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ABSTRACT: Yeast surface display is a valuable tool for protein engineering and directed evolution; however, significant variability
in the copy number (i.e., avidity) of displayed variants on the yeast cell wall complicates screening and selection campaigns. Here, we
report an engineered titratable display platform that modulates the avidity of Aga2-fusion proteins on the yeast cell wall dependent
on the concentration of the anhydrotetracycline (aTc) inducer. Our design is based on a genomic Aga1 gene copy and an episomal
Aga2-fusion construct both under the control of an aTc-dependent transcriptional regulator that enables stoichiometric and
titratable expression, secretion, and display of Aga2-fusion proteins. We demonstrate tunable display levels over 2−3 orders of
magnitude for various model proteins, including glucose oxidase enzyme variants, mechanostable dockerin-binding domains, and
anti-PDL1 affibody domains. By regulating the copy number of displayed proteins, we demonstrate the effects of titratable avidity
levels on several specific phenotypic activities, including enzyme activity and cell adhesion to surfaces under shear flow. Finally, we
show that titrating down the display level allows yeast-based binding affinity measurements to be performed in a regime that avoids
ligand depletion effects while maintaining small sample volumes, avoiding a well-known artifact in yeast-based binding assays. The
ability to titrate the multivalency of proteins on the yeast cell wall through simple inducer control will benefit protein engineering
and directed evolution methodology relying on yeast display for broad classes of therapeutic and diagnostic proteins of interest.
KEYWORDS: titratable yeast display, directed evolution, protein engineering, synthetic biology, enzyme engineering, cell adhesion, affibody

■ INTRODUCTION
Yeast surface display constitutes a core technology for in vitro
engineering of binding proteins and enzymes.1−4 Typically,
yeast display is carried out in a EBY100 or a similar strain
where a genomic copy of the AGA1 gene is under the control
of a galactose (GAL) promoter. Aga1 serves as an anchoring
domain that binds via two disulfide bridges to Aga2-fusion
proteins expressed from an episomal plasmid under GAL
control and secreted to the cell surface. This platform allows
protein evolution by screening/selecting for given phenotypes
(e.g., binding or enzymatic activity), isolating pools or single
cells, iterating, and ultimately recovering novel gene sequences
encoding enhanced variants.
Yeast display affords proteins that have undergone

eukaryotic expression and secretion. This means proteins
displayed on yeast are subjected to eukaryotic post-transla-

tional quality control and modification, including glycosylation
and disulfide bond formation. These features, along with the
ease of genetic manipulation and stability, make yeast display a
standard method for many protein engineering projects.5,6

Yeast surface display has been used in the discovery and
isolation of novel binders,7−14 affinity maturation of antibody
derivatives,15−17 engineering of enzymes,18−21 and enhance-
ment of thermal,22 chemical,23 and mutational stability of
proteins.24−26 It has found further applications in kinetic and
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competitive binding analysis,27,28 protein−protein interaction
studies,29−32 epitope mapping,33−36 and probe development
for diagnostic imaging.37 Recent methodological advances
include coupling with combinatorial screening platforms,38

introducing somatic hypermutation in vivo,39 optimizing
plasmids and cloning strategies,40 continuously diversifying
genes in vivo,39 improving expression levels and protein
stability,41 and using diverse chemistries for conjugation and
labeling.42

Despite these advances, two remaining challenges faced by
current yeast surface display systems are related to expression
efficiency (i.e., fraction of cells expressing the Aga2 fusion) and
multivalency (i.e., protein copy number per cell).43 Depending
on the protein, induction under the GAL promoter can lead to
widely different display levels, which can confound screening/
selection campaigns for binding proteins and enzymes.
Typically, immunostaining for expression levels is used for
normalization;44−46 however, when panning yeast libraries
against cells or insoluble substrates, multivalency can strongly
affect adhesion phenotypes, and depending on the workflow,
normalizing for expression is not always possible. In addition
to influencing binding protein behavior, multivalency can also
affect enzyme engineering projects, and precisely controlling
for enzyme display levels would provide significantly better
control and quantification of specific activity when comparing
monogenic (i.e., non-pooled) clones in head-to-head assays.
There are limited prior reports of strategies to modulate the

display level of proteins on the yeast cell wall. Stern and
colleagues used the disulfide reducing agent dithiothreitol to
dissociate Aga1−Aga2 interactions, thereby chemically remov-
ing proteins from the surface and reducing avidity.47 This
approach was shown to enhance the discrimination ability for
high-affinity binders but may be problematic for proteins
containing disulfide bridges. Work from the synthetic biology
field has demonstrated systems for titratable cytoplasmic
protein production that rely on gene circuits and logic
controllers to achieve transcriptional regulation.48−53 For
example, Azizoglu et al. built a well-tempered transcriptional
controller (WTC846) that regulates the cytoplasmic expression
of a target protein in yeast. WTC846 consists of an engineered
eukaryotic promoter PTDH3 that is repressed by the bacterial
TetR repressor. Together, they comprise the enhanced P7Tet.1
promoter which is inducible by anhydrotetracycline (aTc). To
optimize the control of genes, they added complex
autorepression to the system by introducing a constitutive
promoter, PRNR2, which drives the expression of a second TetR
gene to reduce basal expression levels. Finally, the second TetR
gene was fused to the active yeast repressor Tup1 to
completely eliminate basal protein synthesis. The mechanism
of transcriptional control of genes by WTC846, therefore, relies
on the TetR negative feedback, where TetR represses and
controls its own synthesis in an aTc dose-dependent manner.
The stepwise addition of aTc relieves TetR repression, leading
to a tunable gradient of gene expression with a low cell-to-cell
variation.54

