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ABSTRACT: Yeast surface display selections against mamma-
lian cell monolayers have proven effective in isolating proteins
with novel binding activity. Recent advances in this technique
allow for the recovery of clones with even micromolar binding
affinities. However, no efficient method has been shown for
affinity-based selection in this context. This study demonstrates
the effectiveness of titratable avidity reduction using dithio-
threitol to achieve this goal. A series of epidermal growth factor
receptor binding fibronectin domains with a range of affinities
are used to quantitatively identify the number of ligands per
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yeast cell that yield the strongest selectivity between strong, moderate, and weak affinities. Notably, reduction of ligand display
to 3,000—6,000 ligands per yeast cell of a 2 nM binder yields 16-fold better selectivity than that to a 17 nM binder. These lessons
are applied to affinity maturation of an EpCAM-binding fibronectin population, yielding an enriched pool of ligands with
significantly stronger affinity than that of an analogous pool sorted by standard cellular selection methods. Collectively, this study
offers a facile approach for affinity selection of yeast-displayed ligands against full-length cellular targets and demonstrates the
effectiveness of this method by generating EpCAM-binding ligands that are promising for further applications.
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B INTRODUCTION

A variety of engineered proteins have proven effective for
molecularly targeted therapeutics' and diagnostics” for numerous
disease states. The ever-growing landscape of clinically relevant
cellular biomarkers motivates the continued development of new
agents to diagnose and treat newly characterized conditions.
For this demand to be met, several high-throughput methods
for selecting engineered proteins with novel binding function-
ality have been developed. One such method involves the
selection of yeast surface-displayed ligands against mammalian
cell monolayers,” which has been successfully implemented
to isolate antibody fragments against brain endothelial cells,”
B7—H4,° and androgen-dependent prostate cancer.’ Ligands
discovered through this method are selected against full-length
extracellularly expressed transmembrane proteins, which
differs from traditional selection methods using immobilized*”
or fluorescently labeled'® recombinant extracellular domains.
Selections against recombinant extracellular domains can fail
to translate to cellular binding for a variety of reasons, includ-
ing the presence of unstable soluble domains,"'™'* incorrect
post-translational modification,'>'® presence of biological or
chemical tags,'” or exposure of epitopes that would not be
accessible in the full-length protein. In some instances, results
have been reported showing that a subset of clones isolated
from selection campaigns using recombinant extracellular
domains do not bind the full-length cellular target.'®"
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In more extreme instances, ligand selection campaigns relying
on selection against recombinant extracellular domains can fail
completely. However, as there is no good outlet for this result,
these difficulties are seldom reported but nevertheless motivate
the use of cellular proteins as targets for ligand selection.
Recent advances in yeast-displayed cell panning allow for the
recovery of ligands with even micromolar binding affinities.”’
Although such modest affinities can be drastically improved by
recursive mutagenesis,n_24 an efficient cellular panning method
has not yet been demonstrated for discrimination of higher
affinity ligands from their weaker counterparts. One alternative
method for affinity selection against full-length transmembrane
proteins is fluorescence-activated cell sorting (FACS) with
detergent-solubilized cell lysates."”>*° This method utilizes
amphiphilic detergent molecules to stabilize the hydrophobic
transmembrane domain, allowing these proteins to be used in
selection in a concentration-dependent manner. In cell panning,
it has been shown that an 8-fold decrease in the target
expression of mammalian cells (from (1.5 + 0.6) X 10° to
(19 + 0.6) X 10° targets per cell) drastically decreases the
recovery of weaker variants (17 + 4 nM and micromolar
affinity) while still allowing measurable recovery of a high
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affinity (2 + 2 nM) clone in an epidermal growth factor
receptor (EGFR) expressing system.”’ This suggests that the
avidity between yeast and a mammalian cell is much less
requisite on the recovery of stronger binding interactions.
However, it is not always easy to generate cell lines with target
expression ranging over several orders of magnitude. Further,
expression variation cannot be achieved in cases where the
biomarker’s identity is not known or where the target cells are
not stably cultured (e.g, patient biopsy samples). The same
study showed that decreasing the ligand expression of the yeast
cell over a 3.5-fold range did not adversely affect recovery of
either the 2 + 2 or 17 + 4 nM affinity variants. However, the
weakest protein expression tested was near 10,000 ligands per
yeast cell, which still has high avidity potential.

