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Abstract. We present the construction and screening of yeast display libraries of cyclic peptides
wherein site-selective enzymatic cyclization of linear peptides is achieved using bacterial transglu-
taminase. To this end, we developed two alternative routes, namely (i) yeast display of linear pep-
tides followed by treatment with recombinant transglutaminase in solution; or (7i) intracellular co-
expression of linear peptides and transglutaminase to achieve cyclization in the endoplasmic retic-
ulum prior to yeast surface display. The cyclization yield was evaluated via orthogonal detection
of epitope tags integrated in the yeast-displayed peptides by flow cytometry, and via comparative
cleavage of cyclic vs. linear peptides by tobacco etch virus (TEV) protease. Subsequently, yeast
display libraries of transglutaminase-cyclized peptides were screened to isolate binders to the N-
terminal region of the Yes-Associated Protein (YAP) and its WW domains using magnetic selec-
tion and fluorescence activated cell sorting (FACS). The identified cyclic peptide cyclo[E-
LYLAYPAH-K] featured a Kp of 1.67 uM for YAP and 0.84 uM for WW as well as high binding
selectivity against albumin and lysozyme. These results demonstrate the usefulness of yeast sur-
face display for screening transglutaminase-cyclized peptide libraries, and efficient identification
of cyclic peptide ligands.

Keywords: yeast display library; cyclic peptide; Yes Associated Protein (YAP) 65; WW domain;
transglutaminase.

Introduction

Cyclized peptide ligands feature superior bioactivity and biochemical stability compared to their
linear counterparts.'™ An extensive body of literature exists on cyclic peptides with antibody-like
affinity for protein targets,>® the ability to permeate cells and deliver a therapeutic payload,”® or
act as modulators of intracellular and extracellular protein-protein interactions.”!'® These studies
emphasize the usefulness and the need for efficient methods to develop cyclic peptides with strong
biorecognition activity. Several platform technologies have been developed for isolation of bioac-
tive peptides by combinatorial library screening, such as mRNA-display,'! phage-display,'? yeast
display,'? or screening of solid-phase synthetic libraries.'* However, peptide cyclization has been
emphasized to a lesser extent,'>"!° and has been predominantly achieved by the formation of di-
sulfide bonds or nucleophilic substitution using bifunctional linkers on lysine and cysteine resi-
dues.3620.21522.23 More recently, enzymatic cyclization has been used to construct peptide macro-
cycles on the surface of yeast?* and bacteria,” or within bacteria.?® In one study, a library of lan-
thipeptides was cyclized using the ProcM enzyme, resulting in macrocyclic peptides displayed on
the surface of yeast cells that were screened to identify ligands for avp3 integrin.?* In another
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study, peptides expressed on E. coli cells were combined with synthetic segments via intein trans-
splicing and intramolecular oxime ligation.?> Another method proposed for intracellular synthesis
of cyclic peptide libraries relies on split intein-mediated circular ligation of peptides and protein
(SICLOPPS), and was employed to identify inhibitors to a variety of enzymes and protein-protein
interactions.?’%°

These enzymatic ligation strategies are gaining prominence owing to their excellent site-
and chemo-selectivity, and high yields under mild conditions.?*3* As a result, new cyclization
strategies based on specific peptide motifs are being developed: peptide macrocycles of up to 78
amino acids were produced by reacting proteins displaying an N-terminal glycine with the peptide
motif LPXTG using Sortase;** similarly, Butelase 1 has been employed to cyclize peptides ranging
between 26 to greater than 200 residues;*> the S-adenosylmethionine enzyme AlbA has been used
to catalyze the formation of a thioether bond for the synthesis of macrocyclic subtilosin A;3* fi-
nally, transglutaminase has been used in conjunction with orthogonal cyclization strategies to
achieve poly-cyclization of peptides of varying lengths on the surface of phages.®’

In this study, we present a method for constructing and screening yeast display libraries of
transglutaminase-cyclized peptides to identify cyclic peptide ligands, using specific regions of the
Yes-Associated Protein (YAP) as model targets. Transglutaminase catalyzes the formation of an
amide (i.e., peptide) bond between a glutamine (Q) residue located on the N-terminus of the vari-
able region of the peptide and the C-terminal lysine (K) residue, resulting in a “head-to-side chain’-
type peptide cyclization. In this study, the linear precursor peptides were displayed via the Agal-
Aga2 construct on the surface of yeast Saccharomyces cerevisiae.'> Specifically, we attempted
two routes to achieve the cyclization of the linear peptide precursors with transglutaminase. The
first one comprised the expression of the peptide-Aga fusion on yeast followed by the incubation
of the cells with soluble recombinant transglutaminase. The second route relied on the co-expres-
sion of the linear peptides and transglutaminase by the same yeast cells with the aim of achieving
peptide cyclization during intracellular trafficking through the endoplasmic reticulum and prior to
display.*® The yield of transglutaminase-mediated cyclization was evaluated by comparing the de-
tection levels of multiple epitope tags integrated in the peptide-Aga fusion via fluorescent immu-
nolabeling and flow cytometry. Further confirmation of peptide cyclization was conducted by
comparing the cleavage of transglutaminase-cyclized peptides by tobacco etch virus (TEV) prote-
ase against their linear precursors.

The resulting libraries were screened against the N-terminal region of the Yes-Associated
Protein (YAP, AAs 1-291) and its WW domains (AAs 165-271) using magnetic selection and
fluorescence associated cell sorting (FACS). YAP is a transcriptional regulator that plays a crucial
role in cell proliferation and apoptosis.®® Ligands targeting YAP can serve as modulators of the
Hippo signaling pathway, providing control over cellular mechanisms responsible for organ and
tumor development and growth. The peptide cyclo[E-LYLAYPAH-K], identified by screening
libraries of peptides cyclized via extracellular treatment with transglutaminase, was characterized
via yeast display binding assay to determine the apparent affinity for the N-terminal domain of
YAP (Kp ~ 1.67 uM) and its WW domains (Kp ~ 0.84 uM). Chromatographic assays were also
conducted to evaluate binding affinity and selectivity on solid phase. Collectively, these results
demonstrate the potential of this platform for the rapid de novo identification of cyclic peptides
with protein biorecognition activity.
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Experimental

Plasmids and yeast cell culture

The pCTCON vector containing the TRP selectable marker was used in conjugation with Saccha-
romyces cerevisiae strain EBY 100. Specifically, the Frozen-EZ yeast transformation Kit II (Zymo
Research) was used to transform plasmid DNA into chemically competent EBY 100. Trp-deficient
SDCAA and SGCAA media were used, respectively, for culturing and inducing cells harboring
the pPCTCON plasmid as previously described.*’ During culture, yeast cells were grown in SDCAA
media at 30°C while shaking at 250 RPM. To induce protein expression, yeast cells were trans-
ferred into SGCAA media at ODsoo of 1 and incubated for 24 hrs or 48 hrs at 20°C under shaking
at 250 rpm.

Plasmid construction for yeast surface display of model peptides, the N-terminal region of YAP,
and its WW domain

Plasmids were constructed using pCTCON as backbone vector to express the peptide sequences
on the surface of yeast as Aga2 fusions. The pCTCON plasmid was digested at the Nhel and
BamHI sites. The pCTCON-YESS-pep construct affording the expression of the model peptide
ALQSGSRGGGEQK was constructed by amplifying gene block 1 with Pfl and Prl. The
pCTCON-YESS-pep was then used to incorporate the GallO transglutaminase enzyme. Gene
block 2 was amplified with Pf2 and pr2. The resulting PCR product and the pTCTON-YESS-pep
vector were digested with Agel and Kpnl, and ligated together to afford the co-expression of the
Gall YESS peptide and Gall0 transglutaminase enzyme simultaneous in the pCTCON-YESS-
Full-Length-TG-dual-display vector.

The plasmid pET22b(+) was utilized for recombinant expression of YAP and its
WWdomain. Gene block 3 was amplified with Pf3 and Pr3, and inserted between the Ndel and
Xhol sites of pET22b(+) resulting in the plasmid pET22b(+)-WW, which affords the expression
of soluble WW domain (AAs 165-271). The plasmid pET22b(+) was also utilized to express the
N-terminal region of YAP (AAs 1-291). Specifically, gene block 3 was amplified with Pf4 and
Pr4 and inserted between the Ndel and Xhol sites of pET22b(+) resulting in the plasmid
pET22b(+)-Y AP, which affords the expression of soluble YAP.

All double-stranded gene fragments were purchased from Integrated DNA technologies
(IDT, Coralville, IA). The primer oligonucleotides were acquired from IDT or Eton Biosciences
(San Diego, CA). The gene fragment and primer sequences are listed in Tables S1 and S2, while
the randomized library oligonucleotides are in Table S3. Phusion Polymerase (Thermo Fisher Sci-
entific, Waltham, MA) was used for PCR reactions following the manufacturer’s protocols. Re-
striction digests of plasmid backbones and PCR products were executed at 37°C for 2 hrs using a
S-times excess of each restriction enzyme. Digested plasmid backbones were incubated with Ant-
arctic phosphatase (New England Biolabs, Ipswich, MA) for 1 hr at 37°C. Digested plasmids and
PCR products were purified using a 9K series gel and PCR extraction kit (BioBasic, Markham,
ON, Canada). Overnight ligations using T4 DNA ligase (Promega, Madison, WI) were performed
with the digested plasmid backbones and PCR product inserts. Ligations were transformed into
chemically competent Novablue E. coli cells. The cells were made chemically competent using
Mix&Go! E. coli transformation buffers (Zymo Research, Irvine, CA). The GeneJET™ plasmid
miniprep kit (Thermo Fisher Scientific) was used to harvest the plasmids from overnight E. coli
cultures.
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Site directed mutagenesis of the pCTCON backbone

