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Phage display-selected bicyclic peptides have already shen their great potential for
the development as bioactive modulators of therapeutic tayets. They can provide
enhanced proteolytic stability and improved membrane permability. Molecular design
of new linker molecules has led to a variety of new synthetic pproaches for the
generation of chemically constrained cyclic peptides. Thi diversity can be useful
for the development of novel peptide-based therapeutic, @ignostic, and scientic
tools. Herein, we introduce 1,3,5-tris((pyridin-2-yldigifanyl)methyl)benzene (TPSMB) as
a planar, trivalent, sulfhydryl-specic linker that fadtates reversible cyclization and
linearization via disul de bond formation and cleavage ofibyclic peptides of the format
CXnCXnC, where X is any proteinogenic amino acid except cysteine.lie rapid and highly
sulfhydryl-speci c reaction of TPSMB under physiologicatonditions is demonstrated by
selecting bicyclic peptide binders against c-Jun N-termial kinase 3 (JNK3) as a model
target. While model peptides remain stably cyclized for sevel hours in presence of
typical blood levels of glutathionein vitro, high cytosolic concentrations of glutathione
linearize these peptides completely within 1 h. We proposehat reversible linkers can be
useful tools for several technical applications where tageg af nity depends on the bicyclic
structure of the peptide.

Keywords: reversible peptide cyclisation, sulfhydryl-spe
modi cation, phage display

ci c linkers, bicyclic peptides, site-selective disul de

INTRODUCTION

Short peptides binding therapeutic targets with high a nity V& been suggested to unite the
advantages of the enhanced binding diversity of biologieal$ the small molecules capability
to cross the cell membran&(uno et al., 2013; Loktev et al., 2)1However, the applicability of
peptides as drugs is still limited by their proteolytic instéapiand limited membrane permeability
(Qian et al., 2016 To overcome this issue, chemical peptide cyclisatiggufyen et al., 2090

doi: 10.3389/fchem.2018.00484 or stapling {Valensky and Bird, 20)4trategies have been employed to improve the proteolytic
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stability. Enhanced membrane permeability of peptides coeld bsigni cantly weakens the a nity toward the target, the ndve
observed by structurally rigidi ed arginine-rich peptidesittig- TPSMB linker provides the possibility to switch between the
Tunnemann et al., 20)1Furthermore, it was recently reported “active” and “inactive” peptide form. Immobilized peptide
by Pei and coworkers that cyclic peptides containing amphigathibinders on surfaces or beads could reversibly capture andsele
sequences (e.g.8lRRRR8 D L-2-naphthylalanine) e ciently target proteins, controlled by mild reducing agents. Setpnd
enter mammalian cells through endocytosigidén et al., 2013, the reversible peptide modi cation delivers a general stnateg
2014; Oh et al., 20)4By incorporating these short sequencefor delivering linear peptides into mammalian celiSién et al.,
motifs into the bicyclic peptide, this approach facilitates the2015. A number of molecular targets like e.g., POZofyle et al.,
delivery of biologically active cyclic peptides into the sygtio 1996; Grootjans et al., 1909and BIR domains\(Vu et al., 200D
and nucleus of mammalian cellfan et al., 2013, 2014, Lian require that the peptidyl ligand is in a linear conformation ikeh
et al., 201) Selective chemical modi cation strategies are ableyclization or stapling is disrupting the desired target birglin
to extend the scope of applications not only in a therapeutiderein, we report, based on the idea of Pei and coworkerar{
manner, but also for the development of novel tools for proteinet al., 201} another potential strategy for delivering linear
capturing, bioimaging and targeted drug deliveBr(no et al., peptides into mammalian cells through reversible disul de-
2013. Molecular design of new linker scaolds can further mediated cyclisation. In the oxidizing extracellular or esdmal
broaden the spectrum of structured cyclic peptideé$i¢n et al., milieu, the peptide exists as cyclic and rigidi ed peptide with
2012; Ernst et al., 20).8Herein, we present the synthesis ofenhanced proteolytic stability and cell permeability. Once th
the novel trivalent, sulfhydryl-speci c linker 1,3,5-t({pyridin-  bicyclic peptide has entered the intracellular space the disil d
2-yldisulfanyl)methyl)benzene4( TPSMB), that enables the based modi cation is reduced by high intracellular levels of
generation of bicyclic peptides modied via three pyridyl- glutathione, releasing the linear, biologically active pEp{Jha
activated disul de groups (sdégure 1). et al., 201). Reduced glutathione (GSH) occurs in the cytosol
The resulting disul de-based modi cation can be selecyve of cells in a concentration range of 1-10 mMi¢ister, 198§
reduced by mild reducing agents like glutathiond- whereasthe GSH concentration inthe majority of tissuebisia
mercaptoethanol, or tris(2-carboxyethyl)phosphine (TCEP)1-2mM. Only in hepatocytes the GSH concentration can reach
This gives access to two new strategies: Firstly, the rapabout 10 mM Forman et al., 2009The plasma concentration of
and highly sulfhydryl-speci c reaction under physiological GSH is in the micromolar range 34V (Michelet et al., 1995
conditions enables the implementation of this linker in phageWith the advent of phage display and othir vivo evolution
display-based selection of bicyclic peptides. Assuming thaéchniques it has become possible to select cyclic peptidetsind
the reduction of the disul de bond and cleavage of the linkeragainst many diverse target proteins. A robust and widely applied

