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Orally available peptides are a major goal in the pharmaceu-
tical industry that has not been reached for most targets;  
almost none of the more than 60 approved peptides are 

orally available1,2. One of the exceptions is the GLP-1 receptor 
antagonist semaglutide, which was recently approved for oral appli-
cation3. Oral delivery is preferred for drug administration because 
of its convenient self-administration, wide range of available dos-
age adjustments, and quick termination if adverse effects occur. The 
limited oral availability of peptides is mainly due to degradation by 
proteases in the gastrointestinal tract, poor crossing of the epithelial 
layer due to large size and polar surface, and first-pass metabolism 
in the liver4. Fortunately, orally available peptide drugs derived from 
exceptionally stable natural peptides do exist and show that this is, 
in principle, possible4–6. For example, cyclosporine is a cyclic unde-
capeptide that is passively permeable due to N-methylated amide 
bonds and intra-molecular hydrogen bonds7 (oral bioavailability 
of around 30%), and linaclotide is a tetradecapeptide constrained 
by three disulfide bridges that acts locally in the intestine and thus 
needs to only resist proteases and not be absorbed.

Through powerful in vitro display techniques such as phage dis-
play and mRNA display, peptide ligands for virtually any disease 
can be generated, but so far, no peptide isolated with such tech-
niques has been sufficiently stable to survive oral administration. 
Peptides can be engineered for stability by altering the amino acid 
sequence to eliminate vulnerable sites, cyclizing8 or stapling9 the 
backbone to impose conformational constrains that hinder prote-
ase cleavage, grafting binding sequences onto highly stable protein 
scaffolds such as cysteine-knots10, or by formulating the peptides11. 
While these approaches can yield substantial improvements, the 
engineered peptides are typically not sufficiently stable for gastroin-
testinal conditions. Instead of engineering peptide stability after the 
fact, a possible approach for discovering stable peptides is based on 
proteolytic phage display in which genetically encoded libraries are 
exposed to proteases, and only intact clones are identified by affinity 

selection12–14. In all studies that applied this principle, the proteo-
lytic pressure used was much lower than that in the gastrointestinal 
tract, and the stabilities of the isolated peptides were far too low 
to survive oral administration. For example, we previously applied 
proteolytic phage display to isolate peptides constrained by a chem-
ical linker that had a substantially enhanced stability15—although 
they were still not able to survive gastrointestinal conditions—with 
a half-life of only 30 min in 500-fold diluted mouse intestinal fluid. 
There are two probable reasons for this: (1) the chemically modified 
peptides were only semi-constrained, with inadequate numbers of 
protease-resistant library members to generate a sufficient sequence 
space from which to sample target-binding ligands, and (2) the 
phage particles themselves were rapidly degraded in relevant con-
centrations of intestinal fluid15; this instability was due to a mutant 
p3 coat protein lacking six cysteines, mutated to accommodate the 
chemical-modification technology16.

In a recent study developing double-bridged peptides, confor-
mationally constrained by two chemical linkers instead of only one, 
we discovered a peptide with a particularly high stability in human 
plasma17. In this peptide (sequence: RCCQGCRVLCY), Cys2 and 
6 and Cys3 and 10 are bridged by chemical linkers, forming a 
tightly knotted structure that can explain the unusually high pro-
tease resistance. We speculated that screening full libraries of these 
doubled-bridged peptides would confer the additional constraints 
necessary to resist protease degradation during selection while 
still retaining sufficient sampling space to identify target bind-
ers—placing a library of peptides that could be administered orally 
within reach. To this end, we first developed a procedure to encode  
the chemical modifications required for double-bridged peptides 
without the need for the six-cysteine mutant coat protein to ensure 
proteolytically stable phage. Using these phage as the library back-
bone, we isolated target-specific peptides with nanomolar affini-
ties that resisted proteases in undiluted simulated intestinal fluid 
(SIF). We also showed that they remain active in the gastrointestinal  
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tract of mice on oral administration and were able to somewhat  
penetrate the epithelial layer to mark the beginnings of orally 
available peptides identified from in vitro display. Analysis of the 
structure and study of the chemical bridges revealed that both the 
particular peptide format and the selected amino acid sequences 
are essential for the high stability, indicating the need for these 
constrained, protease-resistant libraries in identification of 
target-binding ligands.

results
Encoding double-bridged peptides by protease-resistant phage. 
The in  vitro evolution of proteolytically stable peptides (Fig. 1a) 
requires phage particles that resist gastrointestinal-relevant protease  

concentrations. The highest proteolytic pressure for peptides is 
encountered in the upper region of the small intestine, which con-
tains high concentrations of trypsin, chymotrypsin and smaller 
quantities of other proteases, including exopeptidases18; this pres-
sure is mimicked using SIF made up with 10 mg ml−1 of porcine pan-
creatin in phosphate buffer. As indicated above, the disulfide-free 
phage previously applied for the selection of chemically constrained 
peptides function in 500-fold diluted SIF (20 μg ml−1 pancreatin)15, 
but are rapidly degraded in undiluted SIF. Wild-type fd bacterio-
phage resist undiluted SIF for at least 30 min at 37 °C, but contain 
six cysteines in the p3 phage coat protein (three disulfide bridges) 
that can interfere with the chemical cyclization reaction applied 
to displayed peptides19. Toward the use of wild-type phage, we 

L

P
ha

ge

L

a

(2) Gastrointestinal
proteases

Affinity
selection

L

P
ha

ge

L

P
ha

ge

L

L

b After TCEP reduction and TBMB modification

After affinity selection with target (plasma kallikrein)

[TCEP] (mM)

[TBMB] (µM)

Temperature (°C)

p3 of phage

2542

c

L

P
ha

ge

L

L

P
ha

ge

L

P
ha

ge

L

P
ha

ge
 r

ec
ov

er
ed

 (
%

)

1 1 0 0 0.001 0.01 0.10 0.33 1.0 3.3 10

10−4

10−5

10–3

10–2

10–1

100

101

102

P
ha

ge

(1) Chemical
cyclization

P
ha

ge

P
ha

ge

L

X C Xm Xn XoC C C X–phage

m + n + o = 
3, 4, 5, 6, 7 or 8

Example: m + n + o = 6 
X C C C X X X X X X C X
X C C X C X X X X X C X
X C C X X C X X X X C X
X C C X X X C X X X C X
X C C X X X X C X X C X
X C C X X X X X C X C X
X C C X X X X X X C C X
X C X C C X X X X X C X
X C X C X C X X X X C X
X C X C X X C X X X C X

X C X C X X X C X X C X
X C X C X X X X C X C X
X C X C X X X X X C C X
X C X X C C X X X X C X
X C X X C X C X X X C X
X C X X C X X C X X C X
X C X X C X X X C X C X
X C X X C X X X X C C X
X C X X X C C X X X C X
X C X X X C X C X X C X

X C X X X C X X C X C X
X C X X X C X X X C C X
X C X X X X C C X X C X
X C X X X X C X C X C X
X C X X X X C X X C C X
X C X X X X X C C X C X
X C X X X X X C X C C X
X C X X X X X X C C C X