This study aims to determine if a further decrease in yeast
valency can vyield affinity discrimination in yeast-displayed
cell panning selections. As ligands are tethered to the yeast
surface by two disulfide linkages between yeast mating proteins
agglutinin 1 (Agalp) and agglutinin 2 (Aga2p), we demonstrate
that controlled avidity reduction is achievable by titration with
dithiothreitol (DTT). In a model system, we select mixtures of
fibronectin domain clones with low and mid nanomolar and
micromolar affinities for EGFR against cancer cell monolayers
expressing (1.5 + 0.6) X 10° EGFR per cell to optimize the
level of avidity reduction for preferential recovery of stronger
binding interactions. Using this system, we show that a reduction
from 8,000 to 3,000—6,000 ligands/cell is enough to observe
a 16-fold enrichment advantage of a 2 nM binder relative to
a 17 nM binder. However, a drastic decrease in avidity to
400 ligands/cell abolishes the ability to select, returning
essentially the starting mixture composition. We then apply
the lessons learned from this model system to the discovery and
affinity selection of novel hydrophilic fibronectin domains
engineered to bind epithelial cell adhesion molecule (EpCAM).

B RESULTS AND DISCUSSION

Yeast surface display selections against mammalian cell mono-
layers have shown success in the past, but their inability to
preferentially select for high affinity ligands has been
demonstrated. The lead published scFvs isolated using this
method have affinities of 82 + 15 nM for rat brain endothelial
(RBE4) cells’ and 27 + 16 nM (determined multivalently)
for androgen-dependent prostate cancer cells.” In both studies,
numerous isolated scFvs required dimerization to assess binding
character, suggesting clones with weaker affinities were isolated.
Moreover, our aforementioned model system experiment yielded
minimal differentiation of 2 + 2 relative to 17 + 4 nM
affinities.”” Although functional for in vitro studies, preferential
selection of stronger binders can aid in vivo imaging and
therapeutic applications.”” We sought to solve this by shifting
from avidity- to affinity-driven interactions by decreasing yeast-
displayed ligand expression in a controlled manner.

Effect of DTT Concentration on Yeast-Displayed Ligand
Expression. To determine the parameters to effectively tune
ligand display levels, yeast expressing the EGFR-binding
fibronectin domain E6.2.6" in pCT-40 vector were subjected
to 0—20 mM DTT concentrations for 20 min to reduce the
Agalp-Aga2p disulfide tether. Ligand display levels were
assessed by flow cytometry analysis of untreated and treated
yeast by labeling the C-terminal MYC tag and were found to
decrease in a titratable way with increasing DTT concentration
(Figure 1A). Retention of 96 + 17, 40 + 19, and 1S5 + 14% of
ligands was observed for 0.5, S, and 10 mM DTT, respectively.
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Figure 1. Effect of DTT digestion on ligand display and yeast cell
viability. Yeast displaying EGFR-binding fibronectin clone E6.2.6" were
subjected to DTT digestion at the indicated concentrations. (A)
Relative fibronectin expression after DTT digestion was assessed by
flow cytometry analysis of untreated and treated yeast by labeling the
C-terminal MYC tag. Results are expressed as mean + standard
deviation of four or five trials. (B) Cell viability of yeast displaying
E6.2.6" or mixtures of E6.2.6", E6.2.6" N78S, and E6.2.6" AASV after
DTT treatment was assessed by dilution plating and is expressed as
mean + standard deviation of five trials.

As DTT is able to internalize and potentially reduce proteins
essential to biological processes, yeast viability was also assessed
by dilution plating prior to and after treatment (Figure 1B).
Yeast remained at least 79 + 17% viable for DTT concentra-
tions up to 10 mM. Treatment with 15 mM DTT caused a
viability decrease to 67 + 27% (though this decrease does not
meet the typical level for statistical significance relative to the
untreated case; p = 0.08). This knowledge allows for tuning of
the ligand display level to satisfy the selection criteria needed.

Selection of Fibronectin Domains with Reduced
Avidity Against EGFR-Expressing Cells. The effect of
reduced avidity on cellular selection was first evaluated in an
EGFR-expressing model system. Mixtures of yeast displaying
previously characterized fibronectin domains with high, mid,
and low affinity (2 + 2, 17 + 4, or >600 nM Kj, respectively””)
for EGFR were treated with DTT and selected for binding to
EGFR-overexpressing MDA-MB-468 human breast cancer cells
(1.5 X 10° EGFR per cell’®) (Figure 2). Flow cytometry was
used to determine the composition of the starting mixture prior
to selection, and the resultant populations returned after cell
panning. The starting mixture contained 1.4 + 0.1% high
affinity (E6.2.6"), 6.8 + 1.4% mid affinity (E6.2.6' N78S), and
92 + 1.4% low affinity (E6.2.6" AASV) ligand expressing yeast
(Figure 2A). Selection from this pool without DTT treatment
(8,000 ligands/cell) yields (18 + S.8)-fold enrichment of
E6.2.6" and (12 + 2)-fold enrichment of E6.2.6" N78S with
strong disenrichment of E6.2.6" AASV (Figure 2B). Although
E6.2.6" does significantly outperform E6.2.6" N78S (p = 0.02)
from an enrichment standpoint, the 1.6-fold selectivity improve-
ment with strong affinity is not enough to expect higher affinity
clones to overtake the population in an efficient number of
selection rounds. Display reduction to 6,000 ligands/cell (25%
decrease) drastically increases affinity discrimination, yielding
enrichment of (42 + 2)-fold for E6.2.6" and 2.7 + 0.4 for E6.2.6’
N78S (Figure 2B), providing (16 + 3)-fold selectivity between
high and mid affinity (Figure 2C). Further reduction to
3,000 ligands/cell (63% decrease) shows a similar result with
(33 + 8)-fold enrichment for E6.2.6' and (2 + 0.3)-fold
enrichment for E6.2.6" N78S (Figure 2B), retaining the
(16 + 5)-fold advantage of high affinity (Figure 2C). Further
display reduction to 1,000 ligands/cell reduces selectivity to
(5.3 = 1)-fold. At 400 ligands/cell, the system enters a regime
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Figure 2. Effect of reduced ligand expression on affinity selection against EGFR-expressing mammalian cells. Yeast displaying fibronectin clones
E6.2.6', E6.2.6' N78S, and E6.2.6' AASV (affinities indicated*’) were mixed and digested with the indicated amounts of DTT. Following DTT
treatment, the ligand expression was quantitated by flow cytometry. DTT-treated yeast were then panned against EGFR-positive MDA-MB-468
monolayers. (A) The mixture composition, (B) enrichment ratio for each clone, and (C) selectivity for E6.2.6’ relative to E6.2.6" N78S are indicated
as the mean =+ standard deviation of eight selections with the exception of the initial mixture, which is the mean + standard deviation of four