The pCTCON-YESS-Full-Length-TG-dual-display was initially modified via site-directed muta-
genesis. The pCTCON-YESS-Pro-KR-Active-TG-dual-display vector was constructed via ampli-
fication of the pPCTCON-YESS-Full-Length-TG-dual-display vector with Pf5 and Pr5, enabling
the insertion of a 6 base pair oligonucleotide between the pro sequence and the active transglutam-
inase sequence. An aliquot of 50 ng of purified PCR product was treated with 1 uL of T4 polynu-
cleotide kinase (New England Biolabs) and 1 uL of T4 DNA ligase for 1 hr at room temperature
followed by incubation at 65°C for 20 min. DNA was then treated for 5 min at room temperature
with 1 pL of Dpnl (New England Biolabs) prior to transformation into electrocompetent Novablue
E. coli cells. The pCTCON-YESS-Active-TG-dual-display construct was constructed from the
pCTCON-YESS-Full-Length-TG-dual-display vector via amplification with Pf6 and Pr6 to re-
move the pro-TG sequence. A similar treatment using polynucleotide kinase, T4 DNA ligase, and
Dpnl enzyme treatment was executed to introduce a point mutation into the substrate sequence
where the glutamine (Q) residue was replaced with an alanine (A) residue in order to remove one
of the critical residues involved in the transglutaminase cyclization reaction. The dual display vec-
tors wherein glutamine (Q) was replaced with alanine (A) were constructed by amplifying the
pCTCON-YESS-Pro-KR-Active-TG-dual-display vector with Pf7and Pr7 prior to kinase, ligase,
and Dpnl treatment to yield vector pCTCON-YESS-Pro-KR-Active-TG-Q-to-A-SDM-dual-dis-
play. Also, pCTCON-YESS-Active-TG-dual-display vector was amplified with Pf7 and Pr7 prior
to kinase, ligase, and Dpnl treatment to yield vector pPCTCON-YESS-Active-TG-Q-to-A-SDM-
dual-display.

Construction of combinatorial yeast display libraries of cyclic peptides via extracellular
transglutaminase-mediated cyclization

Double stranded gene fragments were purchased from IDT, while the primer oligonucleotides were
acquired from IDT or Eton Biosciences. The sequences of the randomized library oligonucleotides
and primers are in Tables S2 and S3. The yeast surface display pCTON vector was used as a
backbone to create the combinatorial library for extracellular cyclization, as done in prior work.*
Briefly, a randomized DNA gene block (oligo 1 in Table S3) comprising 8 randomized NNK
codons was amplified via PCR with primer Pf9 and Pr9. A series of 30 PCR reactions were per-
formed in a volume of 50 uLL comprising 1 U of Phusion HF DNA polymerase (Thermo Fisher
Scientific), 1X Phusion Buffer, 0.2 mM deoxynucleotide triphosphate (ANTPs) (Thermo Fisher
Scientific), 0.1 uM of the forward and reverse primers, 3% dimethyl sulfoxide (DMSO), and 10
ng of the template DNA. The PCR was performed using the following conditions: initial denatur-
ation at 98°C for 2 min, followed by 30 cycles of denaturation at 98°C for 10 sec, annealing at
62°C for 20 sec, extension at 72°C for 5 sec, and a final extension at 72°C for 10 min. The PCR
products were purified by conducting 2 phenol/chloroform/isoamyl alcohol extractions followed
by 1 chloroform extraction. The extracted DNA was incubated overnight in two volumes of ethanol
and 1/10 volume of potassium acetate at -20°C. The DNA was pelleted via centrifugation at
12,000x g for 20 min, washed with 70% ethanol, centrifuged again, and washed with 100% etha-
nol. The resulting DNA pellet was resuspended in DI water and stored at -20°C prior to library
construction. To construct the plasmid backbone, gene block 4 was first amplified with Pf8 and
Pr8. The pCTCON and the amplified PCR product of gene block 4 were digested with Agel and
Xhol, and ligated to generate vector pCTCON-TG-8mer-template, which was used as template
backbone for the TG8mer library. The pCTCON-TG-8mer-template was digested with Sall and
BamHI restriction enzymes at 37°C for 2 hrs. The digested plasmid backbones were incubated
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with Antarctic phosphatase (New England Biolabs) for 1 hr at 37°C. Subsequently, 12 ng of PCR
product and 4 pg of linearized pCTCON-TG-8mer-template vector were transformed into compe-
tent Saccharomyces cerevisiae strain EBY 100 for a total of four transformation reactions as done
in prior work.*>*! The diversity of the pPCTCON-TG-8mer resulting library was estimated to be ~
2.6:107. The resulting library of yeast cells were propagated in Trp-deficient SDCAA media at
30°C while shaking at 250 RPM. To induce protein expression, yeast cells were transferred into
SGCAA media at ODggo of 1 and incubated for 24 hrs at 20°C under shaking at 250 rpm.

Lyophilized recombinant transglutaminase (Zedira, Darmstadt, Germany) was reconsti-
tuted to a concentration of 12.8 mg/mL in PBS, pH 6, and stored as frozen aliquots at -20°C. Yeast
cells displaying the library of linear peptide precursors were spun down and washed with PBS, pH
6. An aliquot of 10® cells were resuspended in 500 pL of PBS, pH 6.0, to which the transglutami-
nase solution was added to achieve a final concentration of 1 uM. Cells were incubated at 37°C
overnight under mild agitation. The cells were washed 3x with 0.1% BSA in PBS and analyzed
via flow cytometry single cell analysis to evaluate the yield of peptide cyclization or screened
against WW domain or YAP protein to identify peptide binders.

Construction of combinatorial yeast display libraries of cyclic peptides via intracellular
transglutaminase-mediated cyclization

The library for intracellular cyclization was constructed using a randomized DNA gene block (ol-
igo 2 in Table S3) comprising 7 randomized NNK codons and amplified via PCR using primers
Pf10 and Pr10. The PCR amplification was performed using the following conditions: initial de-
naturation at 98°C for 2 min, followed by 30 cycles of denaturation at 98°C for 10 sec, annealing
at 62°C for 20 sec, extension at 72°C for 10 sec, and a final extension at 72°C for 10 min. The
PCR products were purified via phenol/chloroform/isoamyl alcohol extractions and ethanol pre-
cipitation, as described above. The vector pPCTCON-YESS-Active-TG-dual-display construct was
digested with Nhel and Xhol restriction enzymes at 37°C for 2 hrs. Digested plasmid backbones
were incubated with Antarctic phosphatase (New England Biolabs) for 1 hr at 37°C. Subsequently,
12 ug of PCR product and 4 pg of linearized pCTCON-YESS-Active-TG-dual-display vector were
transformed into competent Saccharomyces cerevisiae strain EBY 100 as previously described.***! The
diversity of the resulting pCTCON-TG-intracellular-7mer library was estimated to be ~ 1.6-107.
The resulting library of yeast cells were propagated in Trp-deficient SDCAA media at 30°C while
shaking at 250 RPM. To induce protein expression, yeast cells were transferred into SGCAA me-
dia at ODeoo of 1 and incubated for 48 hrs at 20°C under shaking at 250 rpm.

Expression, purification, and biotinylation of recombinant N-terminal YAP, YAP-WW domain,
and TEV
Plasmid pET22b(+)-WW was transformed into chemically competent Rosetta E. coli cells. A fro-
zen aliquot of transformed Rosetta E. coli was grown in LB media (10 g/L tryptone, 5 g/L yeast
extract, 10 g/L NaCl) overnight at 37°C. The cells were then inoculated in 2XYT media (16 g/L
tryptone, 10 g/L yeast extract, and 5 g/LL NaCl) and allowed to propagate at 37°C for ~5 hrs until
an optical density of ~1.0 was obtained. Protein expression was induced by adding IPTG to a total
concentration of 0.5 mM and was allowed to proceed for 20 hrs at 20°C. An identical strategy was
executed on plasmids pET22b(+)-YAP and pRK793 (#8827 from Addgene) for the expression of
Y AP and tobacco etch virus (TEV) protease.

The N-terminal YAP, WW-YAP, and TEV proteins were purified by immobilized metal
affinity chromatography (IMAC). The cells were initially pelleted by centrifugation at 3500xg for
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12 min, and resuspended in 35 mL of resuspension buffer (20 mM HEPES, 150 mM NacCl, pH 7.8,
0.2 mM phenylmethylsulfonyl). The cell slurry was sonicated and subsequently pelleted via cen-
trifugation at 15,000xg for 22 min. The supernatant was then syringe filtered using a 0.45 um
PVDF filter (Genesee Scientific, San Diego, CA). The filtered cell lysate was loaded onto a 5 mL
Nuvia IMAC column (Bio-Rad, Hercules, CA) at 2 mL/min, washed with 50 mL of Buffer C-
IMAC (20 mM HEPES, 800 mM NaCl, pH 7.8) at 5 mL/min, flushed with 50 mL of Buffer A-
IMAC (20 mM HEPES, 137 mM NaCl , pH 7.8 at 5 mL/min), and eluted with a 50 mL linear
gradient of 0-100% Buffer B-IMAC (20 mM HEPES, 137 mM NaCl, 500 mM Imidazole, pH 7.8)
at 5 mL/min. The chromatographic fractions were analyzed for protein content by UV spectropho-
tometry at 280 nm, and the fractions containing the protein were further analyzed via SDS-PAGE.
A volume of 4.5 puL of protein fraction was combined with 1.5 uLL of 4x LDS sample buffer (Invi-
trogen), loaded into a 4-12% Bis-Tris NuPAGE protein gel (Invitrogen) with MES SDS running
buffer, and run at 200 V for ~40 min. The gel was stained with Imperial protein stain (Thermo
Fisher), washed 3x with water, and allowed to de-stain overnight in water under mild agitation.
The gel was analyzed, and selected chromatographic fractions were pooled and dialyzed into 20
mM HEPES, 150 mM NaCl, pH 7.8 (HEP) using SnakeSkin™ Dialysis Tubing (MWCO 3.5 kDa,
Thermo Fisher Scientific) prior to biotinylation. Proteins were biotinylated using a EZ-Link Sulfo-
NHS-LC-Biotinylation kit (Thermo Fisher Scientific) following the manufacturer’s protocol. Ex-
cess biotin was removed via dialysis into 20 mM HEPES, 150 mM NaCl, pH 7.8 (HEP) using
SnakeSkin™ Dialysis Tubing (MWCO 3.5 kDa, Thermo Fisher Scientific). The protein was flash-
frozen in liquid nitrogen and stored at -80°C in HEP plus 10% glycerol for long-term storage.