Br Br
Br

Br
BrBr

N
BrBr

Br
Br

O

BrBrN
H

N
H

Br Br

OO
S

O O
S

O O
S

O O

O

Br

O

Br

1 2 3 4

876 9 10

d

5

Wild typeCys-free

1010 0

Fig. 1 | genetic encoding of double-bridged peptides by protease-resistant phage. a, Phage display selection strategy. ‘L’ indicates chemical linkers that 
cross-link pairs of cysteines. Scissors represent gastrointestinal proteases. b, Test of different reaction conditions for cyclizing the peptide PK15 displayed 
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searched for thiol-reducing conditions that could reduce the cys-
teines in the displayed peptides to correctly cyclize them while 
leaving the six disulfide-forming cysteines in the wild-type p3 coat 
protein untouched. To follow the cyclization efficiency, we cloned 
a peptide onto the wild-type p3 that would function only when 
the correct reduction took place. To do this, we used a previously 
developed constrained peptide PK15 (ACSDRFRNCPADEALCG) 
that binds to plasma kallikrein only when cyclized via the three 
cysteines with 1,3,5-tris(bromomethyl)benzene (TBMB) (inhibi-
tion constant, Ki = 1.5 nM) but not in its linear or disulfide-cyclized 
form19 (Ki > 100 μM, Fig. 1b and Supplementary Fig. 1). Wild-type 
phage displaying PK15 were first incubated with different concen-
trations (0 to 10 mM) of Tris(2-carboxyethyl)phosphine hydrochlo-
ride (TCEP) to reduce the three peptide cysteines and then cyclized 
with TBMB using known conditions19. The reduction reaction was 
performed at 25 °C, a lower temperature than previously19 (42 °C) to 
disfavour p3 unfolding and thus to prevent exposition of the coat 
protein’s disulfide bridges. The number of phage that remained 
functional were measured by quantifying the transducing units 
(t.u.), and the number of phage displaying a correctly cyclized PK15 
peptide were assessed by measuring the number that could be cap-
tured on immobilized plasma kallikrein (Fig. 1b). The TCEP reduc-
tion and TBMB cyclization reduced the number of infective phage 
by around tenfold for most conditions. The percentage of phage 
captured relative to the input increased with higher reducing agent 
concentrations and plateaued at 0.33 mM of TCEP. The percentage 
of phage captured maximally was around 0.4% of the input and thus 
lower than that achieved with the disulfide-free phage (around 6%). 
Nevertheless, the absolute number of wild-type phage was higher, 
because nearly all wild-type phage particles can infect bacterial cells, 
whereas less than 1% of disulfide-free phage particles are infective16. 
In a final test, we verified that wild-type phage treated with the opti-
mized TCEP concentration (1 mM) and cyclization linker (20 μM) 
fully resisted the physiological pancreatin concentration (100% SIF; 
Supplementary Fig. 2a).

We expected that we would need a high diversity to find 
target-binding peptides that resist gastrointestinal conditions, so 
we generated the following particularly large phage display library. 
We displayed random peptides of the form XCXmCXnCXoCX 
(m + n + o = 3, 4, 5, 6, 7 or 8; where X indicates random amino acids) 
on phage, which gave a total of 155 different cysteine-spacing for-
mats (Fig. 1c) and 2 × 1010 different peptide sequences. This library 
was cyclized with the bifunctional reagents (1) to (10) (Fig. 1d) 
using suitable concentrations (Supplementary Fig. 2b), and the four 
cysteines could pair in three different ways per peptide sequence to 
generate as many as 6 × 1011 double-bridged peptides.

Enrichment of target-specific, protease-resistant peptides. The 
sub-libraries cyclized with the 10 linkers were separately incubated 
with 0.1 mg ml−1 of porcine pancreatin (1% SIF) for 30 min at 37 °C, 
which was 100-fold lower than the protease pressure in the intes-
tine and thus rather mild for the initial rounds of panning. The 
protease-digested library was subsequently panned against 0.5 μg 
of immobilized coagulation Factor XIa (FXIa) as a target (Fig. 2a). 
FXIa is an attractive therapeutic target because inhibition of the 
protease in animals prevents thrombosis without causing bleeding, 
which is a limitation of current anticoagulants20. After two and three 
rounds of phage selection, the DNA of 0.5 to 2 × 106 phage from each 
selection was sequenced, and the peptide sequences were compared 
using an alignment tool21. Consensus groups, indicative of the isola-
tion of target-specific peptides, were identified in selections with 
nine of the ten linkers (Supplementary Fig. 3). The selection with 
linker (7) yielded particularly strong consensus groups defined by 
a large number of similar but different peptides per group (Fig. 2b). 
The most abundant peptides of two groups, F1 and F2, were synthe-
sized, and both inhibited FXIa, showing that the affinity selections 

yielded target-specific ligands (Ki of 190 ± 30 nM and 1.0 ± 0.2 μM, 
respectively; Supplementary Fig. 4).

After the first three rounds of panning, the peptide diversity 
remained high, as seen by hundreds of different peptides that had 
remained in the pool and shared similar but different sequences 
(Fig. 2b,c). To enrich those peptides with the highest binding affin-
ity, we performed a fourth round, reducing the amount of immo-
bilized target protein (100, 20 or 4 ng) and holding the pancreatin 
pressure at 0.1 mg ml−1 (Fig. 2a). The number of phage captured 
with the smallest amount, 4 ng, was higher than in the control selec-
tion without target, indicating that the selection stringency could 
be further increased, and we therefore reduced the amount of 
immobilized target to 1 ng in the fifth and sixth selection rounds. 
In these latter two rounds, we performed selections using either 0, 
0.1 or 1 mg ml−1 pancreatin in parallel, the highest of these concen-
trations being tenfold higher than in rounds 1–4 and representing 
10% SIF (Fig. 2a). DNA sequencing of clones isolated in rounds 5 
and 6 showed lower diversity and a marked change in the consensus 
groups (Supplementary Fig. 5), as illustrated in Fig. 2b for peptides 
isolated in round 6 with linker (7) under high proteolytic pressure. 
An analysis of the most abundant peptides showed that they were 
enriched to different extents at the three protease pressure condi-
tions, as shown clearly for peptide F3, which was more enriched 
at 1 mg ml−1 pancreatin concentration (10% SIF) than at a tenfold 
lower concentration or no pancreatin (Fig. 2c; F3 is shown in red).

We synthesized several double-bridged peptides isolated in round 
6 under the highest protease pressure (peptides F3–F12) along with 
two peptides selected in round 6 without pancreatin (F13 and F14) 
and two peptides from round 2 (F1 and F2), and we compared their 
binding affinities and stabilities (Fig. 2d). The linear peptides were 
cyclized with an excess of (7), the three isomers were separated by 
high-performance liquid chromatography, and the binding affin-
ity was measured in FXIa inhibition assays (Supplementary Figs. 6  
and 7). For all peptides, one of the isomers was far more active  
than the other two, as expected for phage-selected double-bridged 
peptides17. The stability of the most active isomer of each peptide 
was assessed by incubation in 10 mg ml−1 pancreatin (100% SIF) for 
different time periods at 37 °C and quantification of the intact pep-
tide by liquid chromatography with mass spectrometry (LC–MS). A 
clear correlation between the selection pressure applied in the phage 
selections and the affinity and stability was found, as shown in  
Fig. 2d. Peptides isolated under high proteolytic pressure (blue) 
were more stable than those isolated in round 6 without pancreatin 
(light blue) or in round 2 (grey). In addition, peptides from round 6 
had higher binding affinities than the two that were most abundant 
in round 2, showing that the increased pressure for binding affinity 
in rounds 4 to 6 enriched for high-affinity binders.

The efficient proteolytic selection became even more evident 
when the abundance of peptides displaying different levels of stabi-
lity was retrospectively analysed for the different selection condi-
tions of round 6 (Supplementary Fig. 8). F3, the most stable peptide, 
became more abundant in the selections with higher pancreatin 
concentration. Conversely, peptide F4, with a medium stability, 
was equally abundant under all three conditions, and the labile 
peptide F13 was diminished at higher pancreatin concentrations 
(Supplementary Fig. 8).