mixtures.

where the ability to select becomes hindered, yielding a sorted
composition that resembles the initial input (Figure 2A). In all
cases, E6.2.6" AASV is disenriched relative to the mid and high
affinity ligands.

The avidity between yeast and a mammalian cell is important
to keep binding interactions intact throughout incubation
and to withstand the shear stress associated with washing the
monolayer. The weak selectivity between E6.2.6" and E6.2.6’
N78S without a reduction in the number of ligands on the yeast
surface indicates that, within this affinity range, it is the high
avidity between yeast and a mammalian cell that is driving
recovery rather than ligand affinity. Reducing the number of
ligands to between 3,000 and 6,000 ligands per yeast cell
increases the selectivity between these two clones because the
diminished number of interactions between a yeast and
mammalian cell causes ligand affinity to become more impactful
in the ability of yeast to remain bound. Further reduction to
1,000 ligands per yeast cell shows a decrease in selectivity as
there is no longer enough avidity to reliably keep many of the
yeast bound to the mammalian cell. With extreme reduction to
400 ligands per yeast cell, the avidity between yeast and the
mammalian cell is generally not strong enough to keep yeast
bound through incubation and washing regardless of affinity, and
thus, essentially no selection is observed. These results suggest
that although this method of affinity selection can yield coarse
affinity discrimination, the level of discrimination is not likely
to be as fine as fluorescence-activated cell sorting with soluble
target’® or with detergent-solubilized cell lysate™ because the
sort stringency of these techniques is tunable by simply
drawing a strict sort gate. However, the ability to differentiate
a 2 nM interaction from 17 and >600 nM interactions in these
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experiments is the first example of affinity discrimination with
yeast surface display against mammalian cell monolayers, a
selection method that did not previously have any method for
affinity discrimination.

Not all ligands display at the same level. It should be noted
that, in these experiments, the ligands remaining per cell after
DTT treatment, not the concentration of DTT used, is the
most important metric for successful selection. In the event that
a ligand expresses at a level requiring greater than 10 mM DTT
for the necessary level of ligand removal, other reducing agents
with less cytotoxicity,” such as tris(2-carboxyethyl)phosphine
(TCEP), should be tested for efficacy and yeast viability.

It should also be emphasized that not all ligands will be
compatible with this selection. In particular, disulfide-stabilized
ligands such as antibody fragments or cystine knot peptides
may exhibit detrimental conformational change due to
destabilization from reduction. However, such changes could
also serve to reduce functional valency, which could potentially
achieve the same goal as Agalp-Aga2p separation. Thus, the
DTT reduction approach could still be used, but DTT titration
should be performed while acknowledging that disulfide
reduction could impact both the Agalp-Aga2p bonding and
ligand conformation. Alternatively, for a more analogous avidity
reduction for use with these ligands to be achieved, digestion
with factor Xa protease can be optimized to yield yeast with
the appropriate number of ligands per yeast cell. A cut site for
factor Xa protease is present in the yeast surface display linker
N-terminal to the ligand.