ON ON
TooL TPSMB Q
STRATEGY S -
i ) OFF 2 -z OFF
(studied herein) <l s s s |
N7 S N
”inactive linear peptide” ”active bicyclic peptide”
H COOH
COOH TPSMB 2 S,
4—
rJ*f\j TCEP, Glutathione
(Red.)
Glutathione ON
IN-vivo Iy JL
STRATEGY OFF Fe OFF
(suggested) blood levels:
] slow release
actlve, released cytosole levels: ”inactive, protected
linear form” rapid release transport form”
FIGURE 1 | Graphical representation of the reaction of TPSMB with a pefile of the format CX CX,C. The resulting disul de-based modi cation can be selectivdy
reduced by mild reducing agents like glutathioneb-mercaptoethanol or TCEP. Based on the additiven vitro or the cellular environment the equilibrium can be
switched from linear to cyclized and vice versa determininthe target af nity or bioactivity of the peptide.
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approach is based on the cyclization of peptides displayed dixchlorobenzotriazole into the sulfhydryl reactive 1-(jhmni-
phage via a disul de bridge. A relatively new cyclic peptide2-ylthio)-1H-benzof][1,2,3]triazole intermediate over a time
format developed using phage display involves bicyclic peptideg 30 min. The addition of benzene-1,3,5-triyltrimethanieth
(Lian et al., 2014; Deyle et al., 2017; Zorzi et al., ROlhese (3) at 0 C gave within 30 min the desired 1,3,5-tris((pyridin-2-
molecules consist of two macrocyclic peptide rings cyclizegldisulfanyl)methyl)benzenel( seerigure 2). After puri cation
through a chemical multivalent linker molecule. Compared toover silica,4 was obtained with a yield of 55% and an overall
monocyclic peptides of comparable molecular mass, bicycligeld of 50%.
peptides are more constrained in their conformation. As a lesu
they can bind to their targets with a higher a nity and are mer . . . .
resistant to proteolytic degradation. Phage-encoded bicyc Characterization of the Reversible Peptide
peptides are generated by chemically cyclizing random peptidelodi cation
libraries on phage. Binders are identi ed by conventionalgda The application of TPSMB as a linker in phage display-based
panning and DNA sequencingdgyle et al., 2017; Zorzi et al., screening of bicyclic peptidesiéinis et al., 2009; Heinis, 2011
2017. requires a selective and nearly quantitative modi catioh o
the peptide library. For thdan vitro characterization of the
sulfhydryl-reactivity of the newly synthesized linker TPSME
RESULTS AND DISCUSSION chose a MALDI-TOF controlled strategy for the optimization
Chemistry of the reaction conditions. As a positive control, we monitre
Benzene-1,3,5-triyltrimethanethiol 3 was generated by the reaction of the cyclization linker TBMB with the test
reuxing 1,3,5-tris(bromomethyl)benzenel) with thiorurea Peptide TPB (NH-ACEGMINSCEKSDYEG-CONHy, 1839.1
in acetone for 2h Figure 2. The resulting benzene-1,3,5- Da) under reaction conditions published by Heinis et al.
triyltris(methylene)tricarbamimidothioate2) was obtained by (20mM (NH;)2COz, 5mM EDTA, pH 8, 30C) (Rentero
ltration and subsequently hydrolyzed under re ux conditis ~Rebollo and Heinis, 20)3over time by MALDI-TOF mass
for 2h in agqueous sodium hydroxide. After purication by Spectrometry.
column chromatography, benzene-1,3,5-triyltrimetharieth I <5min the linear test peptide TPB was almost
(3) was obtained with a yield of 91%. The activatedqquantitatively &95%) cyclized, forming the desired bicycle
unsymmetrical disul de bond of the desired TPSMB linker Peptide TPB-TBMB. However, in the ongoing reaction process
4 was synthesized as following. First, 2-mercaptopyridine wds 10 min) the TPB-TBMB bicyclic peptide was also considerably
converted at 78 C in dichloromethane with benzotriazole and Modied by the applied excess (1.5 equivalents) of TBMB