Here, we sought to control cell phenotypic activity by
titrating the copy number of proteins on the yeast cell wall. We
developed a yeast titratable display (YTD) system based on the
WTC846 system and adapted it for the regulation and
stoichiometric expression of Aga1- and Aga2-fusion proteins.
We characterized and validated cell population expression
efficiency and display level per cell for three model proteins
[glucose oxidase (GOx), dockerin (Doc), and anti-PDL1

affibody (Affi)]. We demonstrated the capabilities of this
system with three examples: (i) by normalizing and controlling
the enzymatic activity of differentially active GOx variants; (ii)
by quantifying and controlling the adhesion of yeasts
displaying mechanostable Doc bound to surface-immobilized
Cohesin (Coh) and exposed to shear stress; and finally (iii) by
addressing a known artifact in yeast-based measurements of
binding affinity caused by depletion of soluble ligand
molecules. By limiting the copy number of anti-PDL1 affibody
molecules displayed on the cell wall, we were able to quantify
binding affinity correctly without scaling up reaction volumes.
This titratable system, therefore, allows for quantitative
measurements of binding affinity of yeast-displayed proteins
while limiting reagent consumption of soluble antigens.

■ METHODS
Chemicals and Media. Chemical reagents were purchased

from Sigma-Aldrich (St. Louis, USA) unless otherwise stated.
YPD medium contained 1% (w/v) yeast extract, 2% peptone
(both from BD Biosciences, Germany), and 2% (w/v) glucose.
Yeast Synthetic Drop-out Medium (YSD) contained 0.67%
Yeast nitrogen base without amino acids (Sigma: Y0626) and
0.16% (w/v) Yeast Synthetic Drop-out Medium Supplement
without leucine (YSD−Leu, Sigma: Y1376). Restriction
enzymes were purchased from New England Biolabs (Ipswich,
USA). aTc was acquired from Cayman Chemicals (10009542),
aliquoted as 10.0 mg/mL stock in DMSO for long-term
storage, and diluted in water for experiments as needed.
Primary and secondary antibodies were provided by Life
Technologies Corporation (Invitrogen, Massachusetts, USA).
Sodium alginate (viscosity 1%:100−200 mPa·s) was purchased
from Duchefa Biochemie (Haarlem, the Netherlands).
Plasmid Cloning. XL10-Gold Ultracompetent Cells

(Stratagene, Agilent, USA) were used for plasmid preparation.
Plasmids for cloning and strain engineering were kindly
provided by Fabian Rudolph, ETHZ.54 The plasmid for the
expression of the gene of interest (GOI) pJL100 was used for
titrated display. Plasmid FRP2088 carrying the P7Tet.1 promoter
was modified with a yeast display cassette containing the fusion
AGA2-epitope tags introduced by isothermal assembly. Next,
the construct containing P7Tet.1 promoter-AGA2-epitope tags
was integrated into the plasmid FRP1448 carrying a LEU2
auxotrophic gene marker to complete the pJL100 plasmid.
This vector encodes Aga2p followed by a glycine-rich peptide,
a leader peptide from bacteriophage T7 gene 10, an Xpress tag,
and a protease cleavage site followed by a landing pad for the
GOI to be displayed, a V5 epitope, and a C-terminal Streptag
epitope (Table S1). The XDocIII gene sequence in pET28a−
HIS−Xyl−Xmod−DocIII (plasmid #608655) was acquired
from Addgene. The gene sequences of GOx−WT, GOx-
M556L, and GOx-M556L + M561S were provided by
Kovacevic.56 Inserts were generated by PCR or custom DNA
synthesis (Twist Biosciences, USA). GOI sequences were
amplified using Phusion kits according to the manufacturer’s
protocol and introduced into the plasmid pJL100 by
isothermal assembly. All plasmids were verified by Sanger
sequencing (Microsynth AG, Switzerland) and stored at −20
°C until use. All primers and plasmids used in this work are
listed in Table S1.
Yeast Strain Engineering. All strains described in this

study derive from Saccharomyces cerevisiae EBY100 (back-
ground strain: BJ5465). To transform yeast, cells were grown
at 30 °C in YPD medium. Transformants were isolated by
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auxotrophy complementation on agar plates. For the genetic
integration of constructs, plasmids were linearized with a
restriction enzyme and transformed into yeast following
standard lithium acetate transformation methods.57 Titratable
strains were generated sequentially from the parent strain
RVY200, an EBY100 derived yeast strain where the GAL1-
AGA1 locus was replaced by a G418 resistance cassette
through homologous recombination. The strain RVY200
carrying the plasmid for CAS9 (Nourseothricin N-acetyl-
transferase, NAT, as a marker) was co-transformed with the
helper plasmid FRP2101 (Hygromycin) and a PtetO-7.1_Aga1
PCR construct for homology-directed repair. Positive trans-
formants were selected on YPD + NAT + Hyg + β-estradiol.
The AGA1Δ:loxp_G418_loxp cassette of RVY200 was
replaced with PtetO-7.1_Aga1 to create the RVY201 strain.
Through homologous recombination in the URA3 locus, the
TetR−TUP1 controller in the linearized tagging plasmid was
integrated, resulting in the final strain RVY202. Integrations
were verified by PCR. Table S2 describes the genotypes of
yeast strains created in this work.
Flow Cytometry and Titrated Display Validation. For

protein display on yeast, precultures were grown overnight at
30 °C, 180 rpm in YS−Leu + 2% (w/v) glucose (Gluc) +
ampicillin until saturation. The next day, the culture was
diluted to OD600 = 0.045 and grown at 20 °C, 180 rpm in
−Leu + 2% (w/v) Gluc + ampicillin for 16 h. After the
indicated growth time, the culture cell density reached an
OD600 = 0.4, and aTc was added at the desired concentration.
To display GOx with activity on Gluc, initial cultures for
dose−response analysis were grown at 30 °C, 180 rpm in YS−
Leu + 2% (w/v) GAL + ampicillin medium. After 36 h, the
cultures were diluted to OD600 = 0.3 and further grown for 1 h
at 30 °C until OD600 = 0.42. The precultures were then split
into 7 mL cultures, and aTc was added at the corresponding
concentration for protein expression.
For expression profiles without dose response over time,