Affinity Maturation of EpCAM-Binding Fibronectin
Domains. EpCAM is an attractive cancer target due to its
overexpression in many different carcinomas including those of
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Figure 3. Characterization of EpCAM-binding fibronectin populations and individual clones. (A) Polyclonal populations of soluble EpCAM-binding
fibronectin domains were assessed for relative affinity against EpCAM-expressing MCF-7 cells at 10 nM via flow cytometry. (B) Quantitative analysis
of the flow cytometry experiments was performed. For this analysis, the percentage of fluorescent events appearing above the 95th percentile
(“binding events”) and 2-fold above the 95th percentile (“strongly binding events”) of the negative control were quantified as mean + standard error
of eight trials. (C) Individual fibronectin clones were produced solubly, and their affinity toward EpCAM-expressing MCF-7 cells was determined by
flow cytometry. Affinities are presented as mean =+ standard error of two to five trials (instances where only two trials were performed are presented
as mean # range). (D) The same soluble fibronectin clones were assessed for binding against EpCAM-negative U87 cells at 100 nM via flow
cytometry to determine the specificity of these clones. Clones are named with letters corresponding to the population from which they were isolated:
“A” denotes clones isolated from the unmatured population, “B” denotes clones isolated from the population matured without DTT, and “C”
denotes clones isolated from the population matured with DTT. The coloring of clone names further represents their parent population akin to
(A) and (C). Median fluorescence intensities are presented as mean + standard error of two to five trials (instances where only two trails were
performed are presented as mean =+ range). All samples include U87 (EpCAM-negative) data, but most U87 bar (white) are not visible because of
their near-zero fluorescence after background correction.

the breast, pancreas, esophagus, colon, and prostate.”® Many from the previous round of directed evolution (unmatured
ligands have been evolved for EpCAM binding including population). Soluble fibronectin domains from each population
antibodies and their fragments,‘?’1 shark vNARs,*> DARPins,*>** were produced as a polyclonal mixture and tested for binding

and small cyclic peptides.’® Fibronectin domains®®*’ have to EpCAM-positive MCF-7 cells (Figure 3A). For analysis of
never been applied to EpCAM binding but their evolvability for this data, binding is considered detectable for all events with

high affinity and specificity, small size, and ease of production fluorescence above the 95th percentile of the negative control.
and downstream handling could provide an advantage over Binding is considered strong for events lying 2-fold above
established ligands. the 95th percentile of the negative control (Figure 3B). The

A population of EpCAM-specific fibronectin domains was unmatured population contains 15 + 3% detectable binding
selected through a combination of magnetic bead sorting and events and 3 & 1% strongly binding events. Upon mutagenesis
FACS sorting with a soluble EpCAM extracellular domain and additional cell panning, the matured population distribu-
and cellular-based selection using MCF-7 and LnCAP cells. tion shifts to include more variants with stronger binding to
Three rounds of mutagenesis and selection were carried out to MCE-7 cells with 91 + 4% of events detectable and 55 + 11%
seek improved affinity. Clones isolated at this stage exhibited appearing strong. When the mutated population is instead

only moderate affinity for the soluble EpCAM extracellular panned using yeast valency reduction with DTT, the resulting
domain (Kg &~ 130—190 nM; Figure S2) and weak binding to variants essentially all bind (99 + 0.2% of events detectable)
EpCAM-expressing human cell lines. Therefore, we sought to and are predominantly strong binders (89 + 6%). Significantly

isolate higher affinity clones from the population via our avidity more strong binders are found in the matured population panned
reduction approach. using yeast valency reduction than the matured population
Three populations of EpCAM-binding fibronectin domains panned without DTT treatment (p = 0.02). For this difference
are compared: (1) an enriched pool of fibronectins obtained in affinity to be examined further, individual clones from
after three rounds of selection with avidity reduction (matured each population were selected based on differences observed
population with DTT), (2) a population from the same round in individual sequences obtained from Sanger sequencing of
of directed evolution sorted by standard cell panning methods random clones. A subset of these clones were produced as
(matured population without DTT), and (3) the population soluble, monoclonal domains and purified. Affinities of these
318 DOI: 10.1021/acscombsci.6b00191

ACS Comb. Sci. 2017, 19, 315-323


http://pubs.acs.org/doi/suppl/10.1021/acscombsci.6b00191/suppl_file/co6b00191_si_001.pdf
http://dx.doi.org/10.1021/acscombsci.6b00191

ACS Combinatorial Science

Research Article

Sequence

Designation 1 1 2 32 a 51 61 n 87 9 Kg (nM)

Consensus ~ SSDSPRNLEV TNATPNSLTISWDYPNSASYYRITYGETGGNSPSQEFTV P[GNTYNATISG LKPGQDYIITVYAVTYRDNYSY SN|P ISIN YRTE | DKPSQ
Al Ceeeecesic s csceetecsc s ceaesece acstttac e teattettae S ettt aattas teseeseteaca0basata s te a0 o seas cassasaans 3804600
A5 teSeee e eWe e oaenn sanaaaaaaa  8100:700
81 . “ e e 8801600
B17 Seeccns Leeenan oneanaaaas 31006800
B20 T N R Y ey
822 s eDYTeenenoosanonasonnnanssessnsesnesVes aResnonnssonsasnnannoneanssnen sonesosnnes 1100200
o3 ceNSeYeeeooeecossosnoscacloccsoaSecoccnscsceasacssascoassonacncssaclas .S. 1741
c6 s . .D. Eoososos .SV. seeVessss 3018
c8 B I - R I el eeens venne e 14
c1o T T T T Ty N 7L { . 2549

