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Abstract: Many naturally occurring cyclic peptides or derivatives thereof are used as therapeutics such as the
human hormones vasopressin and oxytocin or the antibiotics vancomycin and daptomycin. The success of
cyclic peptide therapeutics is based on their ability to bind with high affinity, their good target selectivity and their
low toxicity. As nature provides cyclic peptides to only a small number of disease targets, strategies have been
developed to generate cyclic peptide ligands with tailored specificity de novo. Our laboratory is specialized on
the directed evolution of bicyclic peptide ligands by phage display. In this article, we review our recent work to
in vitro evolve bicyclic peptide antagonists, the binding and pharmacokinetic properties of bicyclic peptides, as
well as efforts to generate bicyclic peptides for therapeutic application.
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Application of Cyclic Peptides as
Therapeutics

More than 20 cyclic peptides are clini-
cally approved for the treatment of in-
fectious diseases, cancer, cardiovascular
diseases and other maladies.[1] Examples
of cyclic peptide drugs are the antibiotics
daptomycin, vancomycin and polymyxin
b, the hormones and hormone analogues
oxytocin, vasopressin and octreotide, and
the immunosuppressive drug cyclosporine.
Three cyclic peptides are among the 200
bestselling drugs, namely cyclosporine,
daptomycin and octreotide.[2] The annual
sales of cyclosporine exceed 1 billion dol-
lar and the latter two drugs are each gener-
ating revenues of more than half a billion
dollar per year.

Several properties make cyclic pep-
tides attractive for therapeutic application.
Firstly, they can bind with high affinity and
selectivity to protein targets. In contrast to
linear analogues, cyclic peptides are less
flexible and the entropic penalty upon tar-

get binding is smaller. Cyclization also re-
duces the number of possible conformers
and thus lowers the chance for off-target
binding. Many peptide drugs bind with af-
finities in the low nanomolar or picomolar
range and thus show therapeutic activities
at low drug concentration. Secondly, most
cyclic peptide drugs show no toxicity, even
if applied at concentrations higher than the
therapeutic dose. This can be attributed to
their high selectivity as well as to the fact
that degradation products are usually not
toxic. Thirdly, due to the limited confor-
mational flexibility, many cyclic peptides
are relatively resistant to proteases al-
though the stability can vary strongly from
peptide to peptide.

All cyclic peptide drugs are naturally
occurring peptides or derivatives thereof.[1]
For many important disease targets, pep-
tide ligands could not be identified in
nature and peptide drugs were thus not
developed. The number of peptide thera-
peutics would be much higher if peptide
ligands with good binding properties were
available to a larger range of therapeutic
targets.An efficient way of generating pep-
tide ligands with tailored specificity is by
in vitro evolution as discussed in the fol-
lowing section.

In vitro Evolution of Peptide
Ligands

Cyclic peptides binding to targets of
interest can be developed efficiently by
screening large combinatorial libraries
using in vitro display techniques.[3] The
first such technique developed was phage
display and works as follows:[4] Libraries
of polypeptides are fused to a phage coat
protein to become displayed on the surface

of a bacteriophage. The encoding DNA is
enclosed in the interior of the viral par-
ticle and thus physically connected to the
polypeptide. A pool of billions of phage,
all displaying different polypeptides, is
subjected to affinity selection with an im-
mobilized target. The DNA of captured
phage is sequenced to identify the amino
acid sequences of polypeptides binding
to the target. Phage display was first ap-
plied to evolve linear peptides and anti-
bodies. While phage-selected antibodies
bound with high affinity and could be
developed into therapeutics,[5] isolated
linear peptides bound only weakly and
peptide phage display was mostly ap-
plied for antibody epitope mapping.[6] In
some phage selections with linear peptide
libraries, pairs of cysteines were found in
the peptide sequences, suggesting that the
peptides were cyclized through disulfide
bridges.[7] The cyclic peptides showed sig-
nificantly better binding affinities than the
linear ones and they displayed also higher
stability. Subsequently, phage libraries of
random peptides flanked by two cysteines
were cloned to evolve cyclic peptide li-
gands and selections with several targets
yielded ligands with dissociation con-
stants in the low nanomolar range.[8,9]
Since the early 1990s, cyclic peptides were
isolated against more than hundred protein
targets.[10,11]

