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ABSTRACT: This work presents the first use of yeast-displayed
protein targets for screening mRNA-display libraries of cyclic and
linear peptides. The WW domains of Yes-Associated Protein 1
(WW-YAP) and mitochondrial import receptor subunit TOM22
were adopted as protein targets. Yeast cells displaying WW-YAP or
TOM22 were magnetized with iron oxide nanoparticles to enable
the isolation of target-binding mRNA-peptide fusions. Equilibrium
adsorption studies were conducted to estimate the binding affinity
(Kp) of select WW-YAP-binding peptides: Ky, values of 37 and 4
UM were obtained for cyclo[M-AFRLC-K] and its linear cognate,
and 40 and 3 uM for cyclo[M-LDFVNHRSRG-K] and its linear
cognate, respectively. TOM?22-binding peptide cyclo[M-PELN-
RAI-K] was conjugated to magnetic beads and incubated with
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yeast cells expressing TOM22 and luciferase. A luciferase-based assay showed a 4.5-fold higher binding of TOM22" yeast compared
to control cells. This work demonstrates that integrating mRNA- and yeast-display accelerates the discovery of peptide ligands.
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ell-free combinatorial libraries, such as ribosomal- and
mRNA-display, are attractive tools in ligand discovery
owing to their chemical diversity and ease of post-translational
modifications." In the mRNA-display platform, a peptide
sequence is connected to its coding mRNA via a puromycin
linkage.” The mRNA is reverse transcribed to form mRNA-
cDNA-peptide fusions that can be used in library screening to
identify peptide affinity ligands. Following library selection, the
DNA linked to the peptide fusions that bind the target is
amplified and sequenced. This technology is widely utilized in
the discovery of short peptides,” which are of great interest for
use as tags or modulators of protein—protein interactions;"
short peptides are also amenable to post-translational
modifications, such as cyclization, which typically imparts
higher target binding affinity and proteolysis resistance.” In
prior work, our group developed a method to generate mRNA-
display libraries of cyclic peptides via head-to-side chain
chemical cross- linking of peptide-mRNA fusions adsorbed on a
solid phase.®
The selection of mRNA-display peptide libraries is
commonly performed against a target protein conjugated
onto synthetic magnetic nanoparticles.® Generally, recombi-
nant expression and subsequent purification is required to
obtain a soluble form of the target protein to be immobilized.
As an alternative, the target protein can be expressed as a yeast
cell surface fusion using the yeast surface display platform.”
The use of yeast-displayed targets is particularly impactful for
proteins that require a eukaryotic host for appropriate

© 2020 American Chemical Society

N 4 ACS Publications 738

expression.’ Yeast-displayed targets have been employed to
identify binding proteins specific to membrane protein targets
from both phage- and yeast-display libraries.””” However, their
use in screening mRNA-display libraries has not been
previously explored.

The use of yeast-displayed targets for screening mRNA-
display libraries poses a challenge: how to separate the selected
fusions from the unbound portion of the library. As the fusions
are soluble, the use of centrifugation for separating yeast-
bound fusions represents an option; however, removal of the
unbound fusions is tedious. Unbound fusions from even small
amounts of residual liquid may lead to a significant fraction of
false positives. This highlights the need for improved isolation
techniques capable of reducing carryover and increasing
selection stringency.

To address this challenge, this work presents the use of
magnetized yeast cells as protein-display particles to increase
the efficiency of isolating lead mRNA-peptide fusions (Figure
1). Yeast are magnetized by adsorbing iron oxide nanoparticles
(IONs) onto anionic moieties that constellate on the cell wall
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Figure 1. Non-specific yeast cell magnetization and mRNA-display peptide library screening against magnetic yeast targets. Yeast cells expressing
WW-YAP or TOM22 were incubated with iron oxide magnetic nanoparticles (ION magnetic beads). Magnetic yeast cells were separated from
non-magnetized yeast cells using a magnet. The mRNA-display peptide library was then incubated with the magnetized target cells. Any mRNA-
display peptide fusions bound to the target cells were isolated using a magnet. After, the positively bound mRNA-display peptide fusions were
eluted from the target cells. DNA linked to the eluted clones was amplified, and a new library was synthesized using this DNA as the template for
the next round of screening. Additional rounds of selection against the target cells were performed. The stringency of elution increased for each

selection round.