protein expression and display were induced for 5 h. For aTc
dose responses, cultures were sampled every hour for 8 h,
where 5 million cells were taken and washed with PBS + 0.1%
BSA. Protein translation was stopped after the desired
induction time by adding Cycloheximide (Sigma: 239765-
1ML) at 200 ng/mL. Displayed proteins in the cell pellets were
labeled at the C terminus using a primary mouse anti-V5
(E10/V4RR) monoclonal IgG antibody (1:500, Cat: MA5-
1523) and a secondary goat anti-mouse IgG (H + L) Highly
Cross-Adsorbed antibody conjugated to AlexaFluor 594 dye
(1:500, Cat: A-11032).
Cytometric analyses were done on an Attune NxT flow

cytometer (Thermo Scientific, USA) equipped with a high-
throughput autosampler and 488 and 561 nm lasers. The
fraction of cells displaying the protein of interest (POI) was
obtained by gating out the uninduced population. The relative
protein amount per cell was observed as the median
fluorescence of the analyzed population. GOx activity was
verified by flow cytometry using single-cell encapsulation of
displaying cells in alginate hydrogel microspheres, as previously
described.21

GOx Activity Assay in a Cell-Based Format. Cultures of
each GOx variant were grown in YS−Leu−Gal medium and
induced for 5 h at different aTc concentrations. 4 × 106 cells
were washed with PBS + 0.1% BSA, immunolabeled as
described before, and checked for full-length GOx display by
flow cytometry. 500,000 unlabeled cells underwent a GOx

activity test, as described previously.58 Briefly, 100 mM
glucose, 4 μM horseradish peroxidase (HRP), and 1.83 mM
ABTS (2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid))
were mixed in 200 μL of filtered PBS and added to the
respective cell suspension in triplicates. GOx activity was
measured by absorbance at 405 nm on a TECAN plate reader
in continuous mode for 10 min. Relative activity slopes were
normalized (n = 3).
Adhesion Assay. An in-house device based on a spinning

disk cell adhesion assay was employed to study cell population
adhesion profiles. The construction of the apparatus and
coverglasses’ preparation were performed as described
previously.59,60 Briefly, aminosilanized coverglasses were
functionalized with Cohesin E (CohE−HIS−ybbR) using a
250 μM solution of Maleimide−PEG−NHS (5 kDa; Rapp
Polymere, Tübingen, Germany) in 25 mM CH3O−PEG−
NHS (5 kDa; Rapp Polymere, Tübingen, Germany) and 100
mM HEPES pH 8 for 30 min. Coverglasses were rinsed with
ultrapure water and incubated with 200 μM Coenzyme A
(CoA) solution for 30 min. After washing with ultrapure water,
CoA coverglasses were incubated with the CohE−HIS−ybbR
fusion protein in 5 μM 4′-phosphopantetheinyl transferase Sfp,
10 mM MgCl2, and TBS−Ca2+ pH 7.4 buffer for 30 min.
Then, the surfaces were rinsed with ultrapure water and
immediately blocked with 5% BSA in PBS for 30 min.
Yeast cell populations displaying Aga2−Doc (specifically,

XDocIII from Ruminococcus flavefaciens55) after induction for 4
h at variable aTc concentration were seeded and allowed to
adhere to the coverglasses for 30 min. The cell suspension was
removed from the adhesion assay by gentle pipetting with a
syringe and replaced with TBS−Ca2+. The cells on the disk
underwent a spinning program consisting of a 20 s acceleration
ramp, a 5 min constant spinning at the indicated angular
velocity (rpm), and a 20 s deceleration in a TBS−Ca2+ buffer
chamber. Image analysis and data treatment were performed as
described elsewhere.59 Detachment profiles for n = 3 technical
replicates were plotted and fitted using a global sigmoid
probabilistic model to extract the shear stress value (τ50), at
which 50% of the cells remained adherent.61 The τ50 value was
used as a measure of the mean adhesion strength for
comparison of the different cell populations.
Binding Assays by Flow Cytometry. For the standard

yeast display using a pYD1 plasmid and GAL promoter,
cultures of anti-PDL1 affibody were grown overnight at 30 °C,
180 rpm in YS−Trp + 2% Gluc + ampicillin medium, and then
they were transferred to YS−Trp + 1.8% (w/v) Gal + 0.2%(w/
v) Gluc + ampicillin medium pH 5.0 at 20 °C, 180 rpm. The
anti-PDL1 affibody display was induced for 48 h. 2 × 106 cells
were washed with PBS + 0.1% BSA, immunolabeled as
described before, and checked for full-length affibody display
by flow cytometry. For binding experiments using the GAL
yeast display, 5 × 105 cells were washed, pelleted, and then
resuspended in serial dilutions of biotinylated human PDL1 in
PBS + 0.1% BSA for 3 h at 20 °C.
In the case of the correct assessment of the anti-PDL1

affibody’s apparent binding affinity (KD), the labeling volume
must be large enough to allow yeasts to stay in suspension and
should be chosen such that ligand binding to yeast-displayed
anti-PDL1 affibody is not under depleting conditions.
Therefore, the volume was increased accordingly for lower
ligand concentrations to maintain a ligand excess of at least 10-
fold over the anti-PDL1 affibody displayed on 5 × 105 cells.
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The anti-PDL1 affibody concentration [Affi] (in nanomolar)
in the sample was calculated as follows