Another in vitro display technique fre-
quently applied for the directed evolution
of cyclic peptides is mRNA display.[12] In
this technique, polypeptides are covalently
linked to their encoding mRNA during
translation in cell-free systems. Recently
developed innovative tools and strategies
have enabled the incorporation of non-
natural amino acids into mRNA-encoded
peptides.[13,14] This has led to the directed
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actions explained the good binding affinity
(K

i
= 53 nM) and selectivity (>1000-fold

weaker inhibition of para- and orthologous
proteases). Representation of the bicyclic
peptide as space-fill model in the co-crys-
tal structure shows how complementary
the molecule is to the binding surface of
the serine protease (Fig. 3C).

evolution of cyclic peptides containing
non-natural amino acids.[15–18]

The binding affinities of most in vitro
evolved cyclic peptides are in the micro-
molar or high nanomolar range and thus
too weak for therapeutic application.[10]
From the few in vitro evolved cyclic pep-
tides showing decent binding strengths, a
first one was approved in 2012 for clinical
use but its distribution was soon after halt-
ed due to adverse effects observed in some
patients and related safety concerns.[19,20]
This molecule, with the generic name pe-
ginesatide (formerly named hematide), is
an erythropoietin mimetic and based on
a cyclic peptide isolated in phage selec-
tions against erythropoietin receptor. The
peptide was dimerized and pegylated to
enhance its pharmacologic activity.

In vitro Evolution of Bicyclic
Peptides

Bicyclic peptides contain two connect-
ed macrocyclic rings that can both engage
in binding (Fig. 1A). The two peptide rings
can act much like complementarity deter-
mining regions (CDRs) of antibodies. The
bicyclic peptides thus may be seen as small
antibody mimetics (Fig. 1B). Compared to
monocyclic analogues, the bicyclic struc-
tures are less flexible. The lower confor-
mational freedom reduces the entropic
penalty upon binding to a target as well as
renders the peptide more resistant to pro-
teases.

Bicyclic peptides with desired binding
specificity can be evolved in vitro with a
phage display-based approach developed
by Winter and Heinis (Fig. 2).[21] In brief,
random peptides containing cysteine resi-
dues at both ends and one in the middle
are displayed on filamentous phage and
cyclized by reaction with 1,3,5-tris-
(bromomethyl)benzene (TBMB).[21,22] The
bicyclic peptide library is panned against
immobilized protein targets and enriched
peptides are chemically synthesized for
testing their binding. In a proof of prin-
ciple study, a library containing more than
4 billion different bicyclic peptides, each
having six random amino acids per pep-
tide ring (6x6 library), was subjected to
2–3 rounds of selection against the serine
proteases plasma kallikrein and cathepsin
G. The best bicyclic peptides inhibited the
proteases with K

i
s of 2.9 and 100 nM, re-

spectively.[21]
We are applying the bicyclic peptide

phage selection approach routinely in our
laboratory to i) generate antagonists of
proteins for potential therapeutic applica-
tion, ii) develop antagonists for target vali-
dation and iii) to obtain reagents for use
as research tools. A bicyclic peptide iso-
lated against urokinase-type plasminogen

activator (uPA) could be co-crystallized
with the target, offering an insight into its
binding mode (collaboration with Prof.
Giuseppe Zanotti, University Padua; Fig.
3).[23] Both peptide rings of the bicyclic
peptide engaged in binding and formed
with the target an interaction surface of
>900Å2. The numerous non-covalent inter-

Fig. 1. Structure of a bicyclic peptide and its comparison with an antibody. (A) Structural model
and chemical structure of the bicyclic peptide PK15. The peptide macrocycle was isolated by
phage display and inhibits human plasma kallikrein with a Ki of 2.9 nM. (B) Structure of an anti-
body binding to VEGF. The complementarity determining regions (CDRs) of the variable heavy
domain highlighted in green interact with VEGF. Bicyclic peptides may be seen as miniaturized
antibodies with the two peptide rings mimicking the CDRs.