Characterization, size reduction and affinity enhancement. To 
determine the cysteine connectivity of the best peptides, we individ-
ually synthesized the three possible bridged isomers using orthogo-
nal cysteine protecting groups triphenylmethyl and diphenylmethyl 
and measured their affinity and stability. This is exemplified for  
F3 in Fig. 3a–c, where it was determined that isomer 2 bridged at 
Cys2–Cys8 and Cys7–Cys10 inhibited FXIa with a Ki of 19 ± 2 nM, 
while the other two isomers showed 30- and 90-fold weaker inhi-
bi tion, respectively (Fig. 3b). The three isomers had very different  
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pro teolytic stabilities (Fig. 3c), with the active isomer 2 demonstrat-
ing resistance to pancreatin concentrations of 10 mg ml−1 (100% 
SIF; half-life, t1/2 = 180 ± 30 min), which was magnitudes better than  
the other two isomers with 41 and 9-fold shorter half-lives in  
100-fold diluted pancreatin (0.1 mg ml−1 of pancreatin, 1% SIF).  
An LC–MS analysis of the two unstable isomers revealed cleavage  
at peptide bonds Cys8-Arg9 and Arg9-Cys10 (isomer 1) and 
Arg9-Cys10 and Met6-Cys7 (isomer 3; Supplementary Fig. 9). A 
comparison with two clinically used oral peptide drugs, desmo-
pressin (t1/2 = 30 min) and linaclotide (t1/2 = 16 min), showed a 6- and  
11-fold higher stability for F3 isomer 2 in 100% SIF (Fig. 3d).

To facilitate epithelial-layer crossing and increase the chances  
for oral availability, we reduced the size of the most stable  
peptide, F3 isomer 2. On the basis of the consensus group, the 
N-terminal ring was less important and truncation without much 
activity loss was more feasible from this end. Removing the 

N-terminal exocyclic amino acid (Thr1; F15) reduced the binding 
affinity sevenfold, but this loss was reverted when the N-terminus 
was acetylated (F16), suggesting that the positive charge could 
have caused the affinity loss (Fig. 3e). Complete elimination  
of the N-terminal amino group on Cys2 by replacing the cyste-
ine with mercapto-propionic acid (Cys* or C*), eliminating the  
charge, yielded F17 with an activity comparable to F3 (Ki = 30 ±  
10 nM (F17) versus Ki = 19 ± 2 nM (F3)). Introducing a Pro11→ 
d-Pro mutation, identified in a parallel screen (F18; Supple-
mentary Fig. 10), yielded F19 (Ki of 0.9 ± 0.1 nM), and further  
elimination of Val3 led to the truncated F20 (Ki of 3 ± 1 nM). F20 con-
tained nine amino acids, counting the N-terminal amine-deficient 
cysteine (Cys*) and the three other cysteines, and had a molecular 
mass of 1,134.4 Da.

The various size-reduced peptides displayed half-lives in 100% 
SIF of between 60 min and several hours and efficiently blocked  
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activation of the intrinsic coagulation pathway, tested in human 
plasma ex vivo by assessing the prolongation of the activated  
partial thromboplastin time (Fig. 3e). A specificity profiling of 
proteases sharing a high sequence identity (56–84% in active site; 
Supplementary Fig. 11) revealed a high target selectivity for all pep-
tides (Fig. 3f and Supplementary Fig. 12). Only plasma kallikrein, 
which shares the highest sequence and structure similarity with 
FXIa, was inhibited, although this may be an advantage in anti-
thrombotic applications as the protease is also a coagulation factor 
in the intrinsic pathway20.

Helical structure and molecular basis of proteolytic stability. The 
structure of the reduced-size peptide F19 bound to the FXIa cata-
lytic domain was solved by X-ray crystallography, revealing a helical 
conformation (Fig. 4a; 2.9 Å resolution, Protein Data Bank (PDB) 
ID 6TWB; Supplementary Fig. 13 and Supplementary Tables 1  
and 2). The amino acids Asn3 to Cys9 form three i → i + 3 hydrogen 
bonds and had φ and ψ dihedral angles characteristic of a 310 helix 
(Supplementary Fig. 13c). The helix points towards the active site of 
FXIa with its C-terminal ring, sticking the Arg8 side chain into the 
S1 sub-site, and it covers a total surface area of 649 Å2. Crystallization 

F3
isomer 1

F3
isomer 2

F3
isomer 3

a

e

100% SIF

Ki (nM) t1/2 (min) aPTT

F3 T C V N I M C C R C P 19 ± 2 180 ± 30 2.7 ± 0.1

F15 C V N I M C C R C P 140 ± 40 ND 1.6 ± 0.1

F16 Ac C V N I M C C R C P 13 ± 3 60 ± 20 2.9 ± 0.4

F17 V N I M C C R C P 30 ± 10 300 ± 100 2.3 ± 0.2

F19 V N I M C C R C p 0.9 ± 0.1 530 ± 60 4.3 ± 0.2

F20 N I M C C R C p 3 ± 1 290 ± 30 3.7 ± 0.1

fd

b c

C*

C*

C*

C* = 

Ac = 

FXIa

Plasma
kallikrein

0 2 4 6 8

Incubation time (h)

1% SIF

0 2 4 6 8

F3 isomer 2

Desmopressin

Linaclotide

Incubation time (h)

10–1 100 101 102 103 104 105 106
0

20

40

60

80

100

120

Peptide concentration (nM)

10–1 100 101 102 103 104 105

Peptide (nM)

R
es

id
ua

l a
ct

iv
ity

 (
%

)

0

20

40

60

80

100

120

R
es

id
ua

l p
ep

tid
e 

(%
)

0

20

40

60

80

100

120

R
es

id
ua

l a
ct

iv
ity

 (
%

)

0

20

40

60

80

100

120

R
es

id
ua

l p
ep

tid
e 

(%
)

Fig. 3 | Characterization and size reduction of F3, the most stable peptide. a, Chemical structures of the three isomers of F3. The linker is indicated with 
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prolongation of activated partial thromboplastin time (aPTT) at 30 μM peptide). Data are mean ± s.d. of three independent measurements for the half-life 
in 100% SIF. ND, not determined; p, d-proline; C*, mercaptopropionic acid. f, Specificity of F20 assessed in inhibition assays with nine trypsin-like serine 
proteases. The curves showing no inhibition correspond to thrombin (red), plasmin (pink), tissue plasminogen activator (purple), trypsin (grey), Factor Xa 
(brown), urokinase-type plasminogen activator (light blue) and Factor XIIa (light pink). Mean values of two independent measurements are shown.
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of F21, which was not reduced in size (Supplementary Fig. 14), 
showed the same helical structure (2.9 Å resolution, PDB ID 6TWC; 
details of the structure are described in the Supplementary Results).

We speculated that helix formation could hinder the access of 
proteases and explain the high proteolytic stability, as has been 
found for other peptides9; however, analysis of unbound F19 by 
circular dichroism spectroscopy (Fig. 4b) and NMR (Fig. 4c and 
Supplementary Fig. 15) indicated that the peptide did not form a 
helical structure in solution. We subsequently studied the extent 
to which the two chemical bridges contributed to the proteo-
lytic stability by comparing the stability of linear, single-bridged 
and double-bridged peptide F19 (C*VNIMCCRCp) in 100% SIF  
(Fig. 4d and Supplementary Fig. 16). As expected, the linear pep-
tide (with thiol groups removed to prevent oxidative cyclization; 
F22) was rapidly cleaved (t1/2 < 1 min). Peptides containing a single 

bridge were also much less stable than the double-bridged F19, with 
a half-life of 1.8 min for the Cys*1–Cys7 bridge (first ring; F23) 
and less than 1 min for the Cys6–Cys9 bridge peptide (second ring; 
F24). Of note, the double-bridged peptide cyclized with a different  
linker ((2) instead of (7); F25) had a half-life of around 12-fold 
shorter duration, suggesting that the linker structure is impor-
tant for imposing the proper conformation for resisting proteases. 
Taken together, the peptide does not have a defined fold in solution, 
although the presence of the two linkers impose conformational 
constraints that hinder rapid proteolytic degradation.