Figure 4. Sequences for EpCAM-binding fibronectin domains, which were compared by sequence alignment. Residues that match consensus are
denoted by a @. Engineered loop residues are shown in bold. P87L/S mutation is highlighted in red. Clones are labeled with letters corresponding to
the population from which they were isolated: “A” denotes clones isolated from the unmatured population, “B” denotes clones isolated from the
population matured without DTT, and “C” denotes clones isolated from the population matured with DTT.

clones were determined by flow cytometry (Figure 3C). The
affinities of clones isolated from the matured population with
DTT (median: 24 nM) were significantly higher (p = 0.04) than
those of clones isolated from the matured population without
DTT (median: 1,600 nM). Furthermore, these higher affinity
clones are comparable to a commercially available monoclonal
antibody known to target EpCAM (clone 9C4) when tested in
parallel in a flow cytometry-based cell binding assay (Figure S3).
Importantly, none of the tested clones with strong affinities bind
appreciably to EpCAM-negative U87 cells (Figure 3D).”**’
Although all isolated clones appear to be from the same family
based on upstream convergence of the lead polypeptide, four
out of five of the clones tested from the matured population
with DTT show a P87L/S mutation that may be beneficial
for stronger binding (Figure 4). This mutation could allow for
increased flexibility directly C-terminal to the engineered FG
loop, enabling a more favorable conformation of the loop.
Alternatively, the L/S residue itself may directly contribute as
part of the binding paratope as loop-adjacent residues have been
shown in the past."*”* This structure—function determination
is beyond the scope of this study and thus was not interrogated
further.

The knowledge gained from the aforementioned experiments
allows for tuning yeast-displayed cellular selections to pre-
ferentially recover higher affinity ligands in a robust, facile
way without the need for decreasing target expression on the
mammalian cells. This is in contrast to previous work, where
fluorescein-binding scFvs were panned against RBE4 cells
labeled with increasing amounts of FITC® and EGFR-binding
fibronectin domains were panned against various breast cancer
cell monolayers with varying EGFR expression levels.”” This is
especially important for affinity maturation of engineered ligands
because, after mutagenesis, it is expected that an overwhelming
majority of ligands either retain or decrease their binding affinity
while only a small percentage actually improve.**** The ability to
modify yeast-displayed cellular selections for the enrichment
of this small percentage of improved clones ensures that ligands
can be selected against full-length cellular target molecules.
This avoids the use of established affinity discrimination methods
that use soluble extracellular domains™ or detergent-solubilized
cell lysates,”® which may not be available or may not translate to
affinity maturation against a genuine cellular target.

Additionally, though not shown in this work, the methods
developed in this study could be applied directly to naive ligand
libraries for the initial rounds of selection in an attempt to
isolate the highest affinity binders present in the initial pool.
The success of these selections would depend on the initial
library quality; ligands isolated from engineered libraries that
have not yet undergone affinity maturation often have weak
affinity,"" though this is not always the case.” In the situation
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where the number of high affinity binders in the initial pool
is diminishingly small, selection under conditions of reduced
avidity will likely fail and is not recommended. Conversely,
if a robust library is employed, then the avidity reduction
approach may expedite the overall directed evolution process
by enriching the high affinity binders at a much earlier round of

selection.

B CONCLUSIONS

In conclusion, yeast-displayed cellular selections can be modified
for affinity discrimination by decreasing ligand expression with
DTT treatment as ligand expression decreases titratably with
increased concentration of DTT. In an EGFR model system,
reducing the number of displayed ligands to 3,000—6,000 per
cell allowed for 16-fold selectivity of a high-affinity (2 nM)
binder relative to a mid affinity (17 nM) ligand. However,
further reduction in ligand expression decreased the overall
effectiveness of selection. These considerations were applied to
the affinity maturation of EpCAM-binding fibronectin domains,
where a small percentage of clones had a stronger target affinity
than the majority of the pool but selection was not possible
using standard protocols. When applied to this experimental
system, cell panning selections augmented with avidity reduction
enabled the isolation of novel fibronectin clones with significantly
improved affinity for cellular EpCAM. These findings should
ultimately increase the success of ligand engineering by aiding
the isolation of strongly functional proteins that interact with full-
length cellular targets.

B EXPERIMENTAL PROCEDURES

Cells and Cell Culture. The MDA-MB-468 cell line was
a kind gift from Professor Samira Azarin (University of
Minnesota—Twin Cities). MCF-7, LnCAP, and U87 cell lines
were purchased from ATCC. MDA-MB-468, MCF-7, and U87
cell lines were grown at 37 °C in a humidified atmosphere with
5% CO, in Dulbecco’s modified Eagle’s medium with 4.5 g/L
of glucose, sodium pyruvate, and glutamine supplemented
with 10% (v/v) fetal bovine serum and 1% (v/v) penicillin
streptomycin. LnCAP cells were grown at 37 °C in a humidified
atmosphere with 5% CO, in Roswell Park Memorial Institute
(RPMI) medium with 4.5 g/L of glucose, sodium pyruvate, and
glutamine supplemented with 10% (v/v) fetal bovine serum
and 1% (v/v) penicillin streptomycin.