(Figure S2. The reaction of TPSMB was investigated under
HN.__NH,
Br T
\/(5\/ i \/éy
Br Br HzN\n/S S\n/NHz
NH NH

varying reaction conditions. Di erent bu ers, pH-values (638
1 2

acetonitrile concentrations, and temperatures were tesiée.
best results were achieved using a HEPES bu er at pH 7, 15%
acetonitrile and 30C (seeFigure 3A). Under these conditions
the highly selective and fast reaction of pyridyl-activated
disul des gave in<5min the desired bicyclic TPA-TPSMB
product (TPA D NH»-ACKMREEVA.GPESSG-CONHy,
1798.1 Da) with no detectable formation of side products
so far. Similar results were observed for the reaction of tes

SH peptide TPB with TPSMBHigure S3. Based on these data,
. we judged that reaction kinetics and selectivity prole of
- . Hs SH TPSMB are suitable for using TPSMB for peptide selection
_ by phage display. Furthermore, we investigated the reduction
: L)
concentrations found in human plasma (3mM; Michelet
et al,, 199p and in the cytosol (1-10 mMMeister, 1983
After 60 min under the reductive conditions of the cytoplasm
(2mM GSH), a complete reduction of the TPA-TPSMB bicycle
was reduced after 1 hF{gure 3Q). While measurements after
6h of reaction showed for 20M GSH only a reduction
FIGURE 2 | Synthesis of 1,3,5-tris((pyridin-2-yldisulfanyl)methjppenzene of 40%, an inuence of oxidative e ects by oxygenation
(TPSMB). Reagents and conditions:i) thiourea, acetone, re ux, 2h {f) NaOH, during 6h of shaking cannot be excluded. Furthermore, we

TPSMB

of the resulting bicyclic peptide with GSH. The chosen GSH
s”N
S
iii
SN s S S\ SN
could be detectedn vitro (Figure 3B). In contrast, under
re ux, 2 h (i) benzotriazole, 1-chlorobenzotriazole, 2-mercaptopyine,

concentrations 260M and 2mM are in accordance with the
4 plasma conditions (260M GSH) only 15% of the peptide
dichloromethane, 78t00 C, 1h.