Peptides remain intact in gastrointestinal tract of mice. The most 
stable peptides exhibited half-lives of more than 1 h in undiluted 
SIF (100% SIF), which suggested that many of them could sur-
vive in the gastrointestinal tract. We next tested the stability of the 
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smallest peptide, F20, in the gastrointestinal tract of mice upon oral 
administration and whether it could be detected in blood, indicat-
ing an ability to traverse the epithelial layer. In ex vivo experiments, 
F20 had a half-life of 44 h in simulated gastric fluid (SGF), 4.8 h in 
100% SIF and 141 h in mouse plasma (Fig. 5a–c). We administered 
100 mg kg−1 F20 to 20 mice by gavage into the stomach, euthanized 
5 mice after each time point (15, 30, 60 and 120 min) and analysed 
samples taken from the stomach, upper small intestine (duode-
num and jejunum), lower small intestine (ileum), colon and blood  
(Fig. 5d) for the peptide by LC–MS. The relatively high dose was 
applied to reliably detect and quantify the peptide in case only a 
small fraction of it remained in the gastrointestinal tract or was 
absorbed into the blood stream. As a control, we performed the same  
experiment with the orally available peptide drug desmopressin 
(Fig. 5d). At all four time points analysed, between 32 and 45% of 

the administered F20 could be recovered from the gastrointestinal 
tract as fully intact peptide. At 15 and 30 min, most of the peptide 
was found in the upper part of the small intestine, at 60 min most of 
it was in the lower part of the small intestine, and at 120 min most of 
the peptide was in the large intestine. By contrast, the control peptide 
desmopressin was found intact in only small quantities, and mainly 
in the stomach and not in the intestines. An analysis of blood sam-
ples showed that small quantities of F20 reached the blood stream 
with a Cmax (maximum plasma concentration) of 1.4 µM at 30 min 
and a calculated oral availability (%F) of 0.26%, which is probably 
too low for therapeutic use against FXIa (Fig. 5e,f).

Protease-resistant IL-23R antagonists. The result with the FXIa 
inhibitor, showing long peptide survival in all regions of the gastro-
intestinal tract and a relatively low uptake into the blood stream, 

b

e

d

f

c

0 30 60 90 120 150
0

0.5

1.0

1.5

2.0

2.5

Time (min)

F
20

 in
 p

la
sm

a 
(µ

M
)

Intravenous administration

0 30 60 90 120 150

1

10

100

1,000

Time (min)

F
20

 in
 p

la
sm

a 
(µ

M
)

0

0.2

0.4

0.6

0.8

1.0

D
es

m
op

re
ss

in
 (

m
g)

Stomach

Small intestine A

Small intestine B

Large intestine

15 30 60 1207.5

Time after oral administration (min)

a

0 20 40 60 80
0

20

40

60

80

100

120

Time (h)

R
es

id
ua

l F
20

 (
%

)

0

20

40

60

80

100

120

R
es

id
ua

l F
20

 (
%

)

Oral administration

0 5 10 15 20 25 30

Time (h) Time (h)

15 30 60 120
0

0.2

0.4

0.6

0.8

1.0

Time (min)

F
20

 (
m

g)

0 20 40 60 80
0

20

40

60

80

100

120

Human plasma
Mouse plasma

R
es

id
ua

l p
ep

tid
e 

(%
) 

Small intestine A

Small intestine B

Large intestine

Stomach

Fig. 5 | Stability and oral administration in mice. a–c, Stability of F20 in SGF (a), 100% SIF (b) and human and mouse plasma (c). Mean values of two 
independent measurements are shown. d, Quantity of intact F20 or desmopressin recovered from the gastrointestinal tract organs of mice administered 
orally with 100 mg kg−1 F20 or desmopressin. n = 5 per time point; data are mean ± s.d. The amount of peptide indicated was normalized to a mouse 
weighing 20 g. The small intestine was sliced into two equal pieces labelled small intestine A (includes duodenum and jejunum) and small intestine  
B (ileum), as indicated. e, Concentration of F20 in mouse plasma following intravenous administration. Dose, 10 mg kg−1; n = 5. Data are mean ± s.d.  
f, Concentration of F20 in mouse plasma following oral administration. Dose, 100 mg kg−1; n = 5 per time point. Data are mean ± s.d.

NAture BioMeDiCAL eNgiNeeriNg | www.nature.com/natbiomedeng

http://www.nature.com/natbiomedeng


Articles Nature Biomedical eNgiNeeriNg

suggested that our method is particularly suited to address disease 
targets located in the gastrointestinal tract, such as proteins in tis-
sues of the intestinal mucosa or submucosa. One such target is the 
interleukin-23 receptor (IL-23R), which has a key role in Crohn’s 
disease and ulcerative colitis, two inflammatory conditions of the 
digestive tract22. The target has been validated using IL-23- and 
IL-23R-specific monoclonal antibodies, but no oral drugs are yet 
available. Protagonist Therapeutics and Janssen Biotech have 
recently revealed PTG-200 (compound C), a peptide-based IL-23R 
antagonist for oral administration23,24. The molecule was gener-
ated on the basis of linear peptide precursors that were degraded 
within seconds, even in strongly diluted SIF. They followed a  
classical peptide-engineering approach in which thousands of  
peptide variants containing unnatural amino acids were synthe-
sized and activity-enhancing or stability-enhancing modifications 
were added in iterative rounds of engineering to reach a nano-
molar affinity and high proteolytic stability23. Oral administration  
of PTG-200 to rats showed pharmacological activity, indicating  
that the peptides can cross the colon epithelium to reach and  
antagonize IL-23R. Following promising results of a phase 1  
clinical trial, the two companies announced in 2019 that they 
would expand the PTG-200 collaboration and co-develop 
second-generation antagonists25.

To demonstrate the ability of our technology to develop pep-
tide drug candidates with higher initial proteolytic stability (before 
introducing unnatural amino acids), we panned our peptide phage 
display library cyclized with linkers (1) to (8) against human IL-23R 
(Supplementary Fig. 17). After three rounds without proteolytic 
pressure, phage were best enriched into clear consensus groups in 
the library cyclized with linker (7) (Fig. 6a), and we thus panned 
those isolated phage in two further rounds with proteolytic pres-
sure. Phage were enriched at 1% SIF over background, but not at 
10%, indicating that some binders survived the lower protease pres-
sure but not the higher one. Sequencing showed that the peptides 
selected under protease pressure in round five converged to two 
consensus groups (Fig. 6a). We synthesized two peptides from this 
round, I1 and I2, and two peptides from round three, I3 and I4. 
We measured their binding to IL-23R by surface plasmon resonance 
(SPR) and their stability in 1% and 10% SIF. As found with the FXIa 
inhibitors above, peptides enriched under proteolytic pressure  
displayed a higher stability (Fig. 6b). The two peptides I1 and I2 had 
half-lives in 1% SIF of 23 min and 6.7 min, respectively, and thus a 
much higher stability than peptides that served as a starting point for 
the engineering of the Protagonist–Janssen compound. Synthesis of 
the three regioisomers of I1 and characterization revealed that the 
peptide bridged at Cys2–Cys11 and Cys4–Cys7 was the active iso-
mer (isomer 3, termed I1; Fig. 6c). A competition experiment using 
SPR revealed that I1 competes with IL-23 for binding to IL-23R, 
thus indicating that the peptide binds to a region that is suited for 
therapeutic intervention (Fig. 6d).