[ ] =
· · · ×

·

N f

N V
Affi

1 10cells Disp
12

A Rxn

where δ is the number of displayed molecules per cell taken as
5 × 104 molecule per cell,62 Ncells is the number of cells in the
reaction volume (5 × 105 cells), f Disp is the displaying fraction
of cells in the sample, NA is Avogadro’s number 6.022 × 1023
molecules·mol−1, and VRxn is the final volume of the binding
reaction at a specific ligand concentration, mL. For the ligand
depletion effect demonstration, 5 × 105 cells were washed,
pelleted, and resuspended in serial dilutions of biotinylated
human PDL1 in PBS + 0.1% BSA for 3 h at 20 °C in a fixed
volume of 0.05 mL of ligand dilutions.
In the case of the YTD system, cultures of anti-PDL1

affibody were treated as previously described, except that the
medium was buffered with 0.1 M phosphate-citrate buffer pH
5.0. The affibody display was induced for 4 h at different aTc
concentrations. For binding experiments, 5 × 105 cells were
washed, pelleted, and then resuspended in serial dilutions of
biotinylated human PDL1 in PBS + 0.1% BSA for 3 h at 20 °C
in a fixed volume of 0.05 mL of ligand dilutions.
After incubation, the cells were rinsed with 1 mL of ice-cold

PBS + 0.1% BSA and labeled for flow cytometry analysis. All
the following steps were done at 4 °C. Briefly, washed cells

were incubated in 100 μL of Neutravidin-FITC 1:50 dilution +
primary mouse anti-V5 mAb (1:500) in PBS + 0.1% BSA for
25 min at 4 °C. Pelleted cells were washed with 1 mL of ice-
cold PBS + 0.1% BSA and labeled with a secondary goat anti-
mouse mAb conjugated to AlexaFluor 594 dye (1:500) for 20
min at 4 °C. Cells were washed with 1 mL of ice-cold PBS +
0.1% BSA and resuspended in 0.5 mL of PBS + 0.1% BSA only
before flow cytometry.
The apparent affinity of the anti-PDL1 affibody was

calculated by drawing a gate that excluded the non-displaying
fraction of cells and quantifying the mean fluorescence
intensity from the FITC channel of the displaying fraction
(MFUtot). To plot the fraction bound Y, normalization was
performed by subtracting the mean fluorescence of the zero-
ligand sample ([PDL1 = 0 nM], MFUmin) from the MFUtot of
each point and then dividing by the mean fluorescence of the
lowest ligand dilution ([PDL1 = 1 μM], MFUmax), all versus
ligand concentration ([PDL1]). The data fit the following
equation

=
·[ ]

[ ] +
Y

K
MFU PDL1

PDL1
max

D

[PDL1] was assumed to be constant as it is in large excess
relative to the [Affi] and therefore is approximately equal to
the initial [PDL1] concentration. The data from n = 2
independent experiments were plotted, and the sum of the
square of the differences between the measured and predicted

Figure 1. Architecture and characterization of the YTD system. (a) The YTD system comprises two integrative constructs, TetR and TetR−Tup1,
regulated by the P7tet.1 and PRNR2 promoters,54 respectively. The * symbol represents an SV40 nuclear localization sequence. The P7tet.1 promoter
acts on both Aga1 and Aga2 proteins simultaneously to deliver a stoichiometric and titrated display of the POI. The final strain containing the
integrated YTD is RVY202, which works with an episomal pJL100 plasmid harboring the GOI fused to Aga2 under P7tet.1 control. (b) Overview
of the YTD cell surface. The displayed construct is identical to a standard Aga1−Aga2 yeast display system and can be readily immunolabeled. (c)
Fraction of cells displaying a POI (Aga2−V5 tag) as a function of time and inducer concentration. (d) The amount of displayed POI per cell
(median fluorescence of Aga2−V5 tag). Error bars represent the standard deviation of the mean (n = 3). RFU: relative fluorescence units.
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values based on the fitted equation was used as the loss
function to minimize the error as a function of the two free
parameters (KD and MFUmax). The apparent KD was
determined using GraphPad’s Prism non-linear fitting tool
for the one site-specific binding model.

■ RESULTS AND DISCUSSION
Construction and Characterization of a YTD System.

To develop our YTD system for titrating the avidity of yeast-
displayed proteins, we employed the previously reported
transcriptional well-tempered controller846 (WTC846)

54 and
adapted it to regulate display levels of Aga1- and Aga2-fusion
proteins in response to aTc in a dose-dependent manner. We
hypothesized that by placing both the Aga1 anchor and the
Aga2−POI fusion under the control of WTC846, our YTD
system could enable stoichiometric expression of both
components required for standard yeast display and allow
titratable display of the POI from an episomal plasmid (Figure
1a). The final YTD design consists of the engineered RVY202
strain and the carrier vector pJL100. To regulate protein
expression and display, we constructed the yeast strain
RVY200 where we substituted the GAL promoter with the
P7Tet.1 promoter upstream of the genomic AGA1 copy and

introduced the repressor TetR−nls−Tup1 fusion into the
URA3 locus. The complementary AGA2 for yeast surface
display was built as an episomal copy where the P7Tet.1
promoter was introduced upstream of a yeast display cassette
containing standard AGA2-terminal tags (Xpress + V5). The
fusion was then transferred to a plasmid carrying a LEU2
auxotrophic gene marker to complete the pJL100 plasmid. The
protein elements of the display cassette remain identical to
those used in standard yeast surface display, and the titration is
achieved by the P7Tet.1 promoter upstream of the AGA2 fusion
(Figure 1b).
Following the construction of the strain and plasmid, we

assessed the range of display levels at different aTc
concentrations by inducing the empty cassette containing
Aga2 followed by Xpress and V5 tags and staining for the V5
tag. Flow cytometric analysis showed that the YTD system
effectively modulated the fraction of cells displaying the POI
(5−10% with 10 ng/mL aTc, 20−30% with 20 ng/mL aTc,
40−50% on 40 ng/mL aTc and reaching a saturated display of
>60% with >60 ng/mL aTc up to a maximum dose of 200 ng/
mL aTc). Simultaneously, the amount of POI displayed per
cell was titrated in response to a range of inducer
concentrations from 0 to 200 ng/mL aTc [<1000 relative