in a pH-controlled environment.'® Yeast expressing proteins
with varying isoelectric points can be magnetized by adjustin%
the pH of the buffer in which the IONs are adsorbed.'
Following adsorption, the IONs are blocked with albumin to
prevent non-specific adsorption of mRNA-peptide hybrids and
other species in solution. The selection of mRNA-display
libraries generally takes place at a pH of 7.4. If yeast cells are
magnetized at a different pH, IONs can dissociate when the
magnetic yeast cells are incubated in the selection buffer.
mRNA-peptide hybrids associated with a demagnetized yeast
cell are subsequently lost. Nonetheless, more than 50% of non-
specifically magnetized cells maintain their magnetized state
over the course of a selection.” As an alternative, affinity-based
magnetization methods can be used, which result in lower
losses due to target cell de-magnetization (~30% loss).” The
size of mRNA-display libraries (~10'> hybrids, corresponding
to ~1000 copies per peptide in case of 7-mers) and the
number of target proteins expressed on yeast (~50000 per
cell'*'®) ensure ample contact between the library and the
target proteins. Also, because there are multiple copies of each
peptide in the library, it is likely that any peptide with affinity
for the target will be isolated even if some fusions are lost due
to ION desorption.

In this work, a combinatorial library of cyclic peptides
generated using mRNA-display was screened against magne-
tized target yeast to identify peptides with affinity for the
tandem WW domain of Yes-Associated Protein 1 (WW-YAP)
and mitochondrial surface protein TOM22. YAP is an effector
protein of the Hippo Si§naling pathway regulating cellular
amplification and survival,”* while TOM22 is a mitochondrial
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membrane protein involved in the recognition and trans-
location of mitochondrial pre-proteins produced in the
cytosol.'” Peptides capable of inhibiting the binding of
cytoplasmic proteins to the WW domains of YAP can provide
mechanistic insight into the Hippo-YAP pathway and a means
to regulate cell proliferation. Peptides with affinity for TOM22
have the potential be used for targeted delivery of therapeutic
payloads to treat patients with mitochondrial deficiencies.'®
WW-YAP and TOM22 were expressed on the surface of
EBY100 yeast using the yeast surface display platform (surface
display levels detailed in Figure S1)."” The cells were
magnetized with IONs and utilized as targets during
subsequent selections of mRNA-display peptide libraries.

A mRNA-display library of cyclic peptides was constructed
using a previously developed method of head-to-side chain
cyclization that employs a glutarate linker to tether amine
groups within methionine and lysine residues flanking the
variable peptide segment (NNN degeneracy).”'® Prior to
selecting against target yeast cells, the library was negatively
screened against magnetized yeast displaying a non-target
protein (i.e., Fc portion of human IgG, hFc) to remove fusions
bound to non-specific, yeast surface proteins. Throughout the
library selection process, the stringency of the elution
conditions was increased to promote isolation of high-affinity
binders. Initially, the mRNA-peptide fusions were eluted from
the target cells using 0.15 M potassium hydroxide; in later
rounds, the yeast-bound peptides were washed with a mild
acidic buffer (50 mM NaCl in 50 mM sodium acetate at pH S)
prior to alkaline elution to remove weakly bound peptides and
increase the probability of isolating true affinity binders.