Fig. 2. Strategy for the phage selection of bicyclic peptides. Linear peptides containing two re-
gions of random amino acids (in light and dark blue) spaced by three cysteines are displayed on
filamentous phage and chemically cyclized by reaction with 1,3,5-tris(bromomethyl)benzene (in
red). Billions of virions all displaying different bicyclic peptides are subjected to iterative rounds of
affinity selection and amplification. The DNA of enriched phage is sequenced, the peptides syn-
thesized chemically and their binding to the protein target measured.
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the target protein confirmed the presence
of two disulfide bridges and revealed the
important structural role of the bicyclic
configuration (collaboration with Prof.
Petr Leiman, EPFL; Fig. 5B). An attrac-
tive feature of this bicyclic peptide phage
selection approach is the large topological
diversity of bicyclic peptides in the librar-
ies. Peptides of the format X

l
CX

m
CX

n
CX

o
can form 3x(l+m+n+o) different topolo-
gies as the 4th cysteine can be placed in
l+m+n+o different positions and each
peptide can form three disulfide bond iso-
mers (Fig. 5C). Another nice feature is the
technically simple procedure: the peptides
are automatically bicyclized in the oxida-
tive environment of the cell culture media
during phage production.

Entering the Sequence Space of
Non-natural Amino Acids

Non-natural amino acids can be incor-
porated into phage-displayed peptides[26]
but the procedure is technically complex.
To date, phage peptide libraries with
non-natural amino acids were not gener-
ated. However, small libraries of bicyclic
peptides can be chemically synthesized
and screened to generate ligands with im-
proved binding affinity or metabolic stabil-
ity. This is an important advantage of bicy-
clic peptides over antibodies that are not
accessible to chemical synthesis. In a col-
laborative project with the group of Prof.
OlivierMichielin (University of Lausanne)
we used computational methods to predict
beneficial amino acid substitutions in the

Novel Bicyclic Peptide Formats

Large libraries containing structur-
ally diverse bicyclic peptides need to be
screened to identify good binders to a
wide range of targets. We chose to gen-
erate structurally highly diverse bicyclic
peptide libraries by varying, in addition to
the amino acid sequence, also the size of
the peptide rings and the chemical linker
that connects the cysteine residues in the
peptides.

We first cloned phage peptide librar-
ies with different combinations of ring
sizes ranging from 3 to 6 random amino
acids (Fig. 4A). Screening of these librar-
ies yielded bicyclic peptides that bind to a
large number of epitopes as evidenced by
many different consensus sequences.[24]
While peptides isolated from the above
described 6x6 library bound in average to
one or two epitopes on a given target, bicy-
clic peptides pulled out of the new libraries
bound to significantly more different epi-
topes. Some of the consensus sequences
were found exclusively for specific ring
size combinations.

Varying the chemical linker in the bicy-
clic peptides was a more complex task be-
cause peptide cyclization reagents needed
to fulfill a number of criteria. Firstly, they
must contain three reactive groups that ef-
ficiently and selectively react with thiols
of cysteines. Secondly, the reaction must
be compatible with a solvent mixture that
is tolerated by filamentous phage as for
example water or a mixture of water and
an organic solvent. Thirdly, the reactive
groups need to be arranged symmetrically
to ensure formation of a single bicyclic
peptide product for each peptide. We were
able to develop two such new reagents
based on bromoacetamide and acrylamide
reactive groups and showed that they effi-
ciently cyclize cysteine-rich peptides (Fig.
4B).[25] The novel linkers are now being
applied in phage selections (unpublished
results).