Yeast surface display was performed essentially as described.*
EBY100 yeast harboring expression plasmids were grown in
SD-CAA medium (16.8 g/L of sodium citrate dihydrate, 3.9 g/L
of citric acid, 20.0 g/L of dextrose, 6.7 g/L of yeast nitrogen
base, and 5.0 g/L of casamino acids) at 30 °C with shaking at
250 rpm. Protein expression was induced by transferring yeast
cells in logarithmic phase (ODggg ym < 6) into SG-CAA medium
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(10.2 g/L of sodium phosphate dibasic heptahydrate, 8.6 g/L
of sodium phosphate monobasic monohydrate, 19.0 g/L of
galactose, 1.0 g/L of dextrose, 6.7 g/L of yeast nitrogen base,
5.0 g/L of casamino acids) and growing at 30 °C with shaking at
250 rpm for at least 8 h. EBY100 yeast without plasmid were
grown in YPD medium (10.0 g/L of yeast extract, 20.0 g/L
of peptone, 20.0 g/L of dextrose) at 30 °C with shaking at
250 rpm.

Expression Plasmids. The pCT-40 plasmid™ was used as
the expression vector for yeast surface display. This vector encodes
for Aga2p followed by an 80-amino acid linker—including a
factor Xa cleavage site, an HA epitope, a 40-mer linker with two
repeats of the PAS#1 peptide,”” and a glycine-rich peptide—
followed by the EGFR-binding fibronectin domain E6.2.6" with
a C-terminal MYC epitope. For facile analysis of clone mixtures
to be enabled by flow cytometry, the MYC epitope was replaced
with either a V5 epitope or an E-tag epitope by elongation PCR
of an arbitrary gene followed by cloning into Nhel and Xhol
restriction sites, yielding pCT-40V and pCT-40E, respectively.
Fibronectin domain E6.2.6' N785*° was cloned into pCT-40V
by Nhel and BamHI restriction sites. Fibronectin domain
E6.2.6' AASV*’ was cloned into pCT-40E by Nhel and BamHI
restriction sites.

Ligand Expression with DTT Titration. Yeast (5 x10°)
displaying fibronectin clone E6.2.6" in the pCT-40 vector were
pelleted at 8,000g and washed twice with 10 mM Tris buffer
pH 7.5 (1.24 g/L of Tris-HCl, 0.26 g/L of Tris base). DTT was
diluted to 0.5, 5, 10, 15, and 20 mM in 10 mM Tris buffer at
pH 7.5. Yeast were resuspended in 20 yL of DTT solution and
incubated at 30 °C for 20 min without shaking. Yeast were then
pelleted at 8,000g and washed twice with PBSACM (PBS with
1 g/L of bovine serum albumin, 1 mM CaCl,, 0.5 mM MgCL,).
For relative ligand expression to be quantified, yeast were
labeled with 20 pL of anti-MYC primary antibody (9E10,
BioLegend, Cat: 626802, S pg/mL) for 20 min at room
temperature, then washed once with PBSACM and pelleted at
8,000g for 1 min. Yeast were then labeled with 20 uL of goat
antimouse Alexa Fluor 647 conjugate (Thermo Fisher Scientific,
Cat: A-21235, 10 pg/mL) and analyzed by flow cytometry using
a BD Accuri C6. The average fluorescence of 10,000 events
from each sample was compared to that from an untreated
control. Events with fluorescence 3 standard deviations above
the mean (<3%) were omitted from this analysis.

For the absolute expression of each ligand without DTT
treatment to be fully quantified, labeled yeast fluorescence was
compared to a calibration curve prepared from antimouse IgG
beads (Bangs Laboratories, Inc., Cat: 815). Polystyrene beads
with known quantities of immobilized monoclonal antimouse
IgG were labeled with 20 uL of mouse anti-MYC antibody
(9E10, BioLegend, Cat: 626802, S ug/mL) and incubated for
20 min at room temperature. Beads were washed once with
PBSACM and pelleted at 2,500g for 2.5 min. The beads were
then labeled with 20 pL of goat antimouse Alexa Fluor 647
conjugate (10 ug/mL) for 20 min at room temperature. Beads
were again washed with PBSACM and pelleted at 2,500g for
2.5 min. Concurrently, yeast expressing clone E6.2.6" in the
pCT-40 vector were labeled equivalently with mouse anti-MYC
and goat antimouse Alexa Fluor 647 conjugate as described
above. Yeast expressing clone E6.2.6" in pCT-40 vector, E6.2.6'
N78S in pCT-40V vector, or E6.2.6" AASV in pCT-40E vector
were labeled concurrently with 20 uL of goat anti-MYC FITC
conjugate (Bethyl Laboratories, Cat: A190—104F, 2 pug/mL),
20 uL of goat anti-VS FITC conjugate (Bethyl Laboratories,
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Cat: A190—119F, 2 pug/mL), or 20 uL of goat anti-E-tag FITC
conjugate (Bethyl Laboratories, Cat: A190—132F, 2 ug/mL)
for 20 min at room temperature. Yeast were washed and
pelleted at 8,000g for 1 min. Fluorescence was analyzed with
a BD Accuri C6. The standard curve was compared to the
fluorescence of the yeast that were labeled with the same
mouse anti-MYC antibody and goat antimouse Alexa Fluor 647
conjugate. This expression level was mapped onto the other
samples by comparison to the E6.2.6" expressing yeast labeled
with the goat anti-MYC FITC conjugate.