https://dx.doi.org/10.1021/acscombsci.0c00171
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Figure 2. Identified WW-YAP-binding cyclic peptides and primary evaluation of lead candidates. (A) Amino acid sequences of peptides isolated
from the selection of a mRNA-display cyclic peptide library against yeast cells displaying WW-YAP. (B) Soluble WW-YAP protein (1 mg/mL) was
incubated with cyclo[M-AFRLC-K]-Toyopearl, MAFRLCK-Toyopear], cyclo[M-LDFVNHRSRG-K]-Toyopearl, MLDFVNHRSRGK-Toyopear],
cyclo[M-DGNLSGIMPV-K]-Toyopearl, MDGNLSGIMPVK-Toyopear], cyclo[M-YRGDPETCVD-K]-Toyopearl, and MYRGDPETCVDK-
Toyopearl resins; the amount of unbound protein in solution was determined by measuring the A,g, absorbance of the supernatant, and the
amount of protein bound by each resin was calculated via mass balance. (C) RYSPPPPYSSHS-Toyopearl (PTCH peptide, positive control) and
Toyopearl HW6S-F (negative control) resins were also incubated with WW-YAP protein (1 mg/mL). In panels (B) and (C), the mass of WW-YAP
protein bound by each resin was normalized to the mass of WW-YAP protein bound by RYSPPPPYSSHS-Toyopearl (PTCH peptide) resin. Error
bars correspond to the standard error of the mean from three independent replicates.

Following elution, the cDNA linked to the isolated mRNA-
peptide fusions was amplified to generate a focused sub-library
for subsequent screening rounds. We noted that, during the
generation of the sub-libraries, heptamer and decamer
sequences emerged. While potentially present as minor
contaminants in the original library, these longer peptides
may have outcompeted the original pentamers; the longer
peptides likely benefit from a higher enthalpic contribution to
their binding free energy due to the presence of more residues
that can contact the target protein. Accordingly, the longer
peptides were identified as lead fusions after multiple rounds of
selection.

Sequencing returned 10 candidate WW-binding peptides: 3
pentamers, 2 heptamers, and S decamers (Figure 2A). Two of
the returned pentamer sequences carried an overall positive
charge while one sequence did not contain any charged
residues. The returned pentamer sequences were mainly
enriched in hydrophobic residues; One pentamer sequence
contained a hydrophobic aromatic residue (WW.1). The
returned heptamer sequences varied with one being enriched
in basic residues while the other was enriched in acidic
residues. Each heptamer sequence contained a variety of
hydrophobic and polar residues. Of the decameric sequences,
two were undetermined (ie, Sanger sequencing returned
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unassigned residues “X”). The others contained a variety of
hydrophobic and hydrophilic residues. Two decamer sequen-
ces have an overall negative charge, while another has an
overall positive charged. Additionally, two decamer sequences
contain hydrophobic aromatic residues (WW.6 and WW.10).

Due to the heterogeneity of the isolated sequences, only a
few were evaluated further; Specifically, cyclo[M-AFRLC-K],
cyclo[M-LDFVNHRSRG-K], cyclo[M-DGNLSGIMPV-K],
and cyclo[M-YRGDPETCVD-K] were considered. Cyclic
peptides containing larger sized rings will likely be able to
contact a greater portion of the target protein, which may
result in greater affinity. Therefore, we chose to focus our
evaluation predominantly on the decamer sequences. A single
pentamer sequence was also chosen to evaluate if smaller sized
peptides can exhibit sufficient affinity. Specifically, cyclo[M-
AFRLC-K] was selected as it contained the greatest diversity of
residues among the pentamer sequences.