Analysis of the degradation pathway of I1 showed that a 
peptide bond in the Trp-Trp-Leu loop connecting Cys7 and 
Cys11 was cleaved first, followed by a cascade of cleavage events 
(Supplementary Fig. 18). Replacing Leu10 with α-methyl-Leu hin-
dered this ring opening and rendered the double-bridged peptide 
highly stable (t1/2 in 100% SIF = 4.0 ± 0.9 h) while conserving the 
binding affinity (Kd = 210 ± 10 nM; Supplementary Fig. 19). This 
result indicated that peptide I1 had one major vulnerable site, and 
protecting it in the context of the double-bridge backbone topol-
ogy was sufficient to generate a peptide, I5, that resists 100% SIF 
with a half-life of several hours. This is in contrast to the monocyclic 
Protagonist–Janssen peptide that required synthesis of more than 
one thousand peptide variants23, inserting a total of three unnat-
ural amino acids, an N-terminal acetyl group and a C-terminal 
amide group to reach a stability sufficiently high to attempt clinical  
trials. With its high binding affinity and good stability, I5 provides 

a starting point for developing an oral treatment of inflammatory 
disorders such as Crohn’s disease on the basis of IL-23R inhibition.

Discussion
Despite decades of effort, the oral delivery of peptide-based drugs 
remains a major pharmaceutical challenge. Currently, biological  
drugs are generally delivered by intravenous or subcutaneous injec-
tion, which is effective but not desirable for patients, particularly 
for those with chronic conditions. Drugs based on peptides, being 
smaller than proteins and antibodies, have been the most ame-
nable to oral delivery, but translating an existing bioactive peptide 
into an oral drug is extremely difficult. While the stability of pep-
tides can be improved, typically by the stepwise introduction of 
stability-enhancing modifications, the process is cumbersome. For 
many peptides, the sufficiently high stability required to survive the 
gastrointestinal tract still cannot be reached. In this study, we report 
a strategy and a first example of a de novo generated peptide that 
binds a therapeutic target with high affinity and resists proteases in 
all regions of the gastrointestinal tract of a mouse.

We generated gastrointestinal-system-stable peptides by com-
bining conformationally constrained double-bridged peptides with 
a phage display-based selection procedure with the aim of fishing 
protease-resistant peptides out of large combinatorial libraries. The 
combination of the double-bridged peptide format and proteolytic 
phage display was technically challenging, as chemically modifiable 
peptide libraries had to be encoded on protease-resistant phage, 
which was managed using conditions that specifically reduced and 
alkylated the cysteines in displayed peptides without affecting the 
three disulfide bridges in the wild-type phage p3 coat protein. This 
procedure did in fact enrich for target-specific peptides with a high 
protease stability, indicating that the library format still provided 
sufficient sequence space for discovering target binders after pro-
tease digestion.

Analysis of the vast sequence data and the enrichment factors 
during the extensive biopanning rounds revealed that some pep-
tide formats, characterized by specific cysteine-spacing patterns and 
consensus sequences, are better suited for generating protease-stable 
peptides. This observation is in line with the general finding that 
some cyclic peptides derived from nature or in vitro selections can 
more easily be improved in terms of stability, whereas others repre-
sent evolutionary dead ends that seem to be intrinsically unstable. 
This suggests that peptides for oral administration may be best 
developed by simultaneously selecting for stability and target affin-
ity rather than first selecting binders that are subsequently modified 
to improve stability.

The double-bridged peptide that best resisted pancreatin pro-
teolysis in  vitro also remained largely intact in all segments of  
the gastrointestinal tract of mice, including the highly acidic  
stomach and the small intestine, which exerts enormous proteo-
lytic pressure. While many studies with orally applied peptides 
or proteins use specific formulations to prevent exposure to the  
acidic stomach fluid or co-apply protease inhibitors to counter  
the activity of pancreatic proteases, we gavaged the ‘naked’  
peptide dissolved in PBS, enabling assessment of the stability  
independent of formulations. The oral peptide drug desmopres-
sin, used as a positive control, was degraded rapidly in the intes-
tine, underscoring the high stability achieved with the approach. 
An analysis of blood samples showed that less than 1% of the 
double-bridged peptide reached the blood stream, which was 
not surprising given the large polar surface of the peptide, which 
even contains a positive charge. Nevertheless, some of the peptide 
remained intact long enough to reach the blood stream and be 
detected, meaning that better oral availability could be reached in 
the future for other peptides with a smaller polar surface; this could 
be achieved by removing the charges and/or N-methylating some of 
the peptide bonds.
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We have established a general approach for generating peptides 
from scratch, to bind almost any desired target, that could simul-
taneously bind the target of interest and resist proteolytic degrada-
tion in the gastrointestinal tract. While further work is required to 

achieve oral peptides that more efficiently reach the blood stream, 
the approach presented in this study can readily be used to develop 
oral peptide drugs that act locally on targets in the lumen of the 
gastrointestinal tract, in the same fashion as the recently approved, 
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Fig. 6 | Stable iL-23r antagonists. a, Peptides enriched after three phage selection rounds without protease pressure (round 3) and after two additional 
rounds with 1% SIF exposure (round 5). Data are mean ± s.d. of the Kd for the active isomers based on three independent measurements. b, Binding  
affinity and half-life in 1% SIF of the two most abundant peptides identified in rounds 3 and 5. Data are the mean from two independent measurements.  
c, Single-cycle SPR sensorgrams for the three isomers of peptide I1. Data are mean ± s.d. of the Kd from three independent measurements. RU, response 
unit. d, Competition of immobilized IL-23 and peptide I1 for binding to IL-23R. The experiment was repeated three times independently with similar 
results. e, Residual intact peptide I5 after incubation in 100% SIF, determined by LC–MS. Kd values are mean ± s.d. from three independent measurements. 
Residual peptide quantities and t1/2 values are mean ± s.d. from four independent measurements. In c,e, the linker is indicated with a black circle.
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nature-derived peptide drug linaclotide, which acts on a target in 
the lumen of the gastrointestinal tract.