investigated the reduction of a TPSMB modi ed peptide with
a 10-fold excess of TCEP. Under these conditions the TPSMB
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FIGURE 3 | Characterization of the reversible cyclization of test pejule TPA and the designed linker TPSMB(A) Reaction of TPSMB with test peptide TPA
(NH-ACKMREEVCLGPESSCG-CONH,, 1798.1 Da) monitored by MALDI-TOF over a time of 60 min. Reaicin conditions: 20 mM HEPES, 15% acetonitrile, pH 7.0,
30 C, 0.5mM TPA, 1.2 equivalents TPSMB(B) Reduction of the puri ed TPSMB-TPA bicyclic peptide with gltathione. Reaction conditions: 2 mM glutathione, PBS,
pH 7.4, 30 C, 50 mM TPSMB-TPA.(C) Reduction of the puri ed TPSMB-TPA bicyclic peptide with gltathione. Reaction conditions: 20mM glutathione, PBS, pH 7.4,
30 C, 50mM TPSMB-TPA.Annotation: Crosslinked, dimerized/trimerized etc. peptides using ti protocol were not observed.

bicycle was rapidly and quantitatively reduced<dri5 min (see This includes a stepwise dilution procedure of the reducing
Figure S3. These results emphasize that the cyclization caagent by using centrifugal lters. At rst, selections applgin
be “switched on and o ” under suitable reaction conditions this procedure failed. Because of the sensitivity of the dasil

in vitro within 5-15 min. bonds resulting from TPSMB modi cation to TCEP, it was

. . required to develop a new purication step that is able to
Phage Af nity Selection of remove even traces of TCEP. Hence, we developed a faster and
TPSMB-Modi ed Peptides more e ective TCEP removal step by purifying the reduced

The phage display-based methodology for the selectiophages over a Sephadex desalting column. Subsequently, the
of chemically modied peptides developed by Heinis andlinear peptides were selectively modied by TPSMB under
Winter (Heinis et al., 2009served as a framework for the optimized conditions. The phage-encoded bicyclic peptide
implementation of the newly developed TPSMB linker conceptlibrary was subjected to three iterative rounds of a nity
The phage library with a size of 81® dierent clones selection against c-Jun N-terminal kinase 3 (JNK3) using
presenting linear peptides of the format A@G&XsCG-phage, this modication protocol. JNK3 was pragmatically chosen
where X is any proteinogenic amino acid except cysteine, was a model target based on a variety of active and successful
prepared with minor modi cations as described in the literetu  drug discovery projectsGoettert et al., 2010; Lange et al.,
(see Supplementary Materiaj Rentero Rebollo and Heinis, 2015; Muth et al., 2015, 2017; Ansideri et al., 3 assay
2013. In general, it has to be assumed that after preparatiodevelopments Ansideri et al., 2016, 20} *eported recently

of the phages, the thiol groups of the cysteine-rich peptiddy the involved laboratories. After each selection, the wat
library are partly oxidized. Therefore, it is essential tduee the phages were eluted by treatment with low pH bu er. After
potentially oxidized peptides to enable to full reactivity bBt the third iterative round, individual clones were selectata
sulfhydryl-based modi cation. Heinis et al. have implemedit sequenced revealing the respective amino acid sequences
this reduction of phages via TCEP into their protocélefinis  (Figure 4. The obtained sequences show a predominantly
et al., 2009; Heinis, 2011; Rentero Rebollo and Heinis,)201&cidic character. More than 50% of the isolated sequences
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FIGURE 4 | Peptides isolated in phage selections against JNK3. Aminocd
sequences are colored in the Rasmol color code. The frequenceach peptide
sequence was found is indicated. Af nities were determined § FP assays. For

complete FP data obtained in direct titration and competitie FP assays (see FIGURE 5 | (A) Comparison of binding curves obtained from direct binding b
Tables S2,S3, Figures S4,S5). uorescein-labeled bicyclic peptide JK1F-TPSMB (green) olinear peptide
JK1F (red) to INK3. JK1F-TPSMB: I D 2.6 mM (SE: 0.1mM); JK1F: K