For evaluation, we performed equilibrium binding tests
using peptide-functionalized resin and recombinant human
WW-YAP (1 mg/mL). The cyclic peptides and their linear
cognates were synthesized on solid phase (Toyopearl amino
AF-650M) via standard Fmoc/tBu chemistry; Toyopearl resin
functionalized with the known WW-binding peptide PTCH
(RYSPPPPYSSHS)'”* and hydroxyl Toyopearl HW-6SF

https://dx.doi.org/10.1021/acscombsci.0c00171
ACS Comb. Sci. 2020, 22, 738—744
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Figure 3. WW-YAP equilibrium binding isotherms for (A) cyclo[M-AFRLC-K]-Toyopear], (B) MAFRCLK-Toyopearl, (C) cyclo[M-
LDFVNHRSRG-K]-Toyopearl, (D) MLDFVNHRSRGK-Toyopearl, and (E) RYSPPPPYSSHS-Toyopearl (PTCH peptide) resins. The amount of
protein bound to the resin (Q) is reported as a function of the concentration of protein in solution at equilibrium (C*). Error bars represent the
standard error of the mean for three independent experiments. (F) For C* ranging from 20 yg/mL to 2 mg/mL of WW-YAP, a Langmuir isotherm
model was fit to data globally to estimate a single value of K, across the repeats and individual Q,,, values (maximum protein binding capacity) for
each repeat. In parentheses, a 68% confidence interval is provided for the K, values while the standard deviation of the mean is provided for Q.

resin were adopted as positive and negative control adsorbents,
respectively. Sequences AFRLC and LDFVNHRSRG showed
significant WW-YAP binding, capturing 60% and 44% of the
protein in solution in their cyclic form, and 68% and 60% in
their linear form, respectively (Figure 2B); similarly, PTCH-
Toyopearl resin bound >73% of the incubated WW-YAP
(Figure 2C). In contrast, sequences DGNLSGIMPV and
YRGDPETCVD showed poor WW-YAP binding and were
discarded. It is not surprising that AFRLC and LDFVN-
HRSRG bound WW-YAP readily as these peptide sequences
exhibit an overall positive charge and the isoelectric point of
WW-YAP is around 4.88 (sequence predicted). Both DGNLS-
GIMPV and YRGDPETCVD, which did not bind WW-YAP,
exhibit an overall negative charge. A negative selection against
non-target displaying yeast was included in every round to
eliminate binders to non-specific yeast surface proteins. Hence,
it is likely that DGNLSGIMPV and YRGDPETCVD do have
weak affinity for WW-YAP. However, the concentration of
WW-YAP used in the resin studies may have been too low to
observe binding or any bound WW-YAP may have been
removed during washing. Such weak affinity binders likely
would be eliminated after performing additional rounds of
selection with greater stringency.

Positively interacting sequences, AFRLC and LDFVN-
HRSRG, were then characterized via adsorption isotherm
studies to evaluate their binding strength and capacity. The
assays were performed by incubating WW-YAP at varying
concentrations (0.02—12.5 mg/mL) with cyclo{M-AFRLC-K]-
Toyopearl, MAFRCLK-Toyopear], cyclo{M-LDFVNHRSRG-
K]-Toyopearl, MLDFVNHRSRGK-Toyopearl, and RYSP-
PPPYSSHS -Toyopearl (PTCH peptide) resins. The values
of adsorbed protein (Q, mass of WW-YAP bound per mL of
resin) vs equilibrium concentration in solution (C*, mass of
WW-YAP per mL of solution) were fit using model isotherms.
The isotherms and corresponding values of binding capacity
(Quna) and affinity (Kp) are presented in Figure 3. In all cases,
a Langmuir—Freundlich behavior was observed, wherein a
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Langmuir-only profile is observed at C* < 2 mg/mL, and the
Freundlich profile becomes dominant at C* > 2 mg/mL
(Figure S2). It was noted that the linear form of the selected
sequences possess a higher affinity for WW-YAP than their
corresponding cyclic form; while cyclic peptides generally
feature higher affinity compared to their linear counterparts,
instances have been reported of linear peptides with higher
protein-targeting activity.”' It is possible that AFRLC and
LDFVNHRSRG were selected in their linear form during the
selections if cyclization was incomplete during library syn-
thesis. However, the majority of the mRNA-peptide hybrids
are likely cyclized as suggested by previous reverse phase
HPLC analysis. In that study, cyclic peptides of similar length
were cyclized usinég a similar cross-linking chemistry at a yield
greater than 87%.