Evaluation of extracellular and intracellular transglutaminase-mediated peptide cyclization via
flow cytometry

Yeast cells displaying cyclic peptides were grown in SDCAA media for 24 hrs, collected, and
induced at an OD of ~1.0 in SGCAA for 24, 48, 72, or 96 hrs to determine the effect of induction
time on cyclization efficiency. After induction, the cells were collected and labeled with a 1:100
dilution of the chicken anti-c-myc antibody (Invitrogen), rabbit anti-HA antibody (Thermo Fisher
Scientific), and anti His-488 (Qiagen) or anti His-647 (Qiagen) conjugate; all antibodies were di-
luted in 0.1% w/v BSA in PBS, and incubated with the cells for 15 min at 4°C. Following incuba-
tion, the cells were washed, and secondary labeling was performed with goat anti-chicken 488,
goat anti-chicken 633, donkey anti-rabbit 488, donkey anti-rabbit 633, or donkey anti-mouse 488,
or donkey anti-mouse 633 (Thermo Fisher Scientific) at a 1:250 dilution for 15 min at 4°C. Cells
were analyzed via fluorescent flow cytometry single cell analysis using a Biotec MACsQuant VYB
cytometer (Miltenyi, Bergisch Gladbach, Germany). Labeling with secondary antibodies conju-
gated to a 488 fluorophore were imaged at the excitation wavelength of 488 nm and emission
wavelength of 525/50 nm. Labeling with secondary antibodies conjugated to 633 or 647 fluoro-
phores were imaged at the excitation wavelength of 561 nm and emission wavelength of 661/20
nm. At least 50,000 events were recorded for each sample. The mean fluorescence intensity (MFI)
of each population was obtained using FlowJo flow cytometry software.

Yeast cells displaying cyclic peptides were spun down and washed 3x with 150 mM NaCl
in PBS, pH 8. An aliquot of 10® cells were resuspended in PBS, pH 8, to which recombinant TEV
was added to achieve a final concentration of 3 uM. Cells were incubated overnight at 37°C under
mild agitation. The cells were then washed 3x with 0.1% BSA in PBS and analyzed via flow cy-
tometry as described above.
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Screening of yeast display libraries of transglutaminase-cyclized peptides via magnetic selection
and FACS to identify affinity peptide ligands

The yeast display libraries of cyclic peptides produced by transglutaminase-mediated extracellular
cyclization were subjected to four rounds of screenings to identify ligands to the WW domain and
the N-terminal YAP. The first two rounds of screening were conducted by implementing magnetic
selection. In round 1, 10° library cells were incubated with the target protein immobilized onto
magnetic beads. These were prepared by incubating 17 ug of biotinylated N-terminal YAP or WW-
YAP with 25 pL of biotin binder Dynabeads (Invitrogen, Carlsbad, CA) for 2 hrs at room temper-
ature; following conjugation, the beads were separated using a magnet and washed 3x with 0.1%
BSA in PBS. In round 2, 108 library cells were incubated with the same amount of target protein
and bead volume. In both rounds, the pCTCON-TG-8mer library was initially induced for 24 hours
whereas the pCTCON-TG-intracellular-7mer library was induced for 48 hour and washed with
0.1% BSA in PBS prior to selection, and then incubated with the protein-coated beads in 0.1%
BSA in PBS for 1 hr at room temperature. Following incubation, the cells bound to the beads were
isolated using a magnet, transferred into 5 mL of SDCAA media and allowed to propagate at 30°C
for 2 days. Subsequently, 2 rounds of fluorescence activated cell sorting (FACS) were performed
on a FACSAria II (Becton Dickinson, Franklin Lakes, NJ) cell sorter. Specifically, 107 library cells
were labeled with 1 UM YAP or WW-YAP protein for 1 hour at 4°C. Subsequently, cells were
washed with 0.1% BSA in PBS, and resuspended in 1:250 dilution of Streptavidin-phycoerythrin
(Invitrogen) for 15 minutes at 4°C. Cells were washed again with 0.1% BSA in PBS, and resus-
pended in 1 mL prior to sorting. Individual cells were selected based on their increased fluores-
cence intensity compared to a population of library cells that were not incubated with WW or YAP
protein. During the second round of screening, cells were incubated with 100 nM of WW or YAP
protein, and the cell collection gating stringency was increased by only collecting cells with a
higher fluorescence intensity compared to the previous round. Following screening, the yeast cells
were plated at varying dilutions on SDCAA agar plates and grown at 30°C for 2 days. Individual
clones were selected, transferred into 5 mL of SDCAA liquid media and grown for 2 days. The
yeast cell plasmid DNA was then extracted via a Zymoprep yeast miniprep kit (Zymo Research),
propagated into electrocompetent Novablue E. coli cells, extracted using a GeneJET™ plasmid
miniprep kit (Thermo Fisher Scientific), and finally sequenced.

Yeast surface display isotherms of cyclo[E-LYLAYPAH-K] for N-terminal YAP and WW-YAP

Yeast cells displaying cyclo[E-LYLAYPAH-K] were prepared and incubated with varying con-
centrations of biotinylated WW-Y AP or N-terminal YAP for 1 hr at 4°C. After washing with 0.1%
BSA in PBS, the cells were labeled with a 1:250 dilution of R-Phycoerythrin-labeled Streptavidin.
Flow cytometry analysis was executed using an excitation wavelength of 561 nm and an emission
filter of 586/15 nm. The on-yeast binding measurements were fit to Equation 1 via non-linear
least squares regression over three independent replicates.

. Fmax[L]o
Equation 1 = e

q Kp+[Lo
Where F is the mean fluorescence intensity, [L], is the concentration of the soluble protein used
for the primary incubation, and Fnax is the maximum fluorescence intensity when surface-satura-
tion is obtained (note: the fluorescence signal was observed to decrease at high values of [L],
(hook effect), as previously observed in yeast surface titrations;*? accordingly, in each dataset the
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highest value of fluorescence was set as Fmax and the adsorption data obtained at higher protein
concentration were excluded from the fittings).

Synthesis of peptides cyclo[E-LYLAYPAH-K] and RYSPPPPYSSHS (PTCH) on Toyopearl
resin

The peptides were synthesized on Toyopearl AF-Amino-650 M resin (0.2 meq/mL, Tosoh, Tokyo,
Japan) using a Alstra Initator+ automated synthesizer (Biotage, Uppsala, Sweden) via standard
solid-phase Fmoc/tBu chemistry.*3#* Prior to the coupling the first amino acid, the resin was swol-
len in DMF at 60 °C for 30 min. The linear precursor ELYLAYPAHK was synthesized using the
sequence of protected amino acids Fmoc-Lys(Mtt)-OH, Fmoc-His(Trt)-OH, Fmoc-Ala-OH,
Fmoc-Pro-OH, Fmoc-Tyr(OtBu)-OH, Fmoc-Ala-OH, Fmoc-Leu-OH, Fmoc-Tyr(OtBu)-OH,
Fmoc-Leu-OH, and Fmoc-Glu(OAll)-OH. The PTCH peptide RYSPPPPYSSHS was synthesized
using the sequence of Fmoc-Ser(OtBu)-OH, Fmoc-His(Trt)-OH, 2x Fmoc-Ser(OtBu)-OH, Fmoc-
Tyr(OtBu)-OH, 4x Fmoc-Pro-OH, Fmoc-Ser(OtBu)-OH, Fmoc-Tyr(OtBu)-OH, and Fmoc-
Arg(Pbf)-OH. All amino acids couplings were conducted with 5 equivalents (5 eq. compared to
the functional density of Toyopearl AF-Amino-650 M resin) of Fmoc-protected amino acid (at the
concentration of 0.5 M in anhydrous DMF), 4.95 eq. 2-(6-Chloro-1H-benzotriazole-1-yl)-1,1,3,3-
tetramethylaminium hexafluorophosphate (HCTU, 0.5 M in DMF) and 10 eq. diisopropylethyla-
mine (DIPEA, 2M in NMP) for 5 min at 75°C. Successful completion of every amino acid cou-
plings was monitored via Kaiser’s ninhydrin assay.*> Fmoc deprotection was achieved by incubat-
ing the resin twice in 20% piperidine in DMF (v/v) at RT for 10 min. All Fmoc-protected amino
acids, HCTU, piperidine, and anhydrous solvents were from Chem-Impex International, Inc.
(Wood Dale, IL). The cyclization of QLYLAYPAHK was performed following a method devel-
oped in prior work.*® Briefly, the allyl ester (OAll) protection was removed from N-terminal
Glu(OAll) using Tetrakis(triphenylphosphine)palladium(0) in DCM, while the methyltrityl (Mtt)
protection was removed from C-terminal Lys(Mtt) in 2% trifluoroacetic acid (TFA) and 5% triiso-
propylsilane (TIPS) in DCM.#” The conjugation of the free carboxyl group of Glu and amino group
of Lys via amide bond was performed by incubating the resin twice with 1 eq. HCTU (0.5 M in
DMF) and 2 eq. DIPEA (2M in NMP) for 20 min at 75°C. All reagents utilized for site-selective
deprotection and peptide cyclization were acquired from Millipore Sigma (Saint Louis, MO). Both
peptides were rinsed copiously with DCM, and deprotected by acidolysis using a 90/5/3/2
TFA/Thioanisole/EDT/Anisole cocktail at 10 mL per gram of resin for 2 hrs at RT. The resin were
then washed copiously with DCM, DMF, DCM, dried under nitrogen, and stored at -20 °C.