Methods
Quantifying peptide cyclization efficiency on phage. Phage particles that display 
the peptide sequence of the plasma kallikrein-specific bicyclic peptide PK15 
(ACSDRFRNCPADEALCG)19 as a fusion of wild-type p3 coat protein were used to 
assess the reaction conditions that efficiently cyclize the peptide in the presence of 
the p3 disulfide bridges. A phage vector, named fd-tet-PK15, for producing these 
phage in Escherichia coli cells was cloned as described below. Disulfide-free phage 
displaying the PK15 peptide were used as a positive control in this experiment. 
Phage were produced in 0.5 l 2YT medium containing 10 μg ml−1 tetracycline (for 
fd-tet-PK15) or 30 μg ml−1 chloramphenicol (for fdg3p0ss21-PK15) that were 
inoculated with glycerol stocks of TG1 E. coli cells carrying either of the two 
plasmids, and grown at 30 °C overnight. The phage were purified by polyethylene 
glycol (PEG) precipitation and dissolved in reaction buffer (20 mM NH4HCO3, 
5 mM EDTA, pH 8.0). From a 0.5 l culture, 1 × 1011 t.u. fdg3p0ss21-PK15 and 
1 × 1013 t.u. fd-tet-PK15 were typically obtained. Phage were diluted with reaction 
buffer and incubated with various TCEP concentrations at 25 or 42 °C for 30 min 
in 1 ml reactions to reach final concentrations of 2 × 109 t.u. disulfide-free phage 
or 2 × 1010 t.u. wild-type phage. Phage were then precipitated by addition of 0.25× 
volume of PEG solution (20% (w/v) PEG 6000 and 2.5 M NaCl), the pellet was 
dissolved in 0.9 ml reaction buffer and a small sample was removed for phage 
titre determination. TBMB in 0.1 ml of acetonitrile was added to reach a final 
concentration of 10 μM TBMB and 10% acetonitrile, and the phage reaction was 
incubated at 30 °C for 1 h. The phage were purified by PEG precipitation and 
dissolved in 0.5 ml of washing buffer (10 mM Tris-Cl, pH 7.4, 150 mM NaCl, 
10 mM MgCl2, 1 mM CaCl2) containing 1% (w/v) BSA and 0.1% (v/v) Tween-20. A 
sample was kept for titre determination and the remaining phage were incubated 
with 0.3 μg biotinylated plasma kallikrein (3 pmol) on 5 μl streptavidin beads 
(6.5–9.0 pmol μl−1 biotin binding sites) for 2.5 h. The beads were washed 3 times 
with 0.5 ml of washing buffer and 3 times with 0.5 ml of washing buffer containing 
0.1% (v/v) Tween-20. The phage were eluted by incubation for 5 min in 0.2 ml of 
glycine buffer (20 mM, pH 2.2), the solution was transferred to a new tube, 0.2 ml 
of Tris-Cl buffer (1 M, pH 8.0) was added to neutralize the pH, and the titre of 
all samples was determined by E. coli infection and plating of dilutions on 2YT 
agar plates containing chloramphenicol (for fdg3p0ss21-PK15; 30 μg ml−1) or 
tetracycline (for fd-tet-PK15; 10 μg ml−1).

Displaying peptide PK15 on wild-type phage. The phage vector fd-tet-PK15 
was cloned to produce phage that display the PK15 peptide as a fusion with the 
wild-type p3. The vector was constructed by inserting DNA coding for PK15 into 
the vector fd-tet using a whole-plasmid PCR strategy. The following primers were 
used, where PK15_forward anneals in the p3 gene (residues in italic) and appends 
the PK15 DNA (residues in bold), and fd_reverse anneals in the leader sequence. 
In a 50 μl PCR reaction, PK15_forward (200 nM final concentration), fd_reverse 
(200 nM, final concentration), dNTP mix (200 μM each, final concentration), 20 ng 
of phage vector fd-tet as template, 10 μl of 5× HF Phusion buffer and two units 
of Phusion polymerase (Thermo Fisher) were used. The reaction was mixed by 
pipetting and then immediately incubated in a thermocycler with the following 
program: initial denaturation for 2 min at 95 °C, 25 cycles of 30 s at 95 °C, 45 s 
at 40 °C and 9 min at 72 °C, and final elongation for 7 min at 72 °C. The primer 
sequences are: PK15_forward, 5 ́- CC TT TC TA TG C GG CC CA GC CG GC C AT GG  
CA G CA TG TA GC GA TC GTTTTCGTAATTGTCCGGCAGAT GAAGCAC 
TGTGTGGTGGTTCTGGCGCTGAAACTGTTGAAAGTTG-3ʹ; and fd_reverse, 
5’-AGGCCGGCTGGGCCGCATAGAAAGGAAC-3’.

The PCR product was electrophoresed on an agarose gel, the DNA of the 
correct band was extracted, digested with SfiI (the cleavage site is underlined in 
the primers shown above) and ligated with T4 ligase. The ligation mixture was 
incubated at 70 °C for 10 min to inactivate the T4 ligase and transformed in E. coli 
DH5α by electroporation. The sequence of constructed phage vector fd-tet-PK15 
was validated by Sanger sequencing.

Assessing maximal tolerated concentrations of cyclization reagent. Potential 
detrimental effects of the thiol-reactive cyclization reagents on phage were tested by 
incubating 109 t.u. of phage with the chemical reagents and measuring the number 
of infective phage. All chemical reagents (linkers (1) to (10)) used in this study were 
commercially available. Phage were reduced by incubation with 1 mM of TCEP 
at 25 °C for 30 min in reaction buffer followed by precipitation of the phage with 
0.25× volume of 20% (w/v) PEG 6000, 2.5 M NaCl to remove the excess of TCEP. 
Ten microlitres of thiol-reactive reagents at concentrations ranging from 0.1 to 
6.4 mM in acetonitrile were added to 90 μl of 109 t.u. phage in reaction buffer and 
incubated for 1 h at 30 °C. The number of infective phage was quantified by mixing 
180 μl of exponentially growing E. coli TG1 cells with 20 μl of tenfold dilutions of 
the phage and plating the cells on tetracycline 2YT agar plates (10 μg ml−1).

Assessing maximal tolerated concentrations of pancreatin. The resistance of 
phage particles (with or without chemical modification) to protease degradation 

was tested by incubating phage with porcine pancreatin solution and measuring 
the number of infective phage. Disulfide-free phage or wild-type phage displaying 
peptide PK15 (5 × 109 t.u.) were treated with 0 or 1 mM of TCEP at 25 °C for 30 min 
in reaction buffer followed by precipitation of the phage with 0.25× volume of 
20% (w/v) PEG 6000 containing 2.5 M of NaCl to remove the excess of TCEP. 
Next, 50 μl of linker (1) at concentration of 0 or 200 µM in acetonitrile were added 
to 450 μl of phage in reaction buffer, and incubated for 1 h at 30 °C. Phage were 
precipitated again by adding 125 μl of 20% (w/v) PEG 6000 containing 2.5 M of 
NaCl to remove the excess linker and dissolved in 500 μl of PBS buffer (pH 7.4). 
Then, 50 μl of this phage solution was added to 50 μl of porcine pancreatin in PBS 
buffer (pH 7.4) to reach final pancreatin concentrations of 0, 0.001, 0.01, 0.1, 1 
and 10 mg/ml, and thus SIFs of 0, 0.01, 0.1, 1, 10 and 100%. The solutions were 
incubated at 37 °C for 30 min and the number of infective phage was quantified 
by mixing 180 μl of exponentially growing E. coli TG1 cells with 20 μl of tenfold 
dilutions of the phage and plating the cells on chloramphenicol (for disulfide-free 
phage) or tetracycline (for wild-type phage) 2YT agar plates.

Cloning of phage peptide libraries. DNA encoding the displayed random 
four-cysteine peptides of the form XCXmCXnCXoCX (where X is any amino acid, 
C is cysteine and m, n and o are numbers of random amino acids) were cloned 
into the phage vector fd-tet upstream of wild-type p3 by PCR amplification of the 
entire plasmid using degenerate primers and subsequent connection of the PCR 
product ends. The numbers of amino acids m, n and o are equal or larger than 
0, and m + n + o was between 3 and 8 for the libraries XD9 to XD14. The phage 
vector fd-tet-PK15 was used as template for the PCR reaction. DNA encoding 
the peptides was appended to the plasmid DNA through forward primers that 
annealed in the N-terminal region of p3. The reverse primer annealed in the region 
coding for the p3 leader sequence. All primers contained a SfiI cleavage site at the 
5ʹ end, which allowed for the generation of complementary sticky ends for efficient 
DNA circularization by T4 ligase. The ligated DNA was purified and transformed 
into electrocompetent TG1 cells, plated on 2YT tetracycline plates (10 μg ml−1), 
and incubated overnight at 37 °C. The cells on the plates were recovered in 2YT 
medium containing 10% (v/v) glycerol and stored at −80 °C. The number of 
transformed cells was estimated on the basis of dilutions and the total number for 
all libraries exceeded 2 × 1010.