390 mM (SE: 250mM). (B) Comparison of competitive uorescence
polarization assays of unlabeled peptides JK1-TPSMB (greg or JK1 (red)
present an acidic pattern of two or even more consecutive @cidj displacing PIT0105006 (% D 3.0nM) from binding to JNK3. JK1-TPSMB:
amino acids (mostly AspGlu, AspAsp, or GluGlu). Interestingly 'Cso D 15.6mM (SE: 2.6mM), K D 3.6mM; JK1:1G5o  1.000mM, K,

. . L 230 mM, SE D standard error.
this pattern could be found at nearly every position within
the two peptide loops Kigure 4). In addition to the acidic
motif, an apolar motif consisting of two or three consecutive
tryptophan, phenylalanine or tyrosine residues was found t@xperiments. In the direct binding experiments, JK1 revealed
appear in most of the sequences in the opposite loop of the acidibe highest a nity with a Kp-value of 1.7 0.8mM (direct
motif. titration). The slightly weaker Kvalue of 6.6vM for JK1-

To verify the anity of the discovered peptides to JNK3, TPSMB determined by competitive FP assay, indicates that this
some diverse sequences were chosen containing the acithicyclic peptide occupies at least partly the classical ATPibind
motif at di erent positions of both loops. For the assessmentite, thus, competing with the uorescein-labeled compound
of target binding, uorescence polarization assays withedir PIT0105006.
and competitive titration regimes were applie@insideri et al., As a conceptual framework of this study, we have suggested
2016. For the competitive uorescence polarizations assaysp be able to select bicyclic peptides that upon linearization
the previously established, uorescein-labeled uoreseen will lose their target a nity. Thus, binding to the target can
polarization (FP) probe PIT0105006 was applied, binding wittbe switched on and o by the discussed reaction conditions
a Kp-value of 3.0 0.2nM to JNK3 Ansideri et al., 201)7 for e cient cyclization or linearization. To showcase this
All of the selected, TPSMB modied sequences exhibitedoncept, we have analyzed the a nities of the unmodied,
a nities to JNK3 in the one-digit micromolar range. Sequencelinear JK1 peptide in direct and competitive FP measurements.
JK1 that was identically found with an abundance of nineWithout cyclisation by TPSMB the anity toward JNK3
( 20% of the shown sequences) was analyzed as TPSMBalmost completely lost @  390mM; K 230mM,
modi ed bicyclic peptide both in direct and competitive FP seeFigure 5).

Frontiers in Chemistry | www.frontiersin.org 5 October 2018 | Volume 6 | Article 484



Ernst et al. Reversible Switch of Peptide Activity

CONCLUSION to capturing/releasing the target on beads, columns or seda

Hence, we suggest that this study is a promising starting point
Herein, we introduced the new trivalent, sulfhydryl-spexi for further developments.

linker TPSMB 4), which allows to switch e ectively between a

bioactive/high a nity state upon cyclization of properly seked EXPERIMENTAL SECTION

peptides and an inactive/low a nity state, when linearizing

the peptides due to linker cleavage. This strategy is contral€hemicals and Reagents

to the use of classical linkers, such as TBMB, which aim &l chemicals and reagents were obtained from commercial
a persistent modi cation of the peptide to form a bicyclic sources and used as received, unless noted otherwisedLiqui
structure. We have established e cient reaction conditsofor chromatography-mass spectrometry (LC-MS) was performed
the formation of bicyclic peptides by addition of TPSMB. Theon a LC-MS 2020 system from Shimadzu equipped with
resulting bicyclic peptide is modi ed via three disul des bi® a Kinetex C18 column (100 2.1mm, 2.6rm, 100 A,
which can be reduced by rather mild, biocompatible reducingPhenomenex). All solvents for LC-MS were acquired from
agents, such as e.g., glutathione or TCEP. This reversiblelpeptTh. Geyer GmbH. Samples were prepared with solvent
modi cation provides a general strategy for delivering linea LCMS-A (0.1% formic acid (FA) in water) and LCMS-
peptides into mammalian cells. For this purpose, we investigateB (80% ACN, 0.1% FA in water). The ow rate was 0.2
in vitro the reductive stability of a TPSMB modi ed peptide mL/min with a gradient from 5 to 95% LCMS-B within
against the glutathione concentrations found in the human2.75 min.