Evaluation of binding capacity, affinity, and selectivity of resin-bound peptides to N-terminal
YAP and WW-YAP

Aliquots of 1 mg of cyclo[E-LYLAYPAH-K]-Toyopearl resin and RYSPPPPYSSHS-Toyopearl
resin were washed 3x with PBS, pH 7.4, and incubated with either N-terminal YAP or WW-YAP
at concentrations varying from 20 pg/mL to 3 mg/mL in a volume of 400 uL for 1 hr at room
temperature. After removing the resin by centrifugation, the supernatant was analyzed by spectro-
photometry at 280 nm to quantify the concentration of unbound protein. The amount of protein
bound to the peptide-Toyopearl resin was calculated by mass balance. The adsorption data were
fit to a Langmuir isotherm (Equation 2):

— Amax|[C]

Equation 2 Kp+1C]
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Wherein ¢ is the amount of protein adsorbed on the peptide-Toyopearl resin (mg pro-
tein/mL resin), /C]/ is the unbound concentration of protein at equilibrium (mg protein/mL solu-
tion), gmar 18 the maximum protein binding capacity (mg protein/mL resin), and Kp is the dissoci-
ation constant (affinity, mg protein/mL solution).

The binding specificity of cyclo[E-LYLAYPAH-K] for WW-Y AP was then evaluated. Bo-
vine serum albumin (BSA) and lysozyme (LYZ) (Fisher Scientific) were dissolved in 20 mM
HEPES, 150 mM NaCl, pH 7.8 and serially diluted to multiple concentrations ranging from 13
pg/mL to 2 mg/mL. An aliquot of 1 mg of cyclo[E-LYLAYPAH-K]-Toyopearl resin was washed
in PBS, pH 7.4, and incubated in 400 pL of either BSA or LYZ solution for 1 hr at room temper-
ature. After removing the resin by centrifugation, the supernatant was analyzed by spectrophotom-
etry at 280 nm to quantify the concentration of unbound protein. The amounts of protein bound to
the peptide-Toyopearl resin (qesa and qryz) were calculated by mass balance and compared to the
amount of N-terminal YAP or WW-Y AP that would be adsorbed at the same value of equilibrium
protein concentration /C].

Results and Discussion

Evaluation of extracellular transglutaminase-mediated peptide cyclization
Transglutaminase catalyzes the formation of an amide (i.e., peptide) bond between the e-amino
group of a C-terminal lysine and the y-carbamoyl side chain group of an N-terminal glutamine
(Figure 1A), and has been widely utilized for protein modification, and peptide conjugation and
cyclization.®® In the context of cyclization of short peptides, transglutaminase has been utilized
either alone or in combination with orthogonal cyclization agents to construct cyclic and polycy-
clic constructs comprising 6 — 12 residues.’”* Considerable efforts have been dedicated to the
engineering of the enzyme,>® the identification of its recognition sequence, and the optimization
of the reaction conditions to increase the yield of ligation;*’! in particular, it has been recognized
that appending the N-terminal dipeptide Ala-Leu significantly increases the cyclization yield.?’

In this study, we referred to the sequence ALQSGSRGGGKS as linear precursor to evalu-
ate the efficiency of cyclization on the surface of yeast cells; this peptide, in fact, served as model
substrate in prior work on transglutaminase-mediated cyclization.?” Specifically, we designed a
plasmid construct to express the lead sequence ALQSGSRGGG in an Agal-Aga?2 display system
on the surface of Saccharomyces cerevisiae cells. Together with the model peptide, the Aga2 fu-
sion construct comprises the c-myc and HA detection tags, and a tobacco etch virus (TEV) protease
signal recognition sequence (Figure 1B). Notably, the c-myc epitope EQKLISEEDL provides the
lysine residue (K) that is enzymatically ligated with the glutamine (Q) of the lead sequence
ALQSGSRGGQG, resulting in peptide cyclization. We hypothesized that the transglutaminase-me-
diated tethering of the lead sequence and the c-myc epitope hinders — or completely prevents — the
binding of c-myc antibodies (Figure 1C). Accordingly, the quantification of the differential bind-
ing of fluorescently labeled c-myc antibodies to cells displaying either linear or transglutaminase-
cyclized peptides provides a measure of the cyclization yield (note: to ensure the site-selectivity
of the cyclization, we eliminated the lysine and serine residues from the C-terminus of the model
peptide sequence).

Upon inducing the expression of the linear peptide construct on the yeast surface, the cells
were either treated with soluble recombinant transglutaminase or plain buffer (negative control).
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The expression of the peptide was confirmed by detecting the HA and c-myc tags via flow cytom-
etry (Figure 2A, D). While the HA signal did not differ between transglutaminase-treated and
untreated cells, a notable decrease in detection c-myc signal was found with the cells incubated
with transglutaminase. This is consistent with our hypothesis of decreased antibody binding on c-
myc tag upon enzymatic crosslinking to the model sequence.
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Figure 1. Transglutaminase-mediated cyclization of model peptides displayed on the surface of yeast cells
and evaluation of peptide cyclization efficiency. (A) Formation of an amide bond between the e-amino
group of a C-terminal lysine and the y-carbamoyl side chain group of an N-terminal glutamine by transglu-
taminase; (B) Design of the pCTcon2 plasmid vector for expressing the model peptide sequence ALQSGS-
RGGGKS as contiguous to the c-myc epitope sequence EQKLISEEDL; (C) Scheme of the peptide construct
and the impact of transglutaminase-mediate peptide cyclization on the detection of the c-myc and HA
tags and the efficiency of cleavage by TEV protease.

We further evaluated the cyclization yield by assessing the extent of cleavage of linear vs.
transglutaminase-treated peptide constructs from yeast cells by TEV protease. This cysteine pro-
tease recognizes the sequence ENLYFQ-G/S and cleaves it at the Q and G/S residues.*® We hy-
pothesize that peptide cyclization would inhibit the cleavage of the TEV recognition sequence
framed between the His-tag and the HA tag. Accordingly, yeast cells expressing the cyclized pep-
tides or the linear precursor were treated with TEV protease, and the level of the HA and c-myc
tags were quantified via fluorescent flow cytometry. No variation in HA signal upon treatment
with TEV protease was observed in cells displaying either the linear or transglutaminase-cyclized
peptide (Figure 2B, C); this was expected, given that the TEV recognition sequence is in down-
stream to the HA tag (Figure 1C). However, a notable difference in residual c-myc level was
observed between the cells displaying the linear vs. transglutaminase-cyclized peptides, wherein
the former cell population showed a significant loss of fluorescence (Figure 2B, D) while the latter


https://doi.org/10.1101/2020.08.08.242537

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.08.242537; this version posted August 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

only presented a minor decrease (Figure 2C, D). This is coherent with our hypothesis that the
TEV recognition site is significantly sterically hindered upon peptide cyclization or is in itself
involved in the cyclization through its glutamine residue (note: the latter is unlikely due to the lack
of Ala-Leu leader sequence required for transglutaminase reaction in the TEV recognition site).
Collectively, these results suggest that extracellular treatment with transglutaminase results in the
cyclization of the linear peptide precursor expressed as an Aga fusion on the surface of the yeast
cells.
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Figure 2. Evaluation of the yield of transglutaminase-mediated cyclization of yeast displayed peptides via
immunofluorescence labeling and flow cytometry. (A) Mean fluorescence intensity (MFI) of HA and c-myc
tag levels detected on yeast surface display peptides before (YSD-pep) and after (YSD-pep + TG) incubation
of the yeast cells with transglutaminase (TG); (B) MFI of HA and c-myc tag levels detected on yeast surface
display peptides before (YSD-pep) and after (YSD-pep + TEV) incubation of the yeast cells with TEV prote-
ase (no incubation with TG); (C) MFI of HA and c-myc tag levels detected on yeast surface display peptides
incubated with TG before (YSD-pep + TG) and after (YSD-pep + TG + TEV) incubation of the yeast cells with
TEV protease; (D) Representative flow cytometry histograms of c-myc epitope levels detected on yeast
cells displaying the linear peptide before (red) and after (orange) incubation with TG, with no incubation
with TG and after treatment with TEV protease (cyan), and after incubation with TG followed by treatment
with TEV protease (green). The error bars correspond to the standard error of the mean from three inde-
pendent replicates. A two-tailed paired t-test was performed; * indicates p<0.1 and ** indicates p<0.05.

Design, construction and screening of a yeast display library of cyclic peptides via extracellular
transglutaminase-mediated cyclization

We implemented the extracellular peptide cyclization method demonstrated above to the construc-
tion of a yeast display library of cyclic 8-mer peptides using the randomized sequence WALQX|
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X2-X3-X4-X5-X6-X7-XsKS as linear precursor (Figure 3A, note.: because a C-terminal lysine (K)
was incorporated in the library sequence, the c-myc tag was omitted from the construct). The cy-
clization yield of the library peptides was evaluated via flow cytometry upon fluorescent labeling
of the HA tag and His-tag, with and without treatment with TEV protease. As anticipated, no
difference in HA tag levels was observed upon treatment with transglutaminase (Figure 3B). Ex-
posure to TEV protease resulted in a notable decrease in HA tag levels for yeast display library of
linear peptides (Figure 3C), whereas no significant variation was observed with the yeast display
library of cyclic peptides (Figure 3D). These results suggest that cyclization of the peptide yeast
library was effectively achieved with transglutaminase.
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Figure 3. (A) Design of a pCTcon2 vector-based plasmid to express a combinatorial library of 8-mer pep-
tides using the Aga2 display system on the surface of yeast cells; (B) MFI of HA and His tag levels detected
on yeast surface display library of 8-mer peptides before (YSD 8-mer) and after (YSD 8-mer + TG) incuba-
tion of the yeast cells with transglutaminase (TG); (C) MFI of HA and His tag levels detected on a yeast
surface display library of 8-mer peptides before (YSD 8-mer) and after (YSD 8-mer + TEV) incubation of the
yeast cells with TEV protease (no incubation with TG); (D) MFI of HA and His tag levels detected on a yeast
surface display library of 8-mer peptides incubated with TG before (YSD 8-mer + TG) and after (YSD 8-mer
+ TG + TEV) incubation of the yeast cells with TEV protease. Error bars correspond to the standard error
of the mean from three independent replicates. A two-tailed paired t-test was performed. * p<0.05.

