org/stable/1267351
http://www.jstor.org/stable/1267351
https://doi.org/10.1038/s41586-021-04356-8
https://doi.org/10.1038/s41586-021-04356-8
https://doi.org/10.1016/j.coviro.2019.02.004.V
https://doi.org/10.1016/j.coviro.2019.02.004.V
https://doi.org/10.1101/2023.09.02.556057
https://doi.org/10.1101/2023.09.02.556057
https://doi.org/10.1093/bioinformatics/xxxxx
https://doi.org/10.1093/bioinformatics/xxxxx

Article

https://doi.org/10.1038/s41467-024-48072-z

65. Chao, G. et al. Isolating and engineering human antibodies using
yeast surface display. Nat. Protoc. 1, 755-768 (2006).

66. Banach, B. B. et al. Highly protective antimalarial antibodies via
precision library generation and yeast display screening. J. Exp.
Med. 219, €20220323 (2022).

67. Kowalsky, C. A. et al. High-resolution sequence-function mapping
of full-length proteins. PLoS ONE 10, 1-23 (2015).

68. Haas, C. M., Francino-Urdaniz, I. M., Steiner, P. J. & Whitehead, T. A.
Identification of SARS-CoV-2 S RBD escape mutants using yeast
screening and deep mutational scanning. STAR Protoc. 2,

100869 (2021).

69. Schirmer, M., D’Amore, R., ljaz, U. Z., Hall, N. & Quince, C. lllumina
error profiles: Resolving fine-scale variation in metagenomic
sequencing data. BMC Bioinf. 17, 1-15 (2016).

Acknowledgements

This work was supported by the National Institute Of Allergy And
Infectious Diseases of the National Institutes of Health (Award Numbers
5R01AN41452-05 to T.A.W.; ROOAI159136 to J.J.G.), the US Department
of Education (Award Number P200A180034, participant support B.M.P.),
the National Science Foundation Graduate Research Fellowship Pro-
gram (Z.T.B. DGE Award Number 2040434, fellow ID: 2021324468), the
NSF REU (Award #2244288 for K.M.C.), and the NIH/CU Molecular Bio-
physics Program. This work utilized the Alpine high performance com-
puting resource at the University of Colorado Boulder. Alpine is jointly
funded by the University of Colorado Boulder, the University of Colorado
Anschutz, Colorado State University, and the National Science Foun-
dation (award 2201538). The authors also acknowledge Dan Schwartz for
useful discussions around MLE, Pete Tessier around barcode tagging,
John Jumper for helping coin the term ‘wide mutational scanning’, and
Kevin Kunstman, Cecilia Chau, and Ashley Wu at Rush University for
helpful discussions around NGS.

Author contributions

Conceptualization: B.M.P., M.B.K., T.A.W. Designed plasmid sets: B.M.P.,
M.BK., O.M.l.,, Z.T.B., E.R.R., T.A.W., Designed bench research: B.M.P.,
M.B.K., I.S., T.A.W. Performed bench research: B.M.P., M.B.K., O.M.I,, |.S.,
C.M.H., AM.W., S.A.U. Developed computational algorithms: B.M.P.,
M.B.K., K.M.C., P.J.S., T.A.W. Developed code: B.M.P., M.B.K., KM.C.,
P.J.S. Data analysis: B.M.P., M.B.K., O.M.l,, J.J.G., T.AW. Contributed

reagents: E.A., J.J.G. Writing: B.M.P., M.B.K., O.M.I., T.A.W. Supervision:
T.A.W. Funding Acquisition: T A.W., J.J.G., and Z.T.B.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-48072-z.

Correspondence and requests for materials should be addressed to
Timothy A. Whitehead.

Peer review information Nature Communications thanks Matthew Ray-
bould, and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Nature Communications | (2024)15:3974

15


https://doi.org/10.1038/s41467-024-48072-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	An integrated technology for quantitative wide mutational scanning of human antibody Fab libraries
	Results
	Discussion
	Methods
	Materials
	Plasmids
	Construction of Fab libraries
	Barcode-variant pairing
	Yeast Cell Surface Titrations
	Sorting of Fab libraries
	Amplicon preparation and deep sequencing
	Data processing
	Sequence merging and filtering
	Haplotyping: pairing a barcode with Fab variant
	Scanning
	Parameter Estimation
	Supervised learning
	Statistics & reproducibility
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