plasma and in the cytosol. Under the conditions of the cytosol,

the linear peptide was released completely after a time denzene-1,3,5-triyltrimethanethiol (3)

60 min. In contrast, under the conditions of plasma glutatigo A mixture of 1,3,5-tris(bromomethyl)benzene (2.0 g, 5.600im
levels, 85% of the peptide still existed in the bicyclic formand thiourea (2.56 g, 33.63 mmol) dissolved in acetone (50 mL
after 1h, while even after 6 h more than 50% of the bicyclivas re uxed for 2h. The resulting suspension was cooled to
structure remained intact. Thus, the TPSMB linker strategyt C, Itrated and washed with cold acetone (10 mL). The solid
may provide bicycles with enhanced proteolytic stability andsothiouronium salt2 was resuspended in aqueous sodium
cell permeability in the blood that are quickly released itite  hydroxide solution (50mL, 2M NaOH) and re uxed for 2h.
linear peptides after uptake into the cytosol. However, a possibBubsequently, the reaction mixture was allowed to cool tarroo
cytotoxicity of released benzene-1,3,5-triyltrimethituie has  temperature and water (100 mL) was added. First, the aqueous
not yet been investigated. Furthermore, we could show theolution was extracted with ethyl acetate (30 mL). Then, the
general applicability of the linker TPSMB for the phage displaysolution was acidi ed with diluted hydrochloric acid solah
based selection of bicyclic peptides modi ed via disul de den to pH 2 and extracted again with ethyl acetate (350 mL).
We were able to exemplify this by selecting and isolatingdlicy The combined organic phases were dried over magnesium
peptides that bind recombinant human JNK3 as a model targesulfate and evaporated under reduced pressure. The resulting
FP measurements con rm that all of the six analyzed TPSMBYyellowish oil was puried by silica column chromatography
modi ed peptides show a nity against the target. Peptide JK1-(eluent: hexane: ethyl acetal® 7: 3) yielding3. Yield: 1.1g
TPSMB shows in the direct FP experiment the highest a nity (91%).*H-NMR (300 MHz, CDC) d [ppm]: 1.79 (s, SH, 3H),
with 1.7 0.8mM. Similar binding of JK1-TPSMB to JNK3 under 3.20 (s, CH, 6H), 7.18 (s, Hom, 3H). 1*C-NMR (75 MHz,
competitive FP conditions indicates that the bicyclic peptideCDCL) d [ppm]: 28.7, 126.5, 142.1. LC-MS (m/z): calculated
binds at least partially to the ATP-binding site, displacing th 217.38 [MCHC]C, found 217.5 [MCHC]C, 215.3 [M-H] ,
used uorescein-labeled compound PIT0105006. In contrast (70% hexane : 30% ethyl acetate): 0.72.
the linear peptide JK1 shows no signi cant anity to JNK3 . o
(K, 230mM) emphasizing that the a nity can be switched 1,3,9-Tris((pyridin-2-
on and o by cyclization and linearization of the peptide  yldisulfanyl)methyl)benzene (4)
vitro. In general, if the a nities of linear and cyclized peptides To a solution of benzotriazole (516.98 mg, 4.34 mmol) and
are found to be too similar, negative selections of the lineal-chlorobenzotriazole (1.0g, 6.51 mmol) in dichloromethan
peptides can be performed as follow: After each panning roundq30mL, extra dry) we slowly added a solution of
the eluted phages that bear cyclized peptides can be reduc2anercaptopyridine (482.56 mg, 4.34 mmol) in dichloromethan
with TCEP under the same conditions as described for thé5mL, extra dry) at 78 C.(Hunter et al., 2006After 30 min,
phage modi cation step (seSupplementary Materia). After  the reaction was allowed to warm to20 C and benzene-1,3,5-
reduction, phages bearing peptides that also bind e cientljite  triyltrimethanethiol (3) (300 mg, 1.39 mmol) was added in one
target in their linearized form can be removed by subjectimg portion. Then the reaction mixture was allowed to warm to
reduced, positively selected phage fraction to beads presenti0 C over a period of 30 min. After this time the reaction was
the respective target. All phages not binding to the magnetiquenched by the addition of aqueous sodium thiosulfate/sadiu
beads in this negative selection step are collected andfased bicarbonate solution. The resulting crude product was putli e
the next positive selection. This approach enables the eneclhm by silica column chromatography (eluent: hexane: ethylaeet
of peptides that bind the target only in its cyclized form.D 1: 1) yielding4. Yield: 415mg (55%)}H-NMR (300 MHz,
Applications of this strategy can include, but are not limitedCDClg) d [ppm]: 3.80 (s, CH, 6H), 6.97 (ddd, 5-Chlidine, 3H,
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8JD 7.3Hz,3)D 4.9Hz,A)D 1.1Hz), 7.02 (S, Kom 3H), 7.39 TCEP the reduced phage solution was puri ed twice over a
(dt, 3-CHyyrigine, 3H,%JD 8.1Hz,*JD 1.1Hz,5JD 1.1Hz), 7.48 desalting column (HiPrep 26/10 Desalting, GE Healthc&Fap
(ddd, 4-CHyyrigine, 3H,3J D 8.1Hz,33D 7.3Hz,“JD 1.8Hz), resulting phage containing fraction was adjusted to 32mL with
8.36 (ddd, 6-Chyridine, 3H, 3JD 49Hz,4) D 1.8Hz,53 D buer R and 4ml of 100mM TPSMB solution in acetonitrile