Asymptotic Langmuir behavior plateauing above C* of 2
mg/mL was replaced by linear increasing Freundlich behavior
(Figure S2), which may be the result of WW-YAP protein
aggregation. WW domains are structured as a bundle of three
antiparallel f-sheets.”” As the concentration in solution
increases, free WW-YAP can self-assemble onto the initial
cohort of peptide-bound WW, thereby promoting the
formation of an aggregated layer. As the WW-YAP: WW-
YAP interaction is likely weaker than the WW-YAP: peptide
affinity bond, the binding isotherms exhibit a Freundlich
profile at higher concentrations, where significant WW-YAP
adsorption occurs due to aggregation. Figure S2 showcases the
binding isotherms combining Langmuir and Freundlich
profiles, while Table S1 reports the resulting binding
parameters, including binding affinity (Kp), maximum binding
capacity (Qu), distribution coefficient (K), and correction
factor (n).

Finally, we evaluated the use of cyclo[M-AFRLC-K]-
Toyopearl and cyclo[M-LDFVNHRSRG-K]-Toyopearl resins
as adsorbents for protein purification in bind-and-elute mode
(Table S2). Notably, complete recovery of bound WW-YAP
was achieved using a low-pH glycine buffer. This demonstrates

https://dx.doi.org/10.1021/acscombsci.0c00171
ACS Comb. Sci. 2020, 22, 738—744
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the utility of these identified cyclic peptides as potential
purification ligands.

It was surprising that a linear form of a peptide exhibited a
higher affinity than its cyclic counterpart. Therefore, we
investigated the binding strength and orientation of peptides
MAFRCLK-GSG, cyclo[M-AFRLC-K]-GSG, MLDFVN-
HRSRGK-GSG, cyclo[M-LDFVNHRSRG-K]-GSG, and
RYSPPPPYSSHS-GSG (PTCH peptide) in silico using
molecular docking. The peptide models, initially generated
using molecular dynamics (MD), were docked against the
crystal structure of WW-YAP (PDB ID: 2LTW) using
HADDOCK (High Ambiguity Driven Protein-Protein Dock-
ing, v.2.2).”> A GSG (Gly-Ser-Gly) spacer located on the C-
terminus of the peptides was marked as “inactive” to ensure its
outward orientation within the WW:peptide complexes; the
GSG spacer is utilized to link the peptides on the Toyopearl
resin and is not involved in binding. The resulting clusters for
each WW:peptide complex were ranked using the scoring
functions FireDock and XScore,”* and the top binding poses
were subsequently evaluated by atomistic MD simulations to
estimate the free energy of binding (AGjg). Representative
examples of modeled WW:peptide complexes are reported,
and the values of Kp, calculated from the averaged values of
binding energy (AGg) are listed (Figure 4). The docking
results indicate that the peptides identified from our screens
bind to WW-YAP in a similar region as the SMAD7
(GESPPPPYSRYPMD, PDB ID: 2LTW)*® and PTCH
peptides,"” both of which feature the known WW-binding
PPXY motif (X: any guest amino acid). The calculated values

A) B)
;¢ I
\. 7 > 4 G
U R
MAFRLCK-GSG cyclo[M-AFRLC-K]-GSG
AGg: -8.64 kcal/mol AGg: -7.20 kcal/mol
Kp : 0.46 uM Kp:5.3 uM
C) D)
& RYSPPPPYSSHS-GSG
(PTCH)
AGg: -8.53 kcal/mol
Kp : 0.56 pM