Recently, we showed that bicyclic pep-
tides circularized through two disulfide
bridges can be isolated by phage display.
In phage selections with a 4x4 peptide li-
brary of the form XCX

4
CX

4
CX (X = any

amino acid, C = cysteine), we found that
most of the isolated peptides contained a
fourth cysteine in the randomized peptide
region if the cyclization reagent TBMB
was not added prior to the affinity selec-
tion. We hypothesized that the four cys-
teines form two pairs of disulfide bridges
and thus bicyclic structures (Fig. 5A).
Mass spectrometric analysis indicated that
the four cysteines were indeed oxidized.
As each peptide with four cysteines can
form three disulfide bond isomers, we sep-
arated them chromatographically before
characterization. X-ray structure analy-
sis of such a peptide co-crystallized with

Fig. 3. Binding mode of a bicyclic peptide. (A) Structure of bicyclic peptide UK18 inhibiting the
serine protease uPA with a Ki of 53 nM. (B and C) X-ray structure of UK18 co-crystalized with uPA
(1.9 Å resolution). The peptide moiety is shown in blue and the mesitylene linker in red. In panel B,
the peptide backbone is represented as tube and the linker as stick model. In panel C, the whole
bicyclic peptide is shown as space fill model.

Fig. 4. Structural
diversity of bicyclic
peptide libraries. (A)
Bicyclic peptide with
3 and 4 amino acids
in the first and sec-
ond ring, respectively.
Bicyclic peptide
phage libraries with
a range of ring size
combinations have
been constructed.
The size of the rings
ranges between 3
and 6 amino acids as
illustrated by the grey
rings in the figure.
(B) Three thiol-reac-
tive chemical linkers
suitable for the cycli-
zation of cysteine-rich
peptides.
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bicyclic peptide UK18 that was crystal-
lized with its target.[27] One of the two
glycine residues in UK18 was found to
have a positive phi dihedral angle in its
target-bound form (Fig. 6A and 6B). As
positive phi angles are favored by d-amino
acids, we replaced the glycine residue with
a range of d-amino acids and found that
d-serine enhances the inhibitory activity
as well as the proteolytic stability. X-ray
structure analysis of the mutant showed
that it has the same backbone conformation
as the parental bicyclic peptide (collabora-
tion with Prof. Petr Leiman, EPFL; Fig. 6C
and 6D). A retrospective analysis of cyclic
peptides with known three-dimensional
structure showed that several of them con-
tain glycines with positive phi angles and
suggested that substitution of glycine by d-
amino acids could be a general strategy to
improve affinity and/or stability. While we
have so far not exploited other non-natural
amino acids, this would easily be possible
as many Fmoc-amino acids are commer-
cially available and the peptides are effi-
ciently synthesized by automated parallel
solid-phase peptide synthesis.

Engineered Bicyclic Peptides with
Long in vivo Half-life

Peptide drug candidates often suffer
from two major limitations, namely low
proteolytic stability in bodily fluids and
fast renal clearance from the blood cir-

culation. In a range of experiments, we
assessed the stability and various phar-
macokinetic parameters of bicyclic pep-
tides. Learning about these properties
was important to know for which medical
indications bicyclic peptides could poten-
tially be applied. For example, antagonists
blocking enzymes or receptors would need
to circulate in the body for a longer time
period and at a concentration well above
the binding constant while an agonist may
show good activity even if it stays in the
body for only a short time.

Most bicyclic peptides incubated in
blood plasma ex vivo were found to resist
proteases for several hours and some even
for several days. A study with the uPA
inhibitor UK18 showed that a significant
fraction of the bicyclic peptide remained
completely intact while monocyclic and
linear analogues were rapidly degraded.[28]
Interestingly, also the two rings of UK18
synthesized individually were less stable
than the bicyclic peptide. This observation
suggested that the two rings in a bicyclic
peptide stabilize each other mutually, pos-
sibly by sterically hindering the access of
proteases or by forming non-covalent in-
teractions that reduce their conformational
flexibility.[28]

Fig. 6. Affinity maturation of a bicyclic peptide with non-natural amino acids. (A) The bicyclic pep-
tide UK18 contains two glycine residues of which Gly13 has a positive phi dihedral angle when
the peptide is bound to uPA. (B) Ramachandran plot showing phi and psi angles of UK18. The an-
gles of the two glycine residues are highlighted. Gly13 has a phi and psi angle combination that is
favored by d-amino acids. (C) X-ray structure of UK18 bound to uPA. The C-terminal peptide ring
containing Gly13 is shown. (D) X-ray structure of UK202 bound to uPA. The C-terminal peptide
ring containing d-Ser13 is shown. Substitution of glycine to D-serine in position 13 did not change
the backbone conformation of the bicyclic peptide but improved its affinity and stability.