1.1 Hz).13C-NMR (75 MHz, CDC}) d[ppm]: 43.2, 119.6, 120.7 was added to obtain a nal linker concentration of 11rh¥

129.42,137.0, 137.4, 149.5, 159.8. LC-MS (m/z): calctiaded and incubated at 3@ for 10 min under gentle shaking. The
[MCHC]C, found 544.9 [MCHC]C. chemically modi ed phages were subsequently precipitated by

the addition of 0.2% of bu er PEG, cooled down on ice for
Peptide Cvclization and Mass 30 min and centrifuged at 4,700 rpm for 30 min at& The phage
X y pellet was dissolved in 3 ml bu er W1 (10 mM Tris-HCI, 150 mM

Spectrometric Analysis NaCl, 10mM MgC$, 1 mM CaCh, pH 7.4). Biotinylated JNK3

Cyclization of TPA with TPSMB: Test peptides were dissolve(\;\/as immobilized on magnetic streptavidin beads (D nabRhds
in the respective bu er system and placed in a thermoshake . g ptay Y .
-280 Streptavidin, Invitrogen) following the protocol prowdd

(Bioer Technology) at 3@. After 10 min of incubation, the . . . - .
. . . . . in Supplementary Material Negative control without antigen
respective amount (1.5 equiv.) of linker dissolved in a vadum " . -
was prepared by addition of buer W1 instead of antigen.

of 100 m. acetonitrile was added to 500L test peptide Subsequently, the magnetic beads were washed three tintes wit

solution (0.5 mM) under shaking. The progress of the reactio - )
was determined by MALDI-TOF mass spectrometry at di erentr.b's mL bu er W1 and incubated for 30 min at room temperature

. - . . 'in 300mL bu er W1 supplemented with 15@L blocking bu er
tlmes (1, 5, 10, 30, 60 min). Take.n samp!es were directly mix 2 (Bu er W1 C 3% BSA, 0.3% Tween 50). At the same time,
with the same volume of matrix solution [20 mg-cyano-

A-hydroxycinnamic acid -CHCA) in 1mL 50:50 HOJACN the chemically modi ed phages, storgq in 3mL bu er W1, were