Cyclization of peptide phage display libraries. For the first round of selection, 
the six phage sub-libraries XD9 to XD14 were produced separately in 0.5 l of 2YT 
medium containing tetracycline (10 μg ml−1), purified by PEG precipitation using 
0.25× volume of 20% (w/v) PEG 6000, 2.5 M NaCl as previously described, and 
pooled together. PEG-purified phage (typically around 1014 t.u.) were reduced in 
45 ml of reaction buffer with 1 mM TCEP at 25 °C for 30 min. The phage solution 
was chilled on ice, precipitated by adding 0.25× volume of ice-cold 20% (w/v) PEG 
6000, 2.5 M NaCl, and centrifuged at 5,000g for 30 min at 4 °C. The supernatant was 
discarded and the phage pellets were resuspended in 50 ml of reaction buffer and 
distributed into 10 aliquots of 4.5 ml. The peptides in each aliquot were chemically 
modified by adding 500 μl of the chemical reagents (1) to (10) in acetonitrile (to 
reach final concentrations of 20 μM for (1), (2) and (4), and 40 μM for (3), (5), 
(6), (7), (8), (9) and (10)) and incubation at 30 °C for 1 h. The phage particles 
were precipitated by adding 1.25 ml of ice-cold 20% (w/v) PEG 6000, 2.5 M NaCl 
and centrifuged at 5,000g for 30 min at 4 °C. The supernatant was discarded and 
the phage pellets were resuspended in 4.5 ml of PBS (10 mM Na2HPO4, 1.8 mM 
KH2PO4, pH 7.4, 137 mM NaCl, 2.7 mM KCl). For the selection rounds 2 to 6, 
phage were produced, purified and cyclized following the same procedure, but  
with the following modifications. Phage of each selection were produced in 
25 ml 2YT culture, yielding 1011–1012 t.u. for each selection. Phage were cyclized 
in volumes of 1 ml using the same solvent and reagent concentrations and 
resuspended in 0.45 ml PBS.

Proteolytic phage selection. For the first round of selection against FXIa, phage in 
4.5 ml PBS were mixed with 500 μl of 1 mg ml−1 porcine pancreatin (Sigma-Aldrich, 
P3292) in PBS (pH 7.4) to reach a condition of 1% SIF, and incubated at 37 °C for 
30 min. For the following rounds, phage in 0.45 ml PBS were incubated with 50 μl of 
1 mg ml−1 pancreatin to reach 1% SIF. In rounds 5 and 6, phage in 0.45 ml PBS were 
alternatively incubated without pancreatin or with 50 μl of 10 mg ml−1 pancreatin to 
reach 10% SIF. The proteases were removed by precipitating the phage with ice-cold 
20% (w/v) PEG 6000, 2.5 M NaCl, centrifugation at 5,000g for 30 min at 4 °C and 
discarding the supernatant. The phage pellets were washed twice with ice-cold 4% 
(w/v) PEG 6000, 0.5 M NaCl to remove the residual protease and resuspended in 
washing buffer containing 1% (w/v) BSA and 0.1% (v/v) Tween-20. The phage were 
incubated for 30 min at room temperature to allow blocking of the phage with BSA 
and Tween-20. For the phage selection against IL-23R, no protease pressure was 
used in the first 3 rounds and 1% SIF was used in round 4 and round 5.

Target immobilization. Human FXIa and IL-23R were immobilized on magnetic 
beads by random biotinylation of amino groups and addition to streptavidin 
or neutravidin beads. The two types of beads were used alternatingly in the six 
selection rounds of phage selection to disfavour enrichment of streptavidin- or 
neutravidin-specific peptides. Human FXIa (Molecular innovations, HFXIA) was 
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biotinylated by incubation of 200 μg protein (2.5 nmol) in 0.8 ml PBS (pH 7.4) 
with a 20-fold molar excess of EZ-Link Sulfo-NHS–LC–Biotin (Thermo Fisher 
Scientific) in 5 μl DMSO (10 mM) for 1 h at room temperature. IL-23R (purified 
as shown in Supplementary Information) was biotinylated by incubating 79 μg of 
protein (2.1 nmol) in 0.2 ml of 20 mM HEPES (pH 7.4) and 150 mM NaCl with a 
sixfold molar excess of EZ-Link Sulfo-NHS–LC–Biotin in 1.2 μl of DMSO (10 mM) 
for 2 h on ice. Excess biotin was removed by chromatography using a PD-10 or 
Superdex75 10/300 GL column and PBS. The percentage of biotinylated FXIa and 
IL-23R was assessed by capturing 2 μg of biotinylated protein on 20 μl magnetic 
streptavidin beads (Dynal, M-280 from Life Technologies) and subsequent analysis 
of immobilized protein by SDS-PAGE as previously described26. Neutravidin 
beads were prepared by reacting 6 mg of neutravidin (Pierce) with 10 ml of 
tosyl-activated magnetic beads (Dynal, M-280 from Invitrogen) according to the 
supplier’s instructions. For the first to third round of phage selection against FXIa, 
0.5 μg of target protein immobilized on 20 μl strepatividin beads (rounds 1 and 3) 
or on 10 μl neutravidin beads (round 2) were used for each selection performed 
with one of the 10 different cyclization reagents. For round 4 of selection, either 
0.1 μg, 20 ng or 4 ng of biotinylated FXIa were immobilized on 10 μl neutravidin 
beads. For rounds 5 and 6 of selection, 1 ng of biotinylated FXIa was immobilized 
on 10 μl strepatividin beads (round 5) or on 5 μl neutravidin beads (round 6). For 
phage selection against IL-23R, 2.5, 1.25, 0.625, 0.3 and 0.1 μg of target protein 
were immobilized on 20 μl of streptavidin beads (rounds 1, 3 and 5) or on 10 μl 
of neutravidin beads (rounds 2 and 4), and were used for the selection performed 
with linker (7). Biotinylated protein was immobilized on magnetic beads by 
incubation of protein and pre-washed beads in 200 μl PBS for 10 min at room 
temperature on a rotating wheel (10 rpm). The beads were washed twice with 1 ml 
of washing buffer and resuspended in 0.5 ml washing buffer.

Phage display panning. For the phage panning experiments, magnetic beads with 
immobilized FXIa or IL-23R were blocked by incubation with washing buffer 
containing 1% (w/v) BSA and 0.1% (v/v) Tween-20 for 30 min at room temperature 
on a rotating wheel (10 rpm). In parallel, phage displaying double-bridged peptides 
were blocked in the same buffer. Blocked beads with target protein were mixed 
with blocked phage and incubated for 30 min on a rotating wheel (10 rpm) at 
room temperature. Beads were washed eight times with washing buffer containing 
0.1% (v/v) Tween-20 and twice with washing buffer. The phage were eluted by 
incubating the beads with 100 μl glycine buffer (50 mM, pH 2.2) for 5 min and 
transferred to 50 μl of 1 M Tris-Cl buffer, pH 8. Phage were incubated with 5 ml 
of exponentially growing E. coli TG1 cells (optical density at 600 nm, 0.4 − 0.8) 
for 30 min at 37 °C and the cells were plated on a 14 cm 2YT plates containing 
tetracycline (10 μg ml−1). The next day, bacterial cells were recovered from the 
plates in 4 ml of 2YT medium containing 10% (v/v) glycerol, and stored at −80 °C.