MLDFVNHRSRGK-GSG
AGg: -8.03 kcal/mol
Kp: 1.3 uM

cyclo[M-LDFVNHRSRG-K]-GSG
AGg: -7.13 kcal/mol
Kp:5.9 uM

Figure 4. In silico WW:peptide complexes obtained by molecular
docking and refined by molecular dynamics simulation for (A)
MAFRLCK-GSG, (B) cyclo[M-AFRLC-K]-GSG, (C) MLDFVN-
HRSRGK, (D) cyclo{M-LDFVNHRSRG-K]-GSG, and (E) RYSP-
PPPYSSHS-GSG (PTCH peptide). WW-YAP is denoted in cyan,
while the peptides discovered in this work are designated in green
with their GSG segment in gray and the SMAD7 peptide in magenta.
The values of binding energy (AGg) and corresponding affinity (Kp)
of the WW:peptide complexes derived from the docking and MD
simulations are noted. The binding energy and affinity estimates for
the WW:PTCH peptide complex as predicted by molecular
simulation are similar to values previously predicted using isothermal
titration calorimetry, —6.24 kcal/mol and 27.6 uM, respectively.lg
The interaction of SMAD7, a WW-binding peptide, was also
evaluated using molecular docking and MD simulation (in silico
complex alone not shown). The binding energy and binding affinity of
the WW:SMAD?7 complex were estimated as —8.2 kcal/mol and 0.99
UM, respectively.
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of Kp are in good agreement with those estimated from the
equilibrium adsorption studies, especially in that the linear
peptides bind WW-YAP stronger than their cyclic counter-
parts. The slightly higher affinity predicted by the MD
simulations compared to the results of the binding isotherms
can be attributed to the non-ideality of the binding events on
the chromatographic resin. In silico, the WW-YAP target and
the peptide ligand enjoy complete rotational freedom and lack
of topological constraints, except for defining GSG as a passive
linker. In contrast, the binding on the chromatographic resin is
influenced by the roughness of the surface and the orientation
of the peptides conjugated on it.

The mRNA-display selection process was repeated to
identify affinity peptides for another target protein, TOM?22.
After five rounds of selection, ten individual colonies were
sequenced and seven complete sequences were returned
(Figure SA). The majority of these sequences exhibit an
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Figure 5. Identified TOM22-binding cyclic peptides and specificity
characterization. (A) Amino acid sequences of peptides isolated from
the selection of a mRNA-display cyclic peptide library against yeast-
displayed TOM22. (B) Recovery of yeast cells displaying TOM22 or
c-Kit by magnetic beads functionalized with cyclo[M-PELNRAI-K].
Yeast cells expressing TOM22 or c-Kit also displayed an engineered
luciferase protein as a yeast surface fusion. Cell capture was quantified
as a function of the luminescence signal produced by the recovered
population using a generated luminescence standard curve. *
represents p < 0.05 for a two-tailed, paired ¢ test in comparison to
the recovery of c-Kit displaying yeast cells.

overall positive charge, which likely promotes interaction with
negatively charged TOM22 (isoelectric point ~4).2° Only two
of the isolated sequences exhibit either a neutral or negative
overall charge, TOM22.4 and TOM?22.7, respectively. The
anionic character of TOM22 is instrumental for protein
translocation across mitochondria, as translocating proteins
contain positively charged pre-sequences. Previous studies
identified a TOM22-binding peptide, KTGALLLQ,”” which is

https://dx.doi.org/10.1021/acscombsci.0c00171
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cationic and rich in hydrophobic residues, like the sequences
identified in our selection. Another TOM22-binding sequence
identified in the same study, LCTKVPEL, contains one
cationic residue and one anionic residue, and a balance of
hydrophobic and hydrophilic amino acids, similar to cyclo[M-
PELNRAI-K] identified in this work. Based on the diversity of
these previously identified TOM22-binding peptides, it is not
surprising that we also isolated a diverse set of peptides from
our screens.