. . . . blocked at room temperature by addition of 1.5 ml of bu er W2
with 0.19 TFA tri oroacetic acid (nal conc.)l, spotted on for 30 min. The blocked bead suspension (0.45ml) and 2.25mL
target plate and measured by MALDI-TOF mass spectrometr ' P ) '

(Bruker Daltonics-auto ex Il, Massachusetts, USA). Redurtti Xf the blocked phage suspension were mixed together and
of TPA-TPSMB with Iutathic,)ne' Puri ed TPA-,TPSM.B (50M) incubated for 30 min on a rotating wheel at room temperature.
9 i The same was performed for the negative control. The beads

was dissolved in 9.5mL PBS (pH 7.4) and placed in an . : :
incubator with 100 rpm shaking(pat 30:.) After 20 min of Were washed eight times with bu er W3 (Bu er WL 0.1%

incubation, 0.5mL of the respective 20-fold concentrate%Ween 50) and twice with bu er W1. The phages were eluted

amount of glutathione was added. Reduction of TPA-TPSM y incubation with 100mL of bu er E (S0mM glycine, pH 2)

with TCEP: Puri ed TPA-TPSMB (0.5mM) was dissolved in " ;ch(tllyl\fg'lg ‘":‘)Ld E;t)hl?onr drectly ransferred o :%h;’;es
0 ’ .
2mL 20mM HEPES, 15% ACN, pH 7 and SmM TCEpwere added to 25mL oE. coliTG1 cells at Olggp of 0.4 for

e ok L 2. o2 Broees o 1 Somn a 37C. A coifugaion o Smin-a 4000 o
at dierent times (1, 5, 10, 30, 60min, and 6h) as describe nd 4 C the cell pellets of positive and negative exp(_erlments
above. ey ' were plated on each two large 2xYT/chloramphenicol (30
mg/mL) plates. For each round the input and output phage
. . titer was determined. Second and third rounds of panning
Phag_e Selection of TPSMB Modi ed were performed following the same procedure but using in the
Peptides second round instead of streptavidin beads neutravidin edat
Phage display was performed with modi cations as describeghagnetic beads. Magnetic neutravidin beads were prepared
in the literature Rentero Rebollo and HeiniS, 2@135 coli by reacting 1mg neutravidin (Pierce) with 0.5mL tosy|_
TG1 glycerol stock cells containing the phage library were i ated magnetic beads (DynabeAd#l-280 Tosylactivated,
usgd to inoculate 500 mL of 2xYT media cgntalnm_g 30 mg/ml'lnvitrogen) according to the supplier's instructions. After
until an ODeop of 0.1 was reached. After incubation for 161 o, nq 1o and three individual clones were picked, ampli ed

at 30C the E. coliTG1 cells were removed from the phage, 4 oxtracted plasmid DNA sequenced using pri ba
containing supernatant by centrifugation for 30 min at 6,000(Euro ns, Germany). !

rpm and 4 C. The phages were precipitated by addition of

20% precipitation buer (PEG buer, 20% PEG-6000, 2.5M

NaCl). After addition of the PEG bu er the phage suspensionAUTHOR CONTRIBUTIONS

was cooled on ice for 60min and subsequently centrifuged

for 30min at 7,000 rpm and 4£. After careful removal of 4 (TPSMB) was conceived of and designed by CE and FB.
the supernatant the resulting phage pellets were resuspend8gnthesis was planned by CE, PK, and FB. Peptide synthesis,
in 10 mL ice-cold bu er R (20mM HEPES, 5mM EDTA, pH puri cation, and characterization was performed by CE and
8) and again centrifuged for 30 min at 4,000 rpm andC4 supported by JS and DS. JH expressed and puried JNKS3.
The phage containing supernatant was carefully transferreBluorescence polarization assays with JNK3 were done by CS.
into a new 50mL falcon tube. To the clear phage solutiorCE performed all other chemical, analytical, and biological
TCEP was added with a nal concentration of 1mM and theexperiments. CE, FB, PK, and DS analyzed data and prepared the
reduction was incubated at 42 for 1h. In order to remove manuscript.
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