Figure 2. Titrated display and enzymatic activity of dimeric GOx variants. (a) Display-level histograms for dimeric GOx−WT in the YTD system
with 15,000 cells analyzed per histogram. The median fluorescence of the displaying population is shown in brackets. (b) YTD was used to titrate
the displaying fraction of cells (%) and the amount of displayed enzyme per cell [fluorescence (RFU)]. Enzymatic activity for each culture at fixed
cell numbers was measured using a colorimetric assay. Error bars represent the standard error of the mean (n = 3). (c) Titration of hydrogel
encapsulation of single cells displaying pooled GOx variants; n = 1 M single cells; the triangular gate encloses the fraction of encapsulated cells.
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fluorescence units (RFU) with 10−20 ng/mL aTc, 1000−2000
RFU with 40−60 ng/mL aTc, 2000−3000 RFU with 60−80
ng/mL aTc, and above 4000 RFU with >80 ng/mL aTc]. The
plateau of the median fluorescence for an empty cassette set in
at 100 ng/mL aTc. For larger constructs, the plateau set in at
lower aTc concentrations (∼60 ng/mL). The number of
molecules per cell at saturation was typically 10-fold lower than
standard yeast display with the GAL inducer (Table S3). ATc
concentrations >60 ng/mL resulted in a saturation of both the
percentage of cells displaying the POI (∼60−90% depending
on the construct) and the amount of displayed POI per cell
(4000 to >6000 RFU depending on the construct). The YTD
system reached maximum display levels 5 h after aTc
induction, significantly shorter than the GAL-induction system,
which generally requires an average of 24−36 h, up to 48 h for
reaching saturation of display levels1 (Figures 1c,d and S1).
Titrating Enzymatic Activity on the Yeast Cell

Surface. We next tested whether YTD could regulate enzyme
copy number on the cell wall and influence the resulting
specific activity. To do so, we inserted GOx as the POI in our
YTD system. GOx is a homodimeric enzyme that oxidizes β-D-
glucose to D-gluconolactone and hydrogen peroxide.64 Prior
work by Kovacevic and colleagues showed that the single-
mutant GOx-M556L and the double-mutant GOx-M556L +
M561S exhibit enzymatic activities above and below
(respectively) GOx−WT at pH 5.5.56 We employed these
two mutants along with the WT−GOx sequence as a model set
of variants with known catalytic activities. We titrated the
display levels of dimeric full-length GOx−WT and the two
mutants (GOx-M556L and GOx-M556L + M561S) using 5 h
of induction over a range of aTc concentrations. During the
GOx induction, GAL was used as the carbon source to avoid
premature generation of peroxide and toxic effects on the cells
during expression.
Fluorescence-activated cell sorting (FACS) analysis was then

conducted to assess the fraction of cells positively induced for
GOx expression. Figure 2 shows flow cytometric and GOx
activity assay results of the three variants. Both GOx mutants
and WT were successfully displayed and titrated by aTc over a
range from 0 to 80 ng/mL. An increase in the fraction of cells
displaying GOx−WT and the amount of displayed GOx−WT
per cell (median fluorescence) confirmed the modulation of
enzyme display levels (Figure 2a).
We measured the total observable enzymatic turnover from

different GOx-displaying yeast cultures (GOx−WT, GOx-
M556L, and GOx-M556L + M561S) (Figure 2b). We found
that the fraction of cells displaying the respective GOx variants
and their median fluorescence per cell were all similar. At the
same time, there were significant differences in their enzymatic
activities. At the maximal inducer concentrations (80 ng/mL
aTc), cells displaying GOx−WT remained as the middle
reference with a turnover measured at 20.0 ± 0.2 A.U. ×
10−3*s−1. Meanwhile, cells expressing the more active GOx-
M556L exhibited a turnover of 35.0 ± 0.5 A.U. × 10−3*s−1.
The culture displaying the double-mutant GOx-M556L +
M561S had the lowest activity of 8.0 ± 0.6 A.U. × 10−3*s−1.
All activity measurements were made at a fixed cell suspension
concentration of 2.5*106 cells/mL. These activity levels were
consistent with the catalytic behaviors previously reported by
Kovacevic and colleagues for the GOx-M556L variant. For the
double-mutant GOx-M556L-M561S, prior characterization at
pH 5.5 indicated similar or slightly increased activity compared
to WT, while here all enzymes were assayed at pH 7.4. Given

that the amount of enzyme (median fluorescence) on the cell
wall was similar for all variants (Supporting Table S4), we
attributed the observed differences to differences in the
catalytic activity of the variants under the assay conditions
used here. We found that GOx-M556L reached the same
activity level at 20 ng/mL aTc as the GOx−WT culture at 80
ng/mL aTc. Similarly, GOx-M556L at 5 ng/mL aTc reached a
similar or slightly higher turnover as the lower performing
GOx-M556L + M561S achieved at maximal induction.
We next tested the titration of GOx enzymatic activity using

a hydrogel-based readout that we previously developed as a
high-throughput method.65 In this system, chemically modified
alginate is crosslinked by the GOx/HRP cascade, thereby
encapsulating single yeast cells in hydrogel shells in response to
displayed GOx activity. We found that the extent of
encapsulation of the yeast cells in fluorescent hydrogel capsules
could be straightforwardly controlled using YTD under
different inducer concentrations (Figure 2c), mirroring the
observations from the microwell-based turnover assays. These
results directly correlate with the amount of enzyme per cell
(median fluorescence) as a function of aTc. While working
with enzyme libraries with heterogeneous expression of
variants would still require normalization to reduce bias, the
YTD system can serve as a tool for developing quantitative
screening methods for enzymes based on activity control and
regulation of enzyme density per cell. The YTD system,
therefore, offers a means to regulate enzyme expression levels
as an additional tunable parameter in the development of
quantitative enzyme assays for comparison of variants.
Titrating Cell Adhesion Strength under Shear Stress.