Initial trials for yeast cell viability before and after DTT
treatment were conducted using mixtures of approximately
1% pCT-40 E6.2.6', 7% pCT-40V E6.2.6" N78S, and 92%
pCT-40E E6.2.6° AASV. Viability was assessed by dilution
plating. Yeast (2 X10°) were pelleted at 8,000g for 1 min and
washed twice with 10 mM Tris pH 7.5. As this point, viability
prior to DTT treatment was assessed by dilution plating on
YPD plates. Yeast were then treated with 800 uL of 0, 2.5, §,
10, or 15 mM DTT in Tris pH 7.5 at 30 °C for 20 min without
shaking. Yeast were then pelleted at 8,000g and washed twice
with PBSACM. Viability after DTT treatment was assessed by
dilution plating on YPD plates. Additional trials were performed
in essentially the same way except that § X 10° pCT-40 E6.2.6'
yeast were used and the treatment volume was 20 uL to retain
the same yeast:DTT ratio.

Yeast Surface Display Cell Panning with Avidity
Reduction. Yeast mixtures of approximately 1% pCT-40
E6.2.6", 7% pCT-40 V E6.2.6" N78S, and 92% pCT-40E E6.2.6'
AASV were generated, and compositions were verified by flow
cytometry analysis. Then, 2 X 10° yeast were washed twice with
10 mM Tris pH 7.5 and pelleted at 8,000g for 1 min. Yeast were
resuspended in 800 L of 10 mM Tris buffer pH 7.5 with 0, 2.5,
S, 10, or 15 mM DTT, incubated at 30 °C for 20 min without
shaking, washed twice with PBSACM, and pelleted at 8,000g
for 1 min.

MDA-MB-468 cells were grown to approximately 80%
confluence in 12-well plates. Culture medium was removed
via aspiration, and cells were washed three times with 500 uL
of ice-cold PBSACM. Then, 5 X 107 yeast in 500 uL of ice-cold
PBSACM were applied to MDA-MB-468 monolayers dropwise
and incubated at 4 °C without shaking for 2 h. Cells were
washed five times with S00 uL of PBSACM as described.”
Briefly, cells were tilted 25 times and rotated five times for the
first four washes and rotated 10 times only for the fifth wash.
SD-CAA media (500 pL) was added dropwise to each washed
well, and cells were recovered by scraping. Recovered yeast were
grown overnight in 5 mL of SD-CAA at 30 °C with shaking at
250 rpm, and protein expression was induced by transferring
yeast into SG-CAA media and incubating for at least 8 h at
30 °C with shaking at 250 rpm. Clone composition is not
expected to change due to propagation under noninduced con-
ditions, as previously shown for this vector family.*® Final
mixture compositions were determined by flow cytometry
analysis using a BD Accuri C6, as described above. Compositions,
enrichment ratios, and selectivities are reported as mean =+
standard deviation of eight selections.

Affinity Selection of EpCAM-Binding Engineered
Fibronectin Domains. EpCAM-binding fibronectin domains
were selected via yeast surface display essentially as described.*®
Details regarding yeast cell growth and induction of ligand
surface display are given above. Briefly, a yeast-display library
of fibronectin domains™ was subjected to negative selection
against avidin-coated magnetic beads followed by magnetic beads
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functionalized with irrelevant protein lysozyme to remove any
nonspecific binding interactions. Remaining yeast were then
exposed to magnetic beads functionalized with biotinylated
recombinant human EpCAM (Acro Biosystems, Cat: EPM-
H8223), and bound yeast were selected. Incubations were
performed at 4 °C, and recovered beads were washed once in
PBSA (PBS with 1 g/L of bovine serum albumin) prior to
culture in SD-CAA media at 30 °C at 250 rpm for at least 12 h.
Protein induction was then induced as described above.