We then screened the library against the N-terminal region (AAs 1-291) of Yes-Associated
Protein 65 (N-YAP) and its WW domains (WW-YAP). To ensure the selection of peptide ligands
with true affinity for the target proteins, two rounds of screening via magnetic cell sorting followed
by two rounds of screening via fluorescence activated cell sorting (FACS) were performed; the
stringency of screening was increased during FACS by lowering the concentration of the target
protein from 1 uM to 100 nM. The screening against each target returned 10 yeast clones from
which the plasmid DNA was extracted, transformed into E. coli cells, and sequenced. Notably, 9
out of 10 clones obtained from screening against N-YAP and all the 10 clones obtained from
screening against WW-Y AP returned the peptide sequence QLYLAYPAHK. This corresponding
to the cyclic peptide construct cyclo[E-LYLAYPAH-K], since the transglutaminase-mediated
transamidation of the carbamoylethyl side chain group of glutamine (Q) with the e-amine group
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of lysine (K) is equivalent to the formal amidation of the carboxyethyl side chain group of a glu-
tamic acid (E) by the e-amine group of lysine (K). This sequence features a defined amphiphilic
character (i.e., a balance of hydrophobic and polar residues) and, most notably, a combination of
proline and tyrosine residues that is consistent with the PPxY motif characteristic of WW-binding
peptides.

Binding affinity and specificity of cyclo[E-LYLAYPAH-K] displayed on yeast cells
Recombinant biotinylated N-YAP and WW-Y AP were titrated against yeast cells displaying cy-
clo[E-LYLAYPAH-K] or cells displaying the linear precursor (QLYLAYPAHK) to generate yeast
surface display binding isotherms as previously described.**3? To evaluate the binding selectivity
of the yeast displayed peptides, a set of binding isotherms were also generated using biotinylated
bovine serum albumin (BSA). The amount of target protein adsorbed on the surface of the yeast
cells was measured via fluorescence labeling using streptavidin-phycoerythrin. The normalized
fluorescent values (Figure 4) were treated as adsorption data and fit to a monovalent binding iso-
therm to estimate the binding affinity (Kp) of the peptide ligands (Table 1).
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Figure 4. Yeast surface display binding isotherms of (A) WW domain of YAP (WW-YAP, black circles) and
bovine serum albumin (BSA, green diamonds) on cyclo[E-LYLAYPAH-K]; (B) WW-YAP on linear peptide
cognate QLYLAYPAHK; (C) N-terminal N-YAP (N-YAP, black circles) and BSA (green diamonds) on cyclo[E-
LYLAYPAH-K]; and (D) N-YAP on QLYLAYPAHK. Yeast cell fluorescence was detected following incubation
with biotinylated target protein using streptavidin-phycoerythrin conjugate. Data from each of the three
independent replicates were normalized to its associated Fnax value. The resulting values of normalized
mean fluorescence intensity were fit against a monovalent binding isotherm (red dashed line). Fluores-
cence data from three independent experiments was used; the error bars correspond to the standard
error of the mean from three independent replicates.
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Table 1. Values of binding affinity (Kp) of the protein:peptide complexes obtained from yeast display titra-
tion assays via immunofluorescence labeling; N/A: not applicable; N/D: not detectable; L/B: low binding.
The average Kp of three independent replicates plus/minus one standard error is reported.

A Ko (LM)
Peptide ligand
N- YAP WW-YAP BSA
cyclo[E-LYLAYPAH-K] | 1.75+0.33 | 0.68+0.21 | N/D
QLYLAYPAHK 0.74 £ 0.15 L/B N/A

Most notably, the cells displaying transglutaminase-cyclized peptides exhibited a signifi-
cantly higher fluorescence when titrated with WW-Y AP than BSA (Figure 4A). Cells displaying
cyclo[E-LYLAYPAH-K] returned an apparent Kp of 0.68 + 0.21 uM, which is consistent with
other WW domain binding peptides;>* the corresponding value for BSA could not be calculated,
as the isotherm did not reach saturation within the tested range of protein concentration. Further-
more, the linear precursors exhibited a much lower binding affinity (Figure 4B), with no obvious
isotherm-like binding behavior. This indicates that transglutaminase-mediated cyclization endows
the peptides with specific and strong WW-binding activity.

Similarly, the apparent Kp of cyclo[E-LYLAYPAH-K] to YAP was 1.75 + 0.33 uM, with
a pronounced “hook” effect occurring at ~ 8 uM of YAP, as has been previously described in the
case of yeast surface display titrations (Figure 4C).** Once again, the peptide was found to bind
YAP specifically, as it exhibited little-to-no BSA binding. On the other hand, the difference in
binding affinity of the cyclic vs. linear peptide observed with WW-Y AP was not observed with N-
terminal YAP (Figure 4D). This may be imputed to additional targeting of the linear peptide to
other motifs in YAP, homologous yet extraneous to the WW domain, that stabilize their interac-
tion.

Construction and optimization of yeast displayed cyclic peptides via intracellular transglutami-
nase-mediated cyclization

Following up on the screening of yeast display libraries where peptide cyclization had been ac-
complished via extracellular enzymatic treatment, we also sought to explore an intracellular route
to transglutaminase-mediated peptide cyclization (Figure S1). In the yeast display platform, the
expression of peptides on the cell surface is controlled by the inducible galactose promoter Gal
1/10. The bidirectional nature of Gal 1/10 has been leveraged to achieve concurrently the display
of peptides and the expression of enzymes that can edit their chemical composition and structure.
For example, the tobacco etch virus protease was engineered via the Yeast Endoplasmic Seques-
tration System (YESS) to achieve dual display of a TEV enzyme library in conjunction with spe-
cific and non-specific selection substrates.*® In this approach, both enzyme and substrate transit
through the endoplasmic reticulum (ER), where the enzyme can act on the substrate prior to its
display on the cell surface. In another example, the modifying enzyme Proc M and its lanthipeptide
substrate were co-expressed resulting in a macrocyclic lanthipeptide displayed on the yeast sur-
face.?* In a similar fashion, we sought to express transglutaminase under the Gall0 promoter to-
gether with a model peptide substrate under the control of the Gall promoter (Figure S2A). After
inducing the yeast cells in galactose-containing media, both transglutaminase and the peptide sub-
strate were co-expressed as fusion proteins with their corresponding tags and signal location se-
quences. In addition to the standard N terminal prepro secretory signal sequence used to direct the
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fusion proteins toward the secretory pathway, the endoplasmic reticulum retention sequence
FEHDEL?® was added to the C-terminus of the peptide constructs. The peptide FEHDEL, in fact,
increases the residence time of the protein fusion by docking onto the ER membrane. This hybrid
mechanism of intracellular trafficking and peptide cyclization is expected to ultimately afford the
display of cyclic peptides only on the surface with higher cyclization yield compared to the extra-
cellular cyclization approach.

The model lead sequence ALQSGSRGGG fused to the c-myc epitope tag EQKLISEEDL,
which contains the lysine (K) residue needed for cyclization, was used to evaluate this hypothesis.
The full sequence of Streptomyces mobaraensis transglutaminase (GenBank accession number
AAT65817.1, 395 AAs) was expressed under the Gal10 promoter; the protein comprises a 60 AA-
long N terminal pro sequence and a 335-AA long transglutaminase enzyme. The yield of the cy-
clization reaction was evaluated via immunofluorescent flow cytometry using the c-myc tag de-
tection and the TEV protease-cleavage indirect assays described above. Upon induction at differ-
ent time points (24, 48, 72, and 96 hr), the cells were treated with TEV protease to attempt the
cleavage of the peptide fusion from the yeast surface. Notably, a marked difference was observed
compared to the intracellular cyclization route: the treatment with TEV protease always resulted
in a significant reduction in the c-myc epitope detection signal (Figures S2B — S2E), suggesting
that most of the displayed peptides are linear.

To improve the yield of intracellular cyclization, we modified the structure of the transglu-
taminase fusion protein. The full-length enzyme contains a pro-peptide sequence that forms an a-
helix into the catalytic site of transglutaminase and is typically cleaved by intracellular endopepti-
dases after translation and protein folding.>* We hypothesized that this a-helix remains tethered to
the folded enzyme, thus hindering its active site and preventing the cyclization of the model pep-
tide.
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Figure 5. Mean fluorescence intensity (MFI) of (A) c-myc tag levels detected on yeast cells engineered
with the “Pro-Kex-TG” vector and induced for 48 hrs before and after treatment with TEV protease; (B)
HA and c-myc tag levels detected on yeast cells engineered with either the “Pro-Kex-TG” vector or the
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“Pro-Kex-TG w/ Q-to-A SDM” vector and induced for 48 hrs before and after treatment with TEV protease;
and (C) HA and c-myc tag levels detected on yeast cells induced for 48 hrs to express either the “lead/c-
myc” or the mutated “Q-to-A lead/c-myc” construct before treatment with TEV protease; (D) MFI ratio
HA and c-myc tag levels detected on yeast cells induced for 48 hrs to express either the “lead/c-myc” or
the mutated “Q-to-A lead/c-myc” construct after treatment with TEV protease (note: the MFI ratio is the
ratio of MFI measured after vs. before treatment with TEV protease). The error bars correspond to the
standard error of the mean from three independent replicates. A two-tailed paired t-test was performed,
where * indicates p<0.05.