Determination of peptide stability in simulated gastric and intestinal fluid. 
SGF was prepared according to United States Pharmacopeia specifications (Test 
Solutions, United States Pharmacopeia 35, NF 30, 2012). Sodium chloride (0.2 g) 
was added to a 100 ml flask and dissolved in 50 ml of water. A volume of 0.7 ml 
of 10 M HCl was added to adjust the pH of the solution to 1.2. To this, 0.32 g of 
pepsin (Sigma-Aldrich, P7125) was added and dissolved with gentle shaking and 
the volume made up to 100 ml with water. Pepsin was added only after the pH 
was adjusted to 1.2. SIF was prepared according to United States Pharmacopeia 
specifications (Test Solutions, United States Pharmacopeia 35, NF 30, 2012). 
Monobasic potassium phosphate (0.68 g) was dissolved in 25 ml of water. A 
volume of 7.7 ml of 0.2 M NaOH was added to adjust the pH to 6.8. To this, 1 g of 
pancreatin (Sigma-Aldrich, P3292) was added and shaked gently until dissolved 
and the volume was adjusted to 100 ml with water. Pancreatin was added after 
adjusting the pH to 6.8 to avoid precipitation of the enzyme. The stability of 
peptides in SGF and SIF was tested as follows. Two microlitres of peptide stock 
solution (2 mM in DMSO) was added to 98 μl of SGF or SIF and incubated at 
37 °C. Samples (10 μl) were withdrawn at different intervals and added to ice-cold 
stop reagent (30 μl, methanol for gastric fluid and 0.1 M HCl for intestinal fluid) 
containing 10 μM of internal standard peptide to inactivate the enzymes and 
enable quantitative determination of intact peptide remaining. All samples were 
centrifuged at 10,000g for 10 min, and the supernatant was analysed quantitatively 
by LC–MS. Linaclotide used in stability assays was purchased from Medchem (HY-
17584). Desmopressin was synthesized by standard solid-phase peptide synthesis.

Determination of plasma stability. Two microlitres of peptide stock solution 
(2 mM in DMSO) was added to 98 μl of plasma (human or mouse, Innovative 
Research) at 37 °C. Samples of 10 μl were taken at different time points (0 min, 
4, 8, 24, 48 and 72 h) and incubated at 65 °C for 10 min to inactivate the plasma 
proteases. A volume of 5 μl of 7 M guanidine hydrochloride (pH 2.0) and 5 μl 
of internal standard peptide (200 µM in MilliQ H2O) were added. The plasma 
proteins were precipitated by addition of cold ethanol (400 μl, containing 0.1% 
v/v trifluoroacetic acid) and incubation on ice for 60 min. The samples were 
centrifuged at 10,000g for 20 min, the supernatant was transferred to new tubes  
and the solvent was evaporated under vacuum (speed vac) at 50 °C. The samples 
were dissolved in 20 μl of H2O containing 0.1% v/v trifluoroacetic acid and 
analysed by LC–MS.

Animal experiments. All experiments in mice were conducted in accordance with 
the terms of the Swiss animal protection law and were approved by the animal 
experimentation committee of the cantonal veterinary service (Canton of Vaud, 
Switzerland).

Determination of pharmacokinetics in mice. Female BALB/cByJ mice were 
injected with 10 mg kg−1 of F20 in 100 μl PBS (pH 7.4) through the tail vein (five 
mice per group). Blood samples (40 μl) were collected at different time points from 
the tail vein into tubes containing EDTA (K3 EDTA; Sarstedt, 20.1278), centrifuged 
at 4,000g for 10 min at 4 °C and the plasma stored at −80 °C. The samples were 
processed as described above and analysed by LC–MS. Peptides were quantified by 
extracting ion chromatograms on the basis of the peptide mass, integrating the area 
under the peaks of the curve, and normalization was based on calibration curves 
generated with the same peptides. Calibration curves were generated by analysing 
mouse plasma to which defined quantities of peptide were added using LC–MS.

Bioavailability and quantification of peptide in gastrointestinal tract. Peptide 
F20 dissolved in 200 μl PBS (10 mg ml−1) was applied by oral gavage (100 mg kg−1) 
to five mice (20 g weight; fasted for 15 h before administration) for each time point. 
Female BALB/cByJ mice were anaesthetized with ketamine and xylazine (100 
and 10 mg kg−1, respectively) administered intraperitoneally. Blood (0.5 ml) was 
collected by cardiac puncture and transferred in plasma tubes containing EDTA 
(K3 EDTA; Sarstedt, 20.1341) and centrifuged at 4,000g for 10 min. Plasma samples 
(200 μl) were mixed with 50 μl of 7 M guanidine hydrochloride (pH 2.0) and 5 μl of 
internal standard peptide (200 μM in MilliQ H2O). The samples were processed as 
described above and analysed by LC–MS. The absolute oral bioavailability (F) was 
calculated with the dose-corrected area under the curve for the oral route (AUCpo) 
divided by the area under the curve for the intravenous route (AUCiv), using 
equation (1), where Dosepo and Doseiv are oral and intravenous doses, respectively:

F ¼ 100 ´
AUCpo=Dosepo
AUCiv=Doseiv

ð1Þ

Stomach, small intestine and colon of mice were removed, and the small 
intestine was divided into two parts (upper part A and lower part B) and 
homogenized in 1 ml of organ lysis buffer (50 mM Tris-Cl, pH 8.0, 150 mM NaCl, 
5 mM EDTA, 0.01% Triton X-100) containing 0.5% (v/v) protease inhibitor  
cocktail (Sigma, P8340). After centrifugation at 10,000g for 30 min at 4 °C, 15 μl  
of supernatant was mixed with 5 μl of 7 M guanidine hydrochloride (pH 2.0) 
and 5 μl of internal standard peptide (200 μM in MilliQ H2O). The samples were 
analysed by LC–MS and the peptide was quantified as described above.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The main data supporting the results of this study are available within the 
paper and its Supplementary Information. The data used to make the graphs 
in the figures are provided as Supplementary Information. Next-generation 
sequencing source data are available from figshare at https://doi.org/10.6084/
m9.figshare.11921139.v2. Coordinates of the two X-ray structures have been 
deposited in the Protein Data Bank with accession numbers 6TWB and 6TWC.
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Illumina NGS software, Biacore 8K Control Software.
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Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size Next-generation sequencing: around one million reads per sample (reason for sample size: around 10,000 to 100,000 samples were estimated 
to be required for a detailed analysis, but more phage were sequenced, as this was easily possible by NGS). 
Mouse experiments: five animals per group (reason for sample size: arbitrary based on previous experience and variability found for this 
animal model; the sample size was found to be suited to reach sufficiently small s.d. values).

Data exclusions None. All attempts at replication were successful.

Replication Ki determination with FXIa activity assay: four independent measurements. 
Specificity profiling with FXIa activity assay: four idependent measurements for FXIa, one measurement for FXa, two independent 
measurements for all other seven proteases. 
Stability of F3 and derivatives in 100% SIF: three independent measurements. 
Stability of F20 in SIF, SGF, plasma: two independent measurements. 
Activated partial thromboplastin time (aPTT): three independent measurements for key peptides (main text), two independent measurements 
for peptides shown in the Supplementary Information. 
Stability of F19 and derivatives in 100% SIF: two independent measurements. 
Affinity for IL-23R by SPR: three independent measurements. 
Stability of I5 in 100% SIF: four independent measurements.

Randomization Mice were randomly assigned to groups.

Blinding No blinding was applied because the readout was performed by instruments (peptide quantification by LC-MS).

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) HEK293 and CHO cells were obtained from Thermo Fisher Scientific.

Authentication None of the cell lines used was authenticated in the laboratory.

Mycoplasma contamination Cells were not tested for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.
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Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals BALB/cByJ female mice, 15-week-old on average (range, 11 to 20 weeks); weight: 18–25 g; supplier: Charles River.

Wild animals The study did not involve wild animals.

Field-collected samples The study did not involve samples collected from the field.

Ethics oversight All experiments in mice were conducted in accordance with the terms of the Swiss animal protection law and were approved by 
the animal experimentation committee of the cantonal veterinary service (Canton of Vaud, Switzerland).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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