Fig. 5. Phage selec-
tion of bicyclic pep-
tides based on two
disulfide bridges. (A)
Linear peptides with
three cysteines in
constant positions
and two regions of
random amino acids
(in light and dark
blue) are oxidized.
Peptides containing
a 4th cysteine in one
of the randomized
regions can form
two disulfide bridges
and hence a bicyclic
peptide structure.
(B) X-ray structure of
the disulfide-cyclized
peptide UK504 bound
to uPA (1.5 Å resolu-
tion). (C) Illustration of
the numerous peptide
topologies that can
be generated if pep-
tides in a library of
the form XCX4CX4CX
contain a 4th cysteine
in the randomized
region (X represents a
random amino acid;
C a cysteine residue).
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Bicyclic peptides applied intravenous-
ly to mice were found to be cleared by the
kidney in relatively short time, as many
approved peptide drugs. For example the
elimination half-life of UK18 is 30minutes
(Fig. 7). Longer circulation times could be
achieved by applying the bicyclic peptides
subcutaneously. While the observed circu-
lation times may be ideal for some agonists
or for imaging applications, they would be
too short for antagonists that need to in-
hibit targets for longer time periods. We
thus applied two strategies to extend the
circulation time of bicyclic peptides. In the
first one, we conjugated the bicyclic pep-
tide to an antibody Fc fragment that has a
β half-life of more than one day in mice
and around one week in human. The bi-
cyclic peptide-Fc fragment conjugate had
an elimination half-life of 1.5 days, which
was around 70 times longer than that of the
‘naked’ bicyclic peptide.[29] The bicyclic
peptide remained fully functional while
circulating in the blood stream of mice for
several days.

Conjugation of the bicyclic peptide to
the Fc fragment increased its molecular
mass from 2 kDa to around 50 kDa and
offset advantages such as access to chemi-
cal synthesis and efficient tissue penetra-
tion. To generate bicyclic peptides with a
smaller size and yet a long in vivo circu-
lation time, we tested a less established
strategy based on albumin-binding ligands.
Albumin has an exceptionally long half-
life of 19 days in human and around 2 days
in mice. Non-covalent tethering of mole-
cules to this highly abundant protein (the
concentration in blood plasma is around
0.6 mM in human) was found to extend
their circulation time.[30] We chemically
conjugated the bicyclic peptide UK18 to
a disulfide-cyclized albumin-binding pep-
tide that binds mouse albumin with a K

d
of

around 30 nM.[28,31] The conjugate showed
a much prolonged elimination half-life of
24 hours in mice. Mass spectrometric anal-
ysis revealed that the bicyclic peptide con-
jugate was not degraded at all, even after
circulating in the blood stream of mice for
several days.[28] In a follow-up experiment,
we found that non-covalent tethering of bi-
cyclic peptides to albumin increases their
stability. Despite exposure of the mice to
high concentrations of bicyclic peptide
(>10 µM in blood) for extended time pe-
riods, we did not observe any toxic effects.

With both conjugation strategies, we
could prolong the in vivo half-life of bi-
cyclic peptides from 30 minutes to at least
one day. Based on allometric scaling, this
circulation time corresponds to a half-life
of several days in humans. The substantial
prolongation of the in vivo half-life was an
important step in our work as this widened
significantly the application range of bicy-
clic peptides.