To this end, two different transglutaminase variants were initially explored. First, we in-
troduced a Kex2 endopeptidase cleavage recognition site (K-R) between the pro-peptide and the
transglutaminase sequence, which has been observed to promote the secretion of active transglu-
taminase in Pichia pastoris and Candida boidinii.>* Kex2 peptidase is expressed endogenously in
Saccharomyces cerevisiae and is present in the Golgi as part of the secretory pathway.>> Next, we
introduced a single point mutation into the substrate sequence by mutating the glutamine (Q) into
an alanine (A). This mutation removes one of the two residues necessary for cyclization and ena-
bles a direct comparison between the different “intracellular” constructs. The constructs of the
“Pro-Kex-TG” vector, which contains the Kex2 protease recognition sequence, and the “Pro-Kex-
TG w/ Q-to-A SDM” vector, which contains both the recognition sequence and a “Q-to-A” muta-
tion (SDM: site directed mutagenesis), are shown in Figures S3A and S3B. The cells populations
were induced for 48 hrs and analyzed via immunofluorescent flow cytometry. The yeast display
construct was characterized by measuring the c-myc tag level via fluorescent flow cytometry.
Treatment of the “Pro-Kex-TG” construct with TEV protease caused a significant decrease in c-
myc detection (Figure SA), indicating cleavage from the cells, which suggests that the intracellular
cyclization yield is rather modest. The corresponding characterization of the constructs where pep-
tide cyclization was achieved via extracellular incubation with transglutaminase (Figure 2C) in-
dicated that peptide cyclization reduces TEV proteolysis and the cells maintain appreciable resid-
ual levels of c-myc. These observations were corroborated by measuring the c-myc levels of “Pro-
Kex-TG” and “Pro-Kex-TG w/ Q-to-A SDM” constructs. As observed above, peptide cyclization
results in a decrease of the c-myc signal due to the chemical modification of the tag sequence
(Figure 2A). The c-myc signal of the “Pro-Kex-TG” construct, however, is high and comparable
to that of the “Pro-Kex-TG w/ Q-to-A SDM”, whose cyclization is prevented by the Q-to-A mod-
ification, indicating low or no cyclization (Figure 5B). At the same time, the HA signal is normal,
which confirms that both constructs are displayed on the surface of yeast (Figure SB). Representa-
tive flow cytometry plots indicate that both constructs are displayed at a detectable surface density
on cells. However, there is no detectable difference in HA or c-myc tag expression in either the
“Pro-Kex-TG” or “Pro-Kex-TG w/ Q-to-A SDM” construct when induced for either 24 hrs or 48
hrs (Figure S4A). While treatment with TEV protease does not alter the HA signal, the marked
decrease in the c-myc signal in both constructs indicates low to no cyclization (Figure S4B). Col-
lectively, these data indicate that the insertion of the Kex2 recognition sequence between the pro-
peptide and active transglutaminase does not improve the cyclization efficiency.

We therefore attempted an alternative route, which consists in expressing active transglu-
taminase (AAs 61-395) under the control of the Gall0 promoter concurrently with the c-myc
epitope tag EQKLISEEDL in downstream to either the lead sequence ALQSGSRGGG (lead/c-
myc) or the mutated sequence ALASGSRGGG (Q-to-A lead/c-myc) under the control of the Gall
promoter (Figures S3C and S3D). Both cell populations were induced for 48 hrs, treated with
TEV protease, and analyzed via immunofluorescent flow cytometry to detect the levels of HA and
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c-myc tags (Figures SC and 5D; representative histograms are shown in Figures S4C and S4D).
As anticipated, the HA signal detected on “lead/c-myc” construct did not differ significantly upon
TEV protease treatment (Figure 5D). The comparison between the c-myc tag levels of the con-
struct “lead/c-myc” vs. “Q-to-A lead/c-myc” (Figure 5C) and “Pro-Kex-TG” (Figure 5A) prior
to treatment with TEV protease suggests that peptide cyclization has occurred on the “lead/c-myc”
construct to some extent. The fluorescent signal obtained with the “lead/c-myc” construct, in fact,
is 4-fold lower than that of the other two constructs and is comparable with that observed with
peptide cyclized via extracellular treatment with transglutaminase (Figure 2A). Nonetheless, the
decrease in c-myc tag signal with the “lead/c-myc” construct upon TEV treatment indicates that a
significant fraction of the yeast displayed peptides had not been cyclized (Figure 5C); compara-
tively, however, the loss of c-myc signal for the “Q-to-A lead/c-myc” construct upon treatment
with TEV protease was much stronger (Figure 5D); the Q-to-A mutation completely prevents
peptide cyclization, allowing TEV proteolysis to proceed unhindered. Observing a bigger loss of
c-myc level upon TEV proteolysis with the linear construct compared to the “Active TG” construct
corroborates the claim that the latter has undergone partial cyclization.

Notably, conclusive differences in fluorescence signal were observed only with cells in-
duced for 48 hrs, whereas little-to-no variation was observed with cells induced for 48 hrs (Figures
S4D). This suggests the need for a sufficiently high level of transglutaminase in the ER to achieve
detectable peptide cyclization. The addition of a ER-docking sequence in downstream to the
transglutaminase sequence promotes its interaction with the peptide substrate. The enzyme is ulti-
mately secreted into the supernatant, where it may catalyze additional (extracellular) cyclization
of the peptides displayed on the Aga2 systems. Collectively, these results show that the co-expres-
sion of active TG and the substrate peptide construct enable the cyclization of the peptide on the
surface of the yeast cells.

Construction and screening of yeast display libraries of cyclic peptides via intracellular
transglutaminase-mediated cyclization and characterization of the identified peptides

Upon optimization of the transglutaminase sequence and the induction time, we sought to
utilize this design to construct yeast display libraries of cyclic peptides to be screened for the iden-
tification of YAP-binding ligands. Accordingly, the linear heptapeptide library
ALQX1X2X3X4Xs5X6sX7EQKLISEEDL was constructed, wherein the length and design of both
leader and c-myc tag segments were maintained as in the optimized construct to ensure high cy-
clization efficiency. The library was screened against N-terminal YAP by conducting one round
of magnetic cell sorting and one of FACS. While little enrichment was observed after magnetic
selection, a marked selection towards Y AP binding was observed after FACS (Figure S5). Of the
five clones selected for sequencing, two returned the sequence cyclo[E-VQCRGKGEQ-K],
whereas the other three comprised sequences that were not consistent with the original construct
(i.e., lacking the leader sequence or out of frame) and were discarded. The YAP:cyclo[E-
VQCRGKGEQ-K] interaction, evaluated via yeast surface titration assays, returned an apparent
Kp 0of 0.46 = 0.08 uM. To evaluate the peptide’s binding specificity to YAP, yeast surface titrations
were executed against biotinylated BSA. The comparison of the YAP vs. BSA isotherms (Figure
6A) indicates that the selected peptide is a selective ligand. To assess the binding interaction of
linear AVQCRGKGEQK with YAP, a similar mutation strategy was carried out to convert the
reactive glutamine (Q) residue into an unreactive alanine (A) thus leading to the surface display
peptide sequence AVQCRGKGEQK. The YAP:AVQCRGKGEQK interaction, evaluated via
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yeast surface titration assays, returned an apparent Kp of 0.36 += 0.07 uM (Figure 6B). The appar-
ent similarity in Y AP-binding strength between the linear and cyclic peptide could be imputed to
incomplete cyclization of the peptides in the yeast display library. The screening of yeast cells
displaying a combination of cyclic and linear peptides may in fact lead to the identification of
peptide sequences that bind the target protein in both configurations and with comparable affinity.
While optimization is needed, these proof-of-concept data show the potential of yeast display li-
braries of peptides cyclized intracellularly via transglutaminase-mediated amidation as effective
tools for the rapid discovery of ligands with selective biorecognition activity towards protein tar-
gets. Since TEV treatment is likely to eliminate non-cyclized peptides from the yeast surface (Fig-
ure 2), one strategy for selective enrichment of cyclic peptide binders may involve TEV treatment
of the library prior to combinatorial screening.
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Figure 6. Yeast surface display binding isotherms of N-terminal N-YAP (N-YAP, black circles) and BSA (green
diamonds) on (A) cyclo[E-VQCRGKGEQ-K] and (B) its linear counterpart QVQCRGKGEQK. Yeast cell fluo-
rescence was detected following incubation with biotinylated target protein using streptavidin-phyco-
erythrin conjugate. Data from each independent replicate was normalized to its associated Fmax value. The
resulting values of average normalized mean fluorescence intensity were fit against a monovalent binding
isotherm (red dashed line). Fluorescence data from three independent experiments was used; the error
bars correspond to the standard error of the mean from three independent replicates.

Binding affinity and specificity of cyclo[E-LYLAYPAH-K] conjugated to chromatographic resin
Our results using yeast surface titrations showed that cyclo[E-LYLAYPAH-K] showed selective
binding to WW-Y AP and bound with higher affinity than its linear counterpart. We further evalu-
ated the biorecognition activity of cyclo[ E-LYLAYPAH-K] as a synthetic construct on solid phase.
To this end, the peptide sequence, where an N-terminal glutamic acid (E) was used instead of
glutamine (Q), was synthesized on Toyopearl amino resin and cyclized by reacting the y-carbox-
ylic acid of E with the g-amino group of K. This tethering strategy makes the cyclic synthesized
peptide chemically identical to that obtained by transglutaminase-mediated cyclization. The
known peptide sequence RYSPPPPYSSHS comprising of the PPxY-like WW-binding domain
within the PTCH peptide was also conjugated on Toyopearl resin to serve as positive control.
Protein adsorption isotherms were generated by incubating aliquots of peptide-Toyopearl resin in
solutions of either N-terminal YAP or WW-YAP at different concentrations ranging between 20
png/mL and 3 mg/mL. The adsorption data (i.e., the amounts of protein adsorbed on solid phase vs.
the corresponding values of protein concentration in solution at the binding equilibrium) of WW-
YAP to cyclo[E-LYLAYPAH-K]-Toyopearl and PTCH-Toyopearl resins are reported in Figure
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7A and 7B, respectively; the corresponding binding isotherms of N-terminal YAP are in Figure
7C and 7D, respectively.

The values of Kp and Qmax obtained by fitting the adsorption data to a Langmuir binding
isotherm are collated in Table 2. Notably, the values of apparent Kp of cyclo[E-LYLAYPAH-K]
are an order of magnitude lower (i.e., higher binding strength) than those obtained via yeast surface
display titration assays. This can be imputed to the much higher value of surface density of peptide
ligands conjugated on Toyopearl resin (~ 7 pmol/m?) compared to corresponding value on the
surface of yeast cells (~ 2 nmol/m?). It is also noticed that while the adsorption isotherms of WW-
Y AP on both the cyclic peptide and the control PTCH peptide feature a standard monovalent bind-
ing isotherm shape, those obtained with N-terminal YAP are rather irregular. Specifically, both
isotherms display the characteristic rapid increase in Y AP binding within the range of equilibrium
protein concentration below 0.5 mg/mL; however, as the latter approaches and exceeds ~ 1 mg/mL,
the isotherms do not feature the characteristic plateau, but exhibit a slight decrease in the amount
of adsorbed protein. This suggests that the layer of proteins adsorbed on the peptide-functionalized
surface of the chromatographic resin may be unstable, and the free YAP in solution may interfere
with the YAP:peptide complexes and trigger their dissociation.