Next, we studied the effects of titrating surface receptors on the
adhesiveness of yeast cell populations under exposure to shear
stress. Since adhesion to surfaces under hydrodynamic flow is a
process that is highly dependent on multivalency, we sought to
demonstrate tuning of adhesiveness based on the titration of
displayed receptors. We used the interaction between Coh and
Doc from R. flavefaciens as a model cell adhesion complex. The
CttA X-module dockerin III (XDocIII) is a 54 kDa domain
that tightly binds its cognate Cohesin E (CohE). Both proteins
serve as anchor units in a supramolecular structure called the
cellulosome, a multi-scaffold complex assembled on the cell
wall of various anaerobes that adheres to and digests cellulose
substrates.55,66,67 The interaction between XDocIII and CohE
is mechanically very strong, and we hypothesized that it would
proportionally mediate cell adhesion strength when titrated
with the YTD system.
We inserted XDocIII as the POI into the YTD system,

titrated its display level on the yeast cell surface, and measured
the resulting cell adhesion strength. We used a surface
covalently modified with a fixed density of the binding partner
CohE and performed a spinning disk assay (SDA) to quantify
the adhesion strength. In the SDA, cells are adhered onto a
ligand-functionalized coverglass and undergo a spinning
procedure that generates a gradient of hydrodynamic shear
stress to remove cells. The shear stress at which 50% of the
cells are observed to detach (τ50) can be used to quantify the
average cell adhesion strength for the cell population.60,61,68,69

In our implementation of the SDA, yeast adhesion is
mediated primarily by the displayed POI and should therefore
be strongly influenced by protein levels at the cell surface. The
display level was titrated with different aTc concentrations for
4 h of induction, and analytic flow cytometry was performed to
verify successful titration of the fraction of cells displaying
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XDocIII and the amount of displayed protein per cell. Figure
3a shows an increase in the fraction of displaying cells induced
in the range of 0−200 ng/mL of aTc, as well as the
corresponding median fluorescence per cell, confirming the
successful titration of XDocIII. Yeast populations displaying
XDocIII at different levels were allowed to settle onto CohE-
functionalized coverglasses and then spun at 2000 rpm to
generate adhesion profiles. Subsequently, the coverglasses were
imaged, and the cell density of the adherent population was
calculated in concentric sections of the disk. Cell density values
were normalized to the density at the center of the disk, where
the shear stress was zero. We found that indeed the protein
level at the cell surface was correlated with the cell density after
the spin, indicating resistance to higher shear stress (Figure
3b) for cells displaying higher copy numbers of receptors. This
trend resulted in a rightward shift of the adhesion profile for
XDocIII cells with the increase in aTc concentration used

during induction (Figure 3c). The adhesion strength (τ50) of
each population was extracted from a global fit of three
technical replicates, yielding values of 35.62 ± 2.28 dyn*cm−2

for cells induced with 40 ng/mL aTc, 53.18 ± 1.72 dyn*cm−2

for 60 ng/mL aTc, 70.61 ± 3.68 dyn*cm−2 for 80 ng/7 mL
aTc, and 63.47 ± 3.56 dyn*cm−2 for 100 ng/mL aTc. As in the
previous dose−response experiments with the YTD, a dose of
>60 ng/mL aTc saturated the displaying cell fraction and
median fluorescence with no further increase in adhesiveness at
higher inducer concentrations. These data demonstrate how
the adhesiveness of the cells under shear stress follows the
display-level titrated by the YTD, where maximum adhesion
was achieved after reaching the maximum display level at 5 h
post aTc induction for aTc >60 ng/mL.
Furthermore, the adhesion strength measured by the fitted

τ50 values was correlated linearly with the median fluorescence
per cell and, therefore, to the amount of XDocIII on the cell

Figure 3. Titrated adhesion strength under shear flow. (a) Histograms showing displayed XDocIII levels for various aTc inducer concentrations
(0−200 ng/mL inducer; 10,000 cells per histogram). The median fluorescence of the displaying population is shown in brackets. (b) Images of
CohE-modified coverglasses with adhered yeast cells displaying titrated levels of XDocIII after exposure to hydrodynamic shear stress. Yeast cells
were marked as black dots by image processing software. (c) Inducer-dependent detachment profiles of cells displaying XDocIII (n = 3 for each
line). Solid lines show the global fits to a sigmoid model, which determines the shear stress value at which 50% of cells are detached.
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wall (Figure S2). Avidity reduction using the YTD system
decreased the number of XDocIII receptors that were able to
bind to the CohE-modified coverglass, thereby lowering the
shear stress that could be withstood by the cell population. We
noted that the mechanical response of molecular adhesion
bonds will vary greatly depending on the tether positions used
to fix the binding partners to the yeast and the surface. In our
case, XDocIII is attached through its N terminus to the Aga2
anchor, which mimics its natural configuration. The titration of
the protein on the cell wall directly influences the total number
of bonds under shear stress and, consequently, the adhesion
profiles. These data demonstrate the potential of the YTD for
titration of yeast cells’ adhesion to solid surfaces or surface-
immobilized ligands, facilitating the study and normalization of
display-dependent binding under shear forces.