A long term goal of our group is the
development of orally available peptide
drugs. While peptides can be formulated
to pass the stomach efficiently, proteo-
lytic degradation in the small intestine
and inefficient transfer across the epithe-
lium hinder their delivery into the blood
stream. We reasoned that small amounts
of peptide may be taken up in the small
intestine if they were not degraded before.
To increase the proteolytic stability, we in-
cubated peptide-displaying phage particles
with intestinal extracts of cow (pancreatin)
prior to affinity selections. As target, we
applied human plasma kallikrein, a serine
protease playing a central role in heredi-
tary angioedema. The selections yielded
several bicyclic peptide inhibitors of plas-
ma kallikrein with improved proteolytic
stability.[32]

Towards the Development of
Therapeutics

The ultimate goal of our laboratory is
the development of therapeutics based on
bicyclic peptides. Towards this end, we
chose a number of diseases and the cor-
responding protein targets and isolated bi-
cyclic peptide ligands from the above-de-
scribed phage display libraries. An impor-
tant criterion for the choice of medical in-
dications was that peptide ligands offer ad-
vantages over competing molecule formats
such as small molecules and monoclonal
antibodies. While we initially developed
bicyclic peptides to a range of proteases,
we later showed that other types of pro-
teins, as for example receptors or enzymes
other than proteases, are also tractable. In
the following, we report mostly published
results about bicyclic protease inhibitors.

Twoof our targets are the proteases uPA
and matrix metalloproteinase 2 (MMP-2).
Both of these proteases are over-expressed
in several types of cancer and their activ-

ity in tissue degradation and signaling fa-
cilitates tumor growth and/or invasion. The
proteases have been difficult to target with
small molecules and monoclonal antibod-
ies for the following reasons. Small mol-
ecules inhibited paralogous proteases in-
cluding several ones with physiologically
important functions. Monoclonal antibod-
ies did not efficiently diffuse into tissue
due to their large size. In contrast, phage-
selected bicyclic peptides can differentiate
between homologous proteases and due to
their small size, they are expected to pen-
etrate tumor tissue. The bicyclic peptide
uPA inhibitor is described in the various
sections above.[23] We are currently test-
ing its ability to penetrate into tissues and
block uPA over-expressed in human xeno-
graft tumors in mice. The development of
bicyclic peptide MMP-2 inhibitors turned
out to be rather challenging. However, re-
cently, we succeeded in developing a po-
tent and highly selective MMP-2 inhibitor
which we are currently applying in animal
studies (unpublished data).

Other protease targets to which we
have developed bicyclic peptide inhibitors
are plasma kallikrein and human factor
XIIa. Plasma kallikrein plays an important
role in hereditary angioedema and dia-
betic retinopathy. The coagulation factor
XIIa plays a role in thrombotic disorders.
Both proteases, being expressed as zymo-
gens, can activate each other and are thus
physiologically and pathologically con-
nected. Synthetic small molecular inhibi-
tors with high selectivity for either of the
two serine proteases are not available. In
collaboration with Bicycle Therapeutics,
a spin-out company based on the bicyclic
peptide technology, our laboratory has
generated bicyclic peptides that efficiently
and selectively inhibit human and murine
plasma kallikrein.[33] The best inhibitor
blocks human plasma kallikrein with a Ki
of 300 pM. More recently, we developed
also bicyclic peptide inhibitors of factor

Fig. 7. Pharmaco-
kinetic properties of
bicyclic peptides.
The bicyclic peptide
UK18 has a β half-life
of 30 minutes in mice
(i.v. administration).
Although the peptide
resists proteases in
blood, it is rapidly
cleared due to renal
filtration. Conjugation
of UK18 to an albu-
min-binding peptide
(SA21) extended its β
half-life to 24 hrs. The
bicyclic peptide con-
jugate is completely
resistant to proteo-
lytic activities in vivo.
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XIIa. The inhibitor selectively blocked the
intrinsic coagulation pathway while not af-
fecting extrinsic coagulation or interfering
with other plasma proteases.[34]We are cur-
rently evaluating the inhibitors in vivo in
collaboration with the group of Prof. Anne
Angelillo-Scherrer (Insel Hospital Berne).
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