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Peptides represent a promising molecular class for drug development. They combine
several strengths of small molecules (e.g. efficient tissue diffusion, low immunogenicity
and access to chemical synthesis) and key properties of biologics such as monoclonal
antibodies (e.g. high affinity and specificity). Around 60 peptides are currently used in
the clinic. Most of the peptide drugs are natural products or derivatives thereof, as for
example human peptide hormones or antibacterial peptides. In recent years, a range of
methodologies were established to develop peptides binding to therapeutic targets de
novo. Our laboratory is specialized on the in vitro evolution of bicyclic peptides by
phage display. Bicyclic peptides have two macrocyclic rings that allow for binding pro
tein targets with high affinity and selectivity. Members of our research group have de
veloped bicyclic peptide ligands to a range of important disease targets, including the
proteases coagulation factor XII (FXII) and matrix metalloproteinase 2 (MMP 2).

The aim of my thesis was to improve the potency and stability of phage selected bicyclic
peptide inhibitors of FXII and MMP 2, and to test their therapeutic potential in animal
disease models. Specifically, I planned at improving the binding affinity, target selectiv
ity and proteolytic stability of bicyclic peptides by substituting natural amino acids with
unnatural ones. As described in the following, the substitutions to unnatural amino acids
had led to substantial improvements in the bicyclic peptides, and this had enabled me
the evaluation of the inhibitors in disease models.

In my first and second project, I aimed at improving the potency and stability of a bicy
clic peptide FXII inhibitor that was previously developed in our lab by phage display,
and to test the therapeutic potential of the resulting peptide in vivo. FXII has recently
been identified as a promising target for safe anticoagulation therapy, based on the find
ing that mice deficient in the coagulation protease show reduced thrombosis but no ab
normal bleeding. In the first project, I investigated if the insertion of a single carbon atom
into the macrocyclic backbone of a phage selected bicyclic peptide FXII inhibitor can im
prove its binding affinity. Molecules of this type are not present in the bicyclic peptide
phage display libraries since each canonical amino acid contributes three atoms to the
backbone. Positions within the macrocycle susceptible to atom insertion were first iden
tified using a scanningmethodology where glycine mutants were compared to alanine
mutants. Upon insertion of atoms in the backbone using amino acids or homologated
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cysteine analogues, two peptides showed 4.7 and 2.5 fold improved Ki values. The bet
ter one blocked FXII with a Ki of 1.5 ± 0.1 nM and was more potent than the lead peptide
in inhibiting the activation of the intrinsic coagulation pathway. The strategy of ring size
variation by one or several atoms should be generally applicable for the affinity matura
tion of in vitro evolved cyclic peptides.

In my second project, I aimed at improving further the potency of the bicyclic peptide
FXII inhibitor described before, and to additionally improve its proteolytic stability. I
achieved both these goals by replacing further natural amino acids to unnatural ones.
Sub nanomolar activity for human andmouse FXII (370 and 450 pM respectively) as well
as a high stability (t1/2 > 128 ± 8 h in plasma) permitted preclinical evaluation of the pep
tide. The inhibitor efficiently blocked intrinsic coagulation in blood plasma from human,
mouse and rabbit. I further demonstrated that the peptide reduced experimental throm
bosis induced by ferric chloride in mice and suppressed blood coagulation in artificial
lungs in rabbits, all without increasing the risk of bleeding. This shows that FXII activity
is controllable with a synthetic inhibitor in vivo, and that the optimized bicyclic peptide
is a promising candidate for thromboprotection in various medical conditions.

In a third project, I aimed at improving the potency and stability of a bicyclic peptide
MMP 2 inhibitor that was previously developed in our lab by phage display. MMP 2 is
implicated in tumor growth and metastasis formation. Due to the strong structural sim
ilarities shared by MMP 2 with other MMPs, the development of selective inhibitors of
MMP 2 has so far not been achieved. By substituting natural amino acids to unnatural
ones, I succeeded at enhancing substantially both, the binding affinity and stability of
the phage selected bicyclic peptide. The resulting MMP 2 inhibitor has a high affinity
(1.9 nM) and stability in plasma (t1/2 = 4.4 h) and thus provides a valuable research tool.

Key words: Peptide, medicinal chemistry, macrocycle, backbone, amino acid,
coagulation factor XII, anticoagulants, sub nanomolar, thrombosis, ferric chloride,
artificial lung, ECMO, MMP, D amino acid, hydroxamate



v

Les peptides représentent un format moléculaire prometteur pour le développement de
nouveau principes actifs. Ils combinent à la fois les avantages des petites molécules (par
exemple la diffusion efficace dans les tissus, une immunogenicité faible et la possibilité
d’être synthétisés chimiquement) et ceux des protéines thérapeutiques telles que les an
ticorps (avec par exemple leur forte affinité et spécificité). Aujourd’hui, environ 60 pep
tides font l’objet d’essais cliniques. La plupart sont des composés naturels ou bien en
sont des dérivés, comme par exemple les hormones peptidiques humaines ou les pep
tides antimicrobiens. Toutefois, ces dernières années, de nouvelles méthodologies sont
apparues permettant le développement de peptides liant des cibles thérapeutiques « de
novo ». Notre laboratoire s’est spécialisé dans l’une de ces méthodes qui consiste en
l’évolution in vitro de peptides bicycliques via la technique du phage display. Ces pep
tides bicycliques possèdent deux chaînes macrocycliques qui leur permettent de se lier
aux cibles d’intérêt avec une haute affinité et spécificité. Des membres de notre labora
toire ont généré des ligands bicycliques pour un grand nombre de cibles thérapeutiques
comprenant des inhibiteurs du facteur coagulation XII (FXII) et de la metalloprotéinase
matricielle 2 (MMP 2).