We resolved to study the TOM22 binding of cyclo[M-
PELNRAI-K]. The chemical diversity of this peptide, which
contains positively (R) and negatively charged (E), polar (N),
and hydrophobic (A, I, L, and P) residues, is conducive to
TOM22-binding by true affinity. Briefly, yeast cells co-
expressing TOM22 and luciferase were incubated with
magnetic beads functionalized with cyclo{M-PELNRAI-K] in
the presence of non-displaying EBY100 yeast cells, which were
included to reduce non-specific binding. Yeast cells bound to
the peptide-functionalized beads were isolated using a magnet
and subjected to a luminescence-based assay, wherein the
luminescence signal is proportional to the number of TOM22-
displaying cells captured by the magnetic beads. A study by
Bacon et al. describes how this assay can be used to
quantitatively rank ligands with different affinities for a target
protein;*® the correlation between the number of TOM22-
displaying cells and luminescence signal is reported in a
calibration curve detailed in Figure S3.

We also considered the binding of cells co-displaying a non-
target protein (c-Kit) and luciferase to magnetic beads
functionalized with peptide cyclo[M-PELNRAI-K]. We
observed that TOM22" yeast cells were captured by the
peptide-functionalized beads at a statistically (~4.5-fold)
higher level than TOM227/c-KIT* cells (Figure SB),
suggesting that cyclo[ M-PELNRAI-K] is selective for
TOM22. Based on the capture levels of the TOM22" cells
by the magnetic peptide beads, in comparison to other protein
interactions studied previously using this luciferase assay, it is
likely that the binding strength of the TOM22:cyclo[M-
PELNRAI-K] complex is rather moderate.”® Nonetheless, the
described luminescence-based assay was capable of detecting
mild interactions owing to the multi-point binding mechanism
(avidity) between cells and the peptide-functionalized beads as
well as the inherent sensitivity of the luciferase reporter. Due to
its low affinity, we did not evaluate this peptide in the context
of targeted delivery to mitochondria.

Taken together, we demonstrated isolation of cyclic peptide
affinity ligands for two protein targets—WW-YAP and
TOM22—by combinatorial screening of mRNA-display
libraries using magnetic yeast displaying the target proteins.
Values of protein-binding affinity in the M range, as those
measured in this work, are typical for linear and cyclic peptides
of 6—10 amino acids in length.”” It is however possible to
enhance the affinity of peptide ligands selected combinatorially
to reach a low-uM/high-nM range by adjusting the sequence
length of the protein-binding segment to increase the enthalpic
component of the binding energy.”” Care should be taken in
adjusting the protein-binding segment of cyclic peptides to
prevent excessive flexibility of the peptide backbone, which
would unfavorably affect the entropic component of the
binding energy. The library screening process can also be
revisited to improve the binding affinity of isolated mutants by
increasing the stringency of the selections. In this work, the
selection conditions were maintained throughout the succes-
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sive screening rounds, and only the elution conditions were
adjusted; alternatively, competitive conditions can be adopted
when incubating the library with the target cells by adding a
mixture of soluble competitors, or by adjusting the
composition, concentration, and pH of the selection buffer.
Additional wash steps can also be performed to eliminate
weak-affinity binders. Further, while held constant in this work,
the number of protein-displaying cells could be reduced
through the successive screening rounds to bias the isolation of
higher affinity mutants. Finally, a larger number of selection
rounds, beyond the four or five employed here, up to 10, can
be performed to attain strong sequence homology among the
identified peptides;30 nonetheless, this work has shown that
specific binding peptides can be identified using fewer rounds
of screening.

Collectively, our results show that the use of magnetic yeast
displaying a target protein is an effective tool to increase the
throughput of library screening. Our approach limits the need
for recombinant soluble protein and provides an alternative
approach for screening mRNA-display libraries. The use of
yeast-displayed targets will be most effective for proteins that
do not require complex post-translational modifications for
their function, since glycosylation patterns may vary between
yeast and other higher order eukaryotes.

B EXPERIMENTAL PROCEDURES

Details on experimental procedures used in this study can be
found in the Supporting Information.
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