Titrating Non-Antibody Scaffolds for Low-Volume
Yeast-Based Immunoassays. To demonstrate the effects of
titratable multivalency on soluble antigen binding, we titrated
the display of a high-affinity mini protein called affibody. The
affibody we used was evolved to bind to human programed
death ligand-1 (i.e., anti-PDL1 affibody70,71). We introduced
the gene encoding the anti-PDL1 affibody as the POI into the
YTD system and induced it for 4 h over the aTc range from 0
to 150 ng/mL. As in the previous examples, we found that the
YTD system successfully modulated the percentage of
displaying cells as well as the number of affibody molecules
per cell. In the case of small proteins like affibody (6 kDa) or
single-domain antibodies (12−15 kDa), we observed that the
range of inducer that could modulate display levels was wider,
extending to 150 ng/mL (Figure 4a), which was higher than

Figure 4. Titrated display of anti-PDL1 affibody and correction of ligand-depletion effect in low-volume immunoassay. (a) Inducer-response
histograms of 15,000 single cells displaying anti-PDL1 affibodies induced over a range of aTc concentrations from 0 to 200 ng/mL. The fractions of
cells displaying affibodies are shown as percentages to the right of the corresponding histogram. The median fluorescence of the displaying
population is shown in brackets. (b) Titrated binding of displayed anti-PDL1 affibodies to PDL1. Two million cells induced with different
concentrations of aTc were incubated with 300 nM PDL1-FITC. An increase in bound cells as a function of aTc concentration was observed by
flow cytometry. Enlarged bold numbers in quadrant 2 represent the displaying fraction of cells binding to PDL1 (percentage). (c) Correction of
ligand depletion artifacts by displaying anti-PDL1 affibody at low levels and comparison with a standard GAL-induced yeast display system. The
YTD allows the correct calculation of the affinity constant (KD) in small volumes, while the standard system suffers from depletion effects under the
same reaction conditions. Data fitting and affinity constant calculations were performed in GraphPad Prism, employing a model for single-site
binding.
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for larger and more complex proteins [e.g., XDocIII (∼26
kDa) and GOx (160 kDa dimer)], which were saturated at <60
ng/mL aTc. Yeast cells displaying anti-PDL1 affibodies showed
strong binding to PDL1, indicating functional expression and
folding of affibody as an Aga2 fusion on the cell wall. The
number of affibodies on the cell surface directly correlated with
the inducer concentration and demonstrated titrated binding
to PDL1 on FACS (Figure 4b).
We hypothesized that the ability of the YTD system to

reduce the number of displayed molecules per cell could be
advantageous in addressing a well-known artifact in heteroge-
neous immunoassays called the ligand depletion effect.63,72−78

This experimental artifact leads to the significant over-
estimation of the equilibrium dissociation constant (KD)
when the soluble ligand is not kept in large excess to the
number of surface-binding sites on the yeast (or other
heterogeneous immunoassay surfaces). The depletion of the
soluble ligand leads to a regime where the approximation of
the constant total free receptor and free ligand is no longer
valid, leading to a right shift of the binding curves and an
apparent KD value that is larger than the true value.
Theoretically, this effect could be avoided by simply decreasing
the number of cells in the assay volume; however, from a
practical standpoint, a minimum number of yeast cells
(∼500,000) is required to successfully pellet the cell
suspension to remove/wash unbound ligand molecules. To
overcome this issue, published protocols recommend scaling
up the solution volume at low ligand concentrations but this
has the disadvantage that large quantities of the soluble ligand
are required. For ultra-high-affinity binding interactions where
the ligand must be titrated to very dilute concentrations (<low
nM), required assay volumes can be very large (>10 mL) to
maintain the assay in a range where the ligand depletion
artifact is avoided. To overcome this limitation, we show below
how the YTD can be used to titrate down the display levels
and maintain assay conditions that avoid ligand depletion
effects even while keeping the reaction volume very small
(∼100 μL) and the number of yeast cells in a range where they
can still pelleted and washed with standard lab equipment.
In practice, it is customary to keep the concentration of the

antibody below the KD for the binding reaction. For our
system, this means keeping the total affibody concentration
much less than KD ([Affi]total ≪ KD). When this condition is
true at all concentrations of PDL1, the amount of PDL1 in the
Affi-PDL1 complex is only a negligible fraction of the
[PDL1]Total, and the ligand depletion effect is negligible and
free [PDL1] approximates [PDL1]total ([PDL1] ≈
[PDL1]total). This condition is useful because free [PDL1] is
not easily measured, and a simplified approximate binding
model equation can be employed

[ ]
[ ]

[ ]
[ ] +

Affi PDL1
Affi

PDL1
PDL1 KDtotal

total

total

First, we determined the KD of the affibody−PDL1
interaction using conventional yeast display of affibody under
the control of the GAL promoter. This was done by fixing the
total number of affibody-displaying yeast cells in a fixed volume
(i.e., 500,000 cells), while soluble PDL1 was added over a
range of concentrations. From this analysis, we obtained KD =
3.659 ± 0.2338 nM (Figure S3), where the reaction volumes of
the high-dilution PDL1 samples were very large (>1 mL at 1−

3 nM PDL1, >10 mL at 0.1−0.3 nM PDL1, and >40 mL at
<0.03 nM PDL1).
Using this KD value as a starting point, we performed

numerical calculations to simulate the binding curves and
observe the ligand depletion effect. To simulate the binding
curves under the first condition ([Affi]total ≪ KD), we used a
tabular method (initial, change, equilibrium reaction table),
where the total (or initial) molarities [Affi]total and [PDL1]total
were introduced as the initial values. Assuming a KD = 3.65
nM, an average number of 5 × 104 molecules displayed per
cell, 0.5 million cells as the minimum number of yeast cells that
can be easily pelleted, and a binding reaction volume of 0.1
mL, free [Affi] and free [PDL1] at equilibrium were calculated
for every [PDL1]total reaction condition. Simulated binding
curves were constructed by calculating the fraction of bound
affibody on the yeast surface [Affi-PDL1]/[Affi]total. The
calculation was repeated for each PDL1 ligand dilution over
a range of cell numbers per reaction volume. As the number of
cells changes, the [Affi]total changes accordingly. The fraction
bound was plotted against the [PDL1]free and fitted to obtain
true binding curves (Figure S4a). The KD obtained from fitting
these curves is in perfect accordance with the input KD.
However, this idealized binding curve cannot be obtained
straightforwardly from experimental data because the
[PDL1]free is not readily measurable in the yeast-based
immunoassay.
If the binding curves are calculated using the approximation