We also evaluated the binding specificity of resin-bound cyclo[E-LYLAYPAH-K] using
bovine serum albumin (BSA) and lysozyme (LYZ) as negatively and positively charged control
proteins, respectively. The peptide-Toyopearl resin were incubated with solutions of BSA or LYZ
in PBS at concentrations ranging from 13 pg/mL to 2 mg/mL. The resulting adsorption data were
compared to the corresponding amounts of bound WW-Y AP or N-terminal YAP derived from the
isotherms at the same values of equilibrium protein concentration in solution. These comparisons,
summarized in Figure 7E for BSA and Figure 7F for LYZ, show significantly lower binding of
both control proteins, demonstrating the specific biorecognition activity of cyclo[ E-LYLAYPAH-
K] for the targets WW-Y AP and N-terminal YAP.

Collectively, these results show that cyclic peptide binders isolated from transglutaminase-
cyclized yeast display libraries exhibit target binding and selectivity when chemically synthesized
on chromatographic resins.


https://doi.org/10.1101/2020.08.08.242537

bioRxiv preprint doi: https://doi.org/10.1101/2020.08.08.242537; this version posted August 10, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

A) B) 9
10 10 10
L]
8 L] 8
= ¢ =z e =
3 g * 3
€ ol boqteoee A :
¢
s 4%, = 40 = 4
E L E i E o fLde-r--eoons
o 2§ c 23} o 2
0 0 0
0 0.5 1 1.5 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2
C(mg/mL) C(mg/mL) C(mg/mL)
D) E) F)
10 6 6
— 8 _ 5 s
3 g 4 5 4
» 3 4 J 3 |
~ ~ N N N ~ N N
B 4 e mm - —— P o N N N o o " N N
E 'y . E 2 3l N Nl N A E |8 § Y YN
= . =2 A NN NN R 220N N Y NN
2 1| Nl NI Nl Nl & R 1| N N Nl N
N N N § N N SN
0 o LNI NI NI NI NN o LNI NI NI N1 EN
0 0.5 1 1.5 2 0.01 0.03 0.04 0.34 0.62 1.28 0.04 0.03 0.04 029 144
C(mg/mL) C (mg/mL) C(mg/mL)

Il BSA LYz YAP isotherm [0 WW-YAP isotherm
Figure 7. Binding isotherms of (A) WW-YAP on RYSPPPPYSSHS-Toyopearl resin; (B) WW-YAP on cyclo[E-

LYLAYPAH-K]-Toyopearl resin; (A) N-YAP on RYSPPPPYSSHS-Toyopearl resin; (B) N-YAP on cyclo[E-LYLAY-
PAH-K]-Toyopearl resin; (E) Comparison of experimental data of bovine serum albumin (BSA) adsorption
compared to corresponding values of WW and YAP adsorption derived from the isotherms (B) and (D) at
the same values of equilibrium protein concentration; (F) Comparison of experimental data of lysozyme
(LYZ) adsorption compared to corresponding values of WW and YAP adsorption derived from the iso-
therms (B) and (D) at the same values of equilibrium protein concentration. The values of protein adsorp-
tion were determined from three independent experiments; the error bars correspond to the standard
error of the mean from three independent replicates. A two-tailed t-test assuming unequal variances was
performed at each concentration to compare the adsorbed amount of lysozyme or BSA to the isotherm-
calculated values; the differences were statistically significant with p<0.05.

Table 2. Values of binding affinity (Kp) and capacity (Qmax) of peptide-Toyopearl resins for the WW domain
of YAP (WW-YAP) and N-terminal YAP obtained by fitting the adsorption data in Figure 7 with Langmuir
isotherms.The average Kp of three independent replicates plus/minus one standard error is reported.

Target Protein
Peptide ligand WW-Yap N-terminal YAP
Ko (uM) Qumax (Mg/mL) Ko (LM) Quax (Mg/mL)
cyclo[E-LYLAYPAH-K] 2.64+0.71 5.60+0.42 0.34+0.02 3.03+0.13
PTCH peptide 2.88+0.48 8.3+0.27 0.20+0.07 4.11+0.12
Conclusions

In this work, we have demonstrated the use of enzymatic modification by transglutaminase as an
efficient route to produce yeast display libraries of cyclic peptides. To this end, we have developed
two routes, one based on extracellular and one on intracellular transglutaminase-mediated ami-
dation, and for each tailored the design of the yeast display Aga2-based constructs to optimize the
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yield of peptide cyclization. The integration of epitope detection tags, such as the HA and the c-
myc tags, and cleavage sites, such as the TEV protease recognition sequence, allowed us to assess
the degree of cyclization at the level of both single-sequence and library. While the peptide cy-
clization via intracellular catalytic amidation afforded a relatively low yield, its extracellular coun-
terpart performed with soluble transglutaminase proved significantly more efficient. Nonetheless,
important findings were made on how the design of the Aga2-based peptide construct impact —
and improve — the cyclization yield. In this regard, future work could focus on improving the
design presented herein and accomplish the cyclization of most or all of the peptides displayed on
the surface of yeast cells. Regarding screening, the implementation of magnetic selection and
FACS enabled the rapid identification of cyclic peptide affinity ligands with selective biorecogni-
tion for WW-YAP and N-terminal YAP. The ligand discovery and characterization methods de-
veloped in this work are agnostic to the specific peptide cyclization chemistry and can be expanded
to other enzyme-mediated reactions. Collectively, this makes the work presented here of wide
interest towards the rapid development of biorecognition agents for modulating biochemical pro-
cesses, as well as detection and purification of target proteins. In particular, the apparent binding
affinities of cyclic peptides isolated using our approach (micromolar as estimated by yeast titra-
tions) make them well suited for use in chromatography applications.
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Table S1. Oligonucleotide primers.

Sequence

Pf1 | AAAAAAGCTAGCGAGAACCTGTACTTC

Prl | AAAAAACTCGAGCTATTATAACTCGTC

Pf2 | GCGAAAGGTACCCTATTATAATTCATCGT

Pr2 | AAAAAAACCGGTGAAGACGAGGACGCA

Pf3 | AAA AAA CAT ATG TTC GAA ATT CCC GAC GAT GTG
Pr3 | AAA AAA CTC GAG CTG ATT CAT CGC AAA GCG TG
Pf4 | AAA AAA CAT ATG ATG GAT CCT GGG CAG CAG
Prd | AAA AAA CTC GAG CTG TGG CGA CTG CGG AGC
Pf5 | AAAAGGGACTCCGACGACAGAGTA

Pr5 | AGGAGCTCTGAAAGAAGG

Pf6 | GACTCCGACGACAGAGTAACG

Pr6 | GGCTAGCACGCTCGCGAT

Pf7 | CCACGCACTGGCATCTGGTTCAAGAGGTG

Pr7 | TGGTGGTGGTGGTGCCCT

Pf8 | AAAAAAACCGGTCGCGTTCCTGAAAC

Pr8 | AAAAAACTCGAGCTATTAAGCGTAGTC

Pr9 | CACCACCACCACGTCGAC

Pf9 | TGGAACGTCGTATGGGTAGGA

Pr10 | GGTGGAGGCGGTAGCGGA

Pf10 | TTTGTTACATCTACACTGTTGTTATCAGAT

Table S2. Gene Blocks.

Gene Block 1 GAGAACCTGTACTTCCAAGGGCACCACCACCACCACCACGCACTGCAATCTGGTTCAAGAG
GTGGGGGAGAGCAGAAGCTAATTTCTGAAGAAGACCTGTTTGAACACGACGAGTTATAAT
AG