After three rounds of magnetic selection, full-length (MYC-
positive) fibronectin clones were selected via FACS using
mouse anti-MYC antibody (9E10, BioLegend, Cat: 626802,
S ug/mL) and goat antimouse Alexa Fluor 647 conjugate
(Thermo Fisher Scientific, Cat: A-21235, 10 pg/mL). Isolated
clones were subject to whole-gene and loop-focused error-
prone PCR using mutagenic nucleotide analogues*” and genetic
loop shuffling between sequences.”' After transformation of
the mutants into EBY100 yeast, the resulting population was
subjected to one additional round of magnetic selection at
4 °C; recovered beads were washed twice with PBSA prior to
culture in SD-CAA media at 30 °C at 250 rpm for at least 12 h.
Ligand expression was induced as above. Yeast were then
subjected to two rounds of mammalian cell selection against
adherent monolayers of the EpCAM-overexpressing cell lines
MCE-7 and LNCaP (Figure S1), as previously described.”’
Full length clones that bound biotinylated target, detected
with a streptavidin Alexa Fluor 488 conjugate (Thermo Fisher
Scientific, Cat: S-11223, 10 ug/mL), were then isolated via
FACS and diversified as before.

After three additional rounds of panning against MCF-7 and
LNCaP cell lines, target binding yeast were again isolated by
FACS and diversified before panning against the same cell lines
once more. This population was then subjected to three rounds
of cell panning against MCF-7 cells in two parallel strategies:
via the standard approach outlined above or with yeast valency
reduction. In the case of the standard approach, yeast were
panned against MCF-7 cells without DTT treatment. For yeast
valency reduction, yeast were treated with 2.5, 5, 7, and 9 mM
DTT and washed as previously described. Valency was assessed
by flow cytometry analysis with fluorescence standard beads
and as previously described. The DTT treatment yielding a
population with between 3,000 and 6,000 ligands per yeast cell
(often 2.5—5 mM, depending on the untreated level of protein
expression) was used for selection.

Protein Production and Analysis. BL21(DE3) Escher-
ichia coli (New England Biolabs, Cat: C2566I) were trans-
formed with plasmid and grown overnight (37 °C, 250 rpm) in
lysogeny broth (LB) medium with kanamycin (50 pg/mL).
Approximately 4 mL of overnight culture was added to 100 mL
of LB medium without antibiotics and grown at 37 °C at
250 rpm until the optical density at 600 nm (ODgq) reached
0.65—1.0 (~2 h) and induced with 1.0 mM isopropyl f-p-1-
thiogalactopyranoside (IPTG) for 3 h at 30 °C and 250 rpm.
Cells were pelleted (3,500g, 15 min, 4 °C), frozen in a dry
ice/ethanol bath, and resuspended in 8 mL of SoluLyse protein
extraction reagent (Genlantis Inc, Cat: L10012S) supple-
mented with EDTA-free protease inhibitor (Thermo Fisher
Scientific, Cat: 88266). Cell lysates were centrifuged (27,000g,
1S min, 4 °C) to separate soluble and insoluble protein
fractions, and the supernatant was filtered through a 0.22 ym
membrane. Fibronectin domains were purified by immobilized
metal affinity chromatography on a gravity column packed with
HisPur cobalt resin (Thermo Fisher Scientific, Cat: 89964)
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following the manufacturer’s protocol, and eluted fractions
were analyzed by SDS-PAGE. Fractions containing visibly
pure fibronectin domains were pooled and buffer exchanged
into phosphate buffered saline (PBS), pH 7.4, with Zeba spin
desalting columns (Thermo Fisher Scientific, Cat: 89893).
Protein concentration was determined via Bradford Protein
Assay (Bio-Rad Laboratories, Cat: 500—0201) and diluted to
1 uM in additional PBS. Purified protein was analyzed by size-
exclusion chromatography (SEC) on a Superdex 200 Increase
10/300 gel filtration column (GE Healthcare Life Sciences,
Cat: 28990944) in PBS running buffer. Retention times of
fibronectin domains were compared to those of commercial
molecular weight standards (Sigma-Aldrich, Cat: C7150 and
C702S, respectively) cytochrome C (14.6 kDa) and carbonic
anhydrase (29 kDa) and found to be >80% monomeric
(Figures S4 and S5).

Affinity Determination of Fibronectin Domains. MCF-7
cells were cultured to approximately 80% confluence, as described
above. Detached MCEF-7 cells were counted using a Countess II
Automated Cell Counter. Aliquots of 40,000 MCF-7 cells were
washed and labeled with varying concentrations of each
fibronectin clone for 90 min at 4 °C with rotation. Cells were
pelleted at 300¢ for 3 min, washed with 1 mL of ice-cold
PBSACM, and labeled with 20 L of anti-Hiss FITC conjugate
(Abcam, Cat: ab1206, 13 ug/mL) for 20 min at 4 °C in the
dark. Cells were again pelleted and washed with 1 mL of
ice-cold PBSACM. Fluorescence was analyzed using a BD
Accuri C6 or BD LSRIL
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