L’objectif de ma thèse a été d’améliorer l’activité et la stabilité des peptides bicycliques
sélectionnés par phage display pour FXII et MMP 2 ainsi que de tester leur potentiel
thérapeutique avec des modèles animaux. Plus spécifiquement, j’ai voulu améliorer l’af
finité de liaison, la sélectivité pour la cible et la stabilité protéolytique des peptides bicy
cliques en substituant certains acides aminés naturels par d’autres, non naturels. Ainsi
que décrit dans les paragraphes suivants, ces substitutions ont conduit à des améliora
tions conséquentes des peptides bicycliques ce qui a par la suite permis de tester ces
inhibiteurs dans des modèles thérapeutiques in vivo.

Dansmes deux premiers projets, j’avais pour but d’améliorer l’activité et la stabilité d’un
peptide bicyclique inhibiteur de FXII qui avait été au préalable développé dans notre
laboratoire afin de par la suite tester son pouvoir thérapeutique in vivo. En effet, FXII a
récemment été identifié comme une cible prometteuse pour le développement d’anti
coagulants entraînant moins d’effets secondaires. En effet, certaines études ont montré
que des souries déficientes pour FXII présentaient moins de thromboses tout en ne ma
nifestant pas de saignements anormaux.
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Au cours du premier projet, J’ai tenté de comprendre si l’insertion d’un atome de car
bone dans le squelette macrocyclique d’un inhibiteur du FXII pourrait améliorer son af
finité pour la cible. De telles structures ne sont pas présentes dans les librairies de phage
exposant des peptides bicycliques puisque ces derniers ne sont constitués que d’acides
aminés naturels ayant une base moléculaire de trois atomes (2 atomes de carbone et 1
atome d’azote). Dans la chaîne peptidique du macrocycle, les positions susceptibles de
tolérer l’insertion d’un atome ont été identifiées grâce à une méthode au cours de la
quelle des mutants présentant une glycine à une position donnée étaient comparés à
leurs homologues présentant une alanine. Par la suite, des substitutions avec un acide
aminé ou bien un homologue de cystéine ont permis l’identification de deux nouveaux
peptides avec des constantes d’inhibition (Ki) 4,7 et 2,5 fois meilleures que celle du com
posé de départ. Le peptide le plus efficace bloque l’activité de FXII avec un Ki de 1,5 ±
0,1 nM et engendre une inhibition supérieure de l’activation de la cascade de coagulation
intrinsèque. De plus, cette stratégie basée sur l’insertion d’un ou plusieurs atomes dans
le squelette d’un macrocycle peptidique devrait pouvoir s’appliquer de façon générale
pour la maturation d’affinité de peptides cycliques évolué in vitro.

Dans mon deuxième projet, j’ai voulu améliorer encore un peu plus l’activité de l’inhi
biteur du FXII décrit dans le paragraphe précédent ainsi qu’augmenter sa stabilité pro
téolytique. J’ai pu atteindre ces deux objectifs en générant d’autres substitutions avec
des acides aminés non naturels ce qui a eu pour résultat la mise à jour d’un peptide ayant
une activité à des concentrations sub nanomolaires contre les protéases FXII chez
l’homme et la souris (respectivement 370 et 450 pM). D’autre part, le nouveau peptide a
une très grande stabilité (t1/2 > 128 ± 8 h dans du plasma) ce qui a permis son évaluation
préclinique. Il a été prouvé que l’inhibiteur bloque efficacement la coagulation intrin
sèque dans le plasma sanguin de l’homme, la souris et le lapin. J’ai également démontré
que le peptide pouvait réduire les thromboses induites expérimentalement dans des sou
ris en utilisant le chlorure ferrique et que la coagulation du sang était inhibée dans un
modèle de poumon artificiel chez le lapin, le tout sans entraîner de risque de saignement.
Ces données attestent que l’activité du FXII peut être modulée avec un inhibiteur syn
thétique et que la version optimisée de notre peptide bicyclique est prometteuse pour la
protection contre les thromboses ainsi que d’autres complications médicales.

Dans le dernier projet, j’ai cherché à améliorer l’activité et la stabilité d’un peptide bicy
clique inhibiteur de MMP 2. MMP 2 est impliquée dans le développement des tumeurs
et des métastases. A cause de la grande similarité structurale entre MMP 2 et d’autres
MMPs, le développement d’un inhibiteur sélectif n’a jusque maintenant pas été possible.
En utilisant de nouveau des substitions avec des acides aminés non naturels, j’ai pu à la
fois augmenter l’affinité et la stabilité des peptides sélectionnés lors des campagnes de
sélection de phage. Le meilleur peptide résultant de ce travail a un Ki de 1.9 nM et une
stabilité de 4.4 h ce qui en fait un outil de recherche prometteur.
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Key words: Peptide, chimie medicinale, macrocycle, acide aminé , Facteur de
coagulations XII, anticoagulants, thrombose, Chlorure ferrique, poumon artificiel,
ECMO, MMP, acide aminé D, hydroxamate
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Peptides are defined as molecules consisting of two or more amino acid monomers
linked together with peptide bonds. There is not a clear upper limit for the number of
monomers, but in general peptides are considered to have less than 50 amino acid resi
dues. As a molecular format for drug development, peptides represent a promising class
as they possess many desirable inherent properties. Peptides can bind their targets with
high affinity, due to the relatively large contact area made with the target, which also
renders peptide binders highly target specific as well as enabling the targeting of protein
protein interactions (PPI) (1). Moreover, peptides are readily available through solid
phase peptide synthesis (SPPS) which enables an efficient development. Furthermore,
peptides as well as their metabolites, generally have low toxicity, minimizing the risk of
negative side effects in therapy.

Figure 1. Peptides generally possess properties of both small molecule drugs and biologics. Reprinted with