Gene Block 2 GGTACCCTATTATAATTCATCGTGTTCAAACCATGGCGCCAACCCGGCTTTTCCTTGTCTGG
GTCTATGTTCTAGCATACGTGGGGAGGGGGAGGGACTGACCACGTAAGGTTCCCCACGGT
CAAAATCACTGTAACCCTCAGATCCAGTAGCAGAGGATGCTCTCGTCAAACATGCATGGCA
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GCCCAGACTGCCGTTCGGGGCATGATAGTGATTTCCGTGGGTCCAAACTGTCTTGTCTGCA
TCGGCTTCTGTTTGTGCGCCGAACCAACCATAGTCAAAGTTGACAAAACCTTCTCCCGGAG
AGGTCGGGGACCTTGGGATATTTCTATCTCTTGACATGTCAACCAGACCCGTCCCTGGCGC
ACTACGAAAAGCATCGGGGTCCCCGTATTTACGCTTATCCGCGGAGGAGGATCTGTCCTG
GCCACTCCAAAAATGCTTACTATAAATAACAGCCTTCATTCTAGATGGATCATGGTTACCTC
CGTTACGCTCCTTGAAGCTTGGTGTGTTTCTCAAGGCGGAATAGAACGGACTTCTCGCGTC
CTCGTTACGCAGTGCGTCATTACCGTTTGCAAGTTCCTTTTTAAGGTTGTCCAGGTAGGCTG
ATTCGTCGTGAGCATTTTCTAAAGCTCTGTTCATAACACTGGCGACTTCCCTTGCCCTCTGA
AAGCCCTTCTCTTCGTCGAATGACTCCTTGGCAACACGTCCCTCAAATTCGGCACGAGTCTC
GCCGGATCTGGGCCTGCCGTTCTTTAGCTCATTCTTAAACCTGTCCTCGTCGAAAGAAGCG
AACGCTAGACGATTGGTAGGATATTGCCCTGAGTTAACCCAAGTAACTCCTACGCACCCGT
AAGAAAGCCATTCCCTCTGCTCCTCGGTCATCTGCTGTTTCCTGCCGTCCCTATGGGAATAA
ACTTGTTGCCACTTCCTAATATAATTATTCACGACGGTTTCTGCCCTTCCATAGCTTGGACG
ATAGGGATCAGGCATCCTATCCAAGGGCTCTGCAGGGGGCGTTACTCTGTCGTCGGAGTC
AGGAGCTCTGAAAGAAGGGCCGGCACTTGACGCCGCCGGAGCAGACTCATTCAGCGCGTT
GATATTTGCGACGTCATCAGCCGTCAATCTGTATGTCTCCGCGTATGATTTTGTTTCCTTTCC
ACGGGCCATCGTTGGCGGGGGCCTGGCTTGTCCAACAGCGTGAATCCTCCTATGCATGGC
TAGCACGCTCGCGATTACGGAGAAGATACTAAAACAACGTAGAAGCTGCATCCTAGGAAT
TCCTTGTTGAATTCGAATTTTCAAAAATTCTTACTTTTTTTTTGGATGGACGCAAAGAAGTTT
AATAATCATATTACATGGCATTACCACCATATACATATCCATATACATATCCATATCTAATCT
TACTTATATGTTGTGGAAATGTAAAGAGCCCCATTATCTTAGCCTAAAAAAACCTTCTCTTT
GGAACTTTCAGTAATACGCTTAACTGCTCATTGCTATATTGAAGTACGGATTAGAAGCCGC
CGAGCGGGTGACAGCCCTCCGAAGGAAGACTCTCCTCCGTGCGTCCTCGTCTTCACCGGT
Gene Block 3 ATGGATCCTGGGCAGCAGCCGCCACCCCAACCAGCGCCTCAAGGTCAGGGGCAACCGCCA
TCACAGCCCCCTCAGGGCCAAGGACCTCCGTCAGGCCCTGGTCAGCCAGCGCCCGCAGCG
ACACAGGCCGCACCCCAGGCTCCGCCCGCAGGTCACCAGATAGTGCACGTTCGTGGAGAC
AGTGAAACCGACCTGGAAGCCCTGTTCAATGCGGTTATGAACCCTAAGACCGCTAATGTAC
CACAAACGGTGCCGATGAGACTTAGAAAACTTCCAGATAGCTTTTTCAAACCACCCGAGCC
CAAGTCTCATAGTCGTCAAGCTTCAACAGACGCAGGAACGGCCGGGGCGTTGACTCCTCA
GCACGTGCGGGCTCACTCGTCACCTGCCAGTTTACAGTTGGGTGCTGTCTCACCCGGTACG
CTGACCCCTACTGGCGTAGTGTCCGGTCCGGCCGCAACACCTACGGCCCAACACCTTCGTC
AATCATCGTTCGAAATTCCCGACGATGTGCCGCTGCCAGCCGGTTGGGAGATGGCCAAAA
CTTCCTCAGGCCAGCGTTACTTCTTAAACCACATAGATCAGACAACTACCTGGCAGGATCC
GCGGAAAGCGATGTTAAGTCAAATGAATGTGACGGCACCTACATCCCCGCCAGTCCAGCA
GAATATGATGAACTCTGCTAGTGGTCCTCTTCCTGATGGGTGGGAACAGGCGATGACGCA
AGACGGCGAAATTTATTACATAAACCACAAGAACAAAACAACCTCGTGGCTTGATCCACG
GCTGGACCCACGCTTTGCGATGAATCAGCGCATCTCTCAAAGTGCCCCAGTTAAACAACCA
CCGCCCTTAGCTCCGCAGTCGCCACAGGGTGGGGTGATGGGCGGCAGCAACTCGAATCAG
CAGCAGCAAATGCGCTTACAGCAACTTCAGATGGAAAAGGAACGCTTACGCTTGAAACAA
CAAGAGCTGTTGCGGCAAGAATTAGCATTAAGATCACAGCTGCCTACTTTAGAACAGGAC
GGGGGTACGCAAAATCCCGTATCCTCGCCGGGAATGAGTCAGGAGCTTCGTACTATGACA
ACGAACTCCTCTGATCCTTTCCTTAACTCCGGGACCTATCACTCGCGCGACGAAAGTACTGA
TTCCGGATTGTCCATGTCCTCCTATTCCGTCCCCCGGACCCCCGACGATTTCCTTAACTCGGT
TGACGAAATGGACACTGGGGATACTATAAACCAATCGACCCTGCCTAGCCAGCAAAACCG
TTTCCCGGATTATTTAGAAGCTATTCCGGGGACTAACGTAGATTTGGGCACTCTGGAAGGG
GATGGAATGAACATAGAGGGGGAGGAGTTAATGCCGTCTTTGCAAGAGGCACTGTCTTCT
GATATCTTAAACGATATGGAAAGCGTGTTGGCCGCCACAAAGTTGGACAAAGAATCTTTCT
TAACATGGTTGTAG
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Gene Block 4 ACCGGTCGCGTTCCTGAAACGCAGATGTGCCTCGCGCCGCACTGCTCCGAACAATAAAGAT
TCTACAATACTAGCTTTTATGGTTATGAAGAGGAAAAATTGGCAGTAACCTGGCCCCACAA
ACCTTCAAATGAACGAATCAAATTAACAACCATAGGATGATAATGCGATTAGTTTTTTAGC
CTTATTTCTGGGGTAATTAATCAGCGAAGCGATGATTTTTGATCTATTAACAGATATATAAA
TGCAAAAACTGCATAACCACTTTAACTAATACTTTCAACATTTTCGGTTTGTATTACTTCTTA
TTCAAATGTAATAAAAGTATCAACAAAAAATTGTTAATATACCTCTATACTTTAACGTCAAG
GAGAAAAAACCCCGGATCGAATTCCCTACTTCATACATTTTCAATTAAGATGCAGTTACTTC
GCTGTTTTTCAATATTTTCTGTTATTGCTTCAGTTTTAGCACAGGAACTGACAACTATATGCG
AGCAAATCCCCTCACCAACTTTAGAATCGACGCCGTACTCTTTGTCAACGACTACTATTTTG
GCCAACGGGAAGGCAATGCAAGGAGTTTTTGAATATTACAAATCAGTAACGTTTGTCAGT
AATTGCGGTTCTCACCCCTCAACAACTAGCAAAGGCAGCCCCATAAACACACAGTATGTTT
TTGGTGGAGGAGGCTCTGGTGGAGGCGGTAGCGGAGGCGGAGGGTCGGAGAACCTGTA
CTTCCAAGGGCATCATCACCACCACCACGTCGACTGGGCGCTACAACGTCCGCATGGGGG
AGGAAAGTCCGGATCCTACCCATACGACGTTCCAGACTACGCTTAATAG

Table S3. Oligonucleotides encoding randomized peptides.

Sequence

Oligo 1 CACCACCACCACGTCGACTGGGCGCTACAANNKNNKNNKNNKNNKNNKNNKNNKAAGTCCGGA
TCCTACCCATACGACGTTCCA

Oligo 2 GGTGGAGGCGGTAGCGGAGGCGGAGGGTCGGCTAGCGAGAACCTGTACTTCCAAGGGCACCAC
CACCACCACCACGCACTGCAANNKNNKNNKNNKNNKNNKNNKGAGCAGAAGCTAATTTCTGAA

GAAGACCTGTTTGAACACGACGAGTTATAATAGCTCGAGATCTGATAACAACAGTGTAGATGTAA
CAAA
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Figure S1. Co-expression of the peptide construct and transglutaminase to achieve the cyclization of the
model peptide either intracellularly, during trafficking through the endoplasmic reticulum, or upon display
on the surface of the yeast cell.
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Figure S2. (A) Design of the pCTcon2 plasmid vector with bidirectional Gal1/10 promoter to express the
model peptide sequence ALQSGSRGGG fused to the c-myc epitope sequence EQKLISEEDL concurrently
with the full length transglutaminase enzyme. Mean fluorescence intensity (MFI) of c-myc tag level
detected before and after treatment of yeast cells with TEV protease, wherein the peptide construct and
the full length transglutaminase enzyme were co-expressed for (A) 24 hrs, (B) 48 hrs, (C) 72 hrs, and (D)
96 hrs. The error bars correspond to the standard error of the mean from three independent replicates.
A two-tailed paired t-test was performed; * indicates p<0.1 and ** indicates p<0.05.
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Figure S3. (A) Design of pCTcon2 plasmid vectors with bidirectional Gal1/10 promoter to express (A) the
model peptide sequence ALQSGSRGGG fused to the c-myc epitope sequence EQKLISEEDL concurrently
with a fusion protein comprising transglutaminase framed between the Kex2 endopeptidase recognition
site (K-R) and the ER retention peptide; (B) the mutated model peptide sequence ALASGSRGGG fused to
the c-myc epitope concurrently with a fusion protein comprising transglutaminase framed between the
Kex2 endopeptidase recognition site and the ER retention peptide; (C) the model peptide sequence fused
to the c-myc epitope sequence concurrently with active transglutaminase; and (D) the mutated peptide
sequence fused to the c-myc epitope sequence concurrently with active transglutaminase.
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Figure S4. Representative flow cytometry plots comparing the c-myc tag (y-axis) and HA tag (x-axis)
detection signal of (A) yeast cells engineered with either the “Pro-Kex-TG” vector (red) or the “Pro-Kex-
TG w/ Q-to-A SDM” vector (cyan) and induced for either 24 or 48 hrs; (B) yeast cells engineered with either
the “Pro-Kex-TG” vector or the “Pro-Kex-TG w/ Q-to-A SDM” vector and induced for 48 hrs before (red)
or after (cyan) treatment with TEV protease; (C) yeast cells engineered to express either the “lead/c-myc”
construct (red) or the “Q-to-A lead/c-myc” construct (blue) concurrently with active transglutaminase and
induced for either 24 or 48 hrs; and (D) yeast cells engineered to express either the “lead/c-myc” construct
(red) or the “Q-to-A lead/c-myc” construct (blue) concurrently with active transglutaminase and induced
for 48 hrs before (red) or after (cyan) treatment with TEV protease.
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Figure S5. Screening of a yeast display library of peptides cyclized by intracellular transglutaminase. Flow
cytometry plot of (A) the naive library, (B) the library after one round of magnetic cell sorting, and (C)
library after one round of magnetic cell sorting and one round of FACS. Cells were labeled with 500 nM of
biotinylated YAP protein and streptavidin-phycoerythrin conjugate. The values of enrichment are

reported below each plot.
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