that [PDL1]free ≈ [PDL1]total, the accuracy of the KD
estimation is severely affected by ligand depletion effects
under specific circumstances. Experimentally, ligand depletion
can occur when [Affi]total ≫ KD, either because too many cells
were used for the measurement or because the volume of the
binding reaction was not adjusted to keep the [PDL1]total in
large excess over the [Affi]total. Both situations were simulated
and depicted in Figure S4b,c, respectively. If the yeast samples
were processed in fixed volumes of 0.1 mL and the number of
cells changes, then the obtained KD deviates from the original
value of KD = 3.65 nM. Using less than 0.1 million cells for this
fixed volume would be necessary to get a better-approximated
KD; however, this is below the minimum number that can be
pelleted and washed. Given that 0.5 million cells are a
reasonable number of cells to pellet and wash, a minimal
volume of 30 mL is required to obtain KD with better accuracy
and avoid ligand depletion effects.
The simulations describe routine considerations that must

be accounted for when working with the standard yeast
display.77 The main restrictions of this system are the limits for
the minimal numbers of cells that can be precisely manipulated
and the titration level of affibody binders on the yeast surface.
For ultra-high-affinity binding interactions, the issue becomes
problematic,63,78 and the YTD system can be used to alleviate
some of these limitations.
To prove the principle using the YTD, we first calculated the

number of affibodies displayed per cell at different concen-
trations of aTc and as a function of the mean fluorescence of
the displaying fraction of cells. Considering 0.5 million as the
minimal number of cells and 0.05 mL as the minimum volume
for the binding reaction, we compared the standard GAL-based
yeast display and the YTD induced with 1, 5, 50, and 150 ng/
mL aTc to assess the apparent KD. As expected, fixing the
volume did not work for the standard yeast display system,
yielding a KD = 23.98 ± 1.873 nM, which is 6.6-fold higher
than the correct value (KD = 3.65 nM) and confirms the ligand
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depletion effects. Conversely, when we induced the affibody in
the YTD system at 1 and 5 ng/mL aTc and performed the
immunoassay in 0.1 mL of fixed volume, we obtained fitted KD
values of KD,1 = 3.55 ± 0.811 and KD,5 = 4.12 ± 0.564 nM,
respectively, which reflect the true value accurately. At 50 ng/
mL aTc, we obtained KD, 50 = 5.01 ± 0.384 and KD, 150 = 5.57
± 0.415 nM, which show that as the display level increases, the
assays exhibit ligand depletion artifacts (Figure 4c). While the
presented example of ligand depletion represents extreme
conditions that must be avoided during experiment design with
the GAL-based system, these YTD results demonstrate how
lowering the avidity of the affibody molecules on the yeast well
below what is achievable with GAL promoters allowed us to
conduct these binding assays in low volumes while avoiding
ligand depletion artifacts.
This demonstrated how the YTD offers controlled display of

binding proteins at low copy numbers per cell, allowing
accurate determination of equilibrium binding constants in
low-volume samples (in this case, 50 μL). Ligand depletion
effects were avoided under working conditions that allow
pelleting cells (minimum 500,000 cells per reaction) while
keeping sample volumes low, thus saving effort, time, and
reagents. After assessing the lowest non-depleting conditions,
the binding curve of a high-affinity receptor can be generated
easily using a microtiter plate. These data demonstrate how the
YTD can be especially useful for characterizing ultra-high-
affinity binding interactions (i.e., pM KD).
Production and handling of complex and/or precious

antigens/ligands are a significant obstacle in synthetic biology
and immunology research, and the ability to conserve these
reagents is seen as an advantage. Particularly, insoluble
antigens or inorganic and biodevice surfaces are of interest in
affinity protein selection and screening.47,79−85 We anticipate
that the YTD can address challenges in this area by providing a
tool for titrating multivalency and switching the stringency of
affinity-based screening based on the number of displayed
receptors on the yeast surface.

■ CONCLUSIONS
Yeast surface display is a well-established platform for in vitro
protein engineering and evolution. Multivalency or avidity
control would be a useful addition to standard yeast display in
many protein engineering projects. By placing the genomic
Aga1p gene and the plasmid-borne fusion between Aga2p and
the POI under transcriptional control by WTC846, we could
demonstrate effective titration of the number of protein copies
on the cell surface and the fraction of induced cells depending
on the aTc inducer concentration. The YTD system modulates
the maximum fraction of cells displaying the POI and the
amount of displayed POI per cell (median fluorescence) over a
wide range. Furthermore, the system reduced the induction
time required for expression and display from 24 to 48 h for
typical GAL-induction protocols down to ∼5 h. The YTD
system furthermore exhibited low variability and uniformity in
the number of displayed constructs for the small collection of
POIs that we tested.
We demonstrated that our system could be used to control

phenotypic cell activity with three specific applications. First,
we achieved fine discrimination of specific activity levels of
displayed enzyme variants. Second, we showed the regulation
of cell adhesion under shear stress through display copy
number titration. Finally, we demonstrated improved quanti-
fication of receptor-ligand binding affinity in a low-volume

regime that avoided ligand depletion artifacts. We envision that
the YTD system will find applications in various biomolecular
engineering projects and address current limitations and
bottlenecks in high-throughput screening based on yeast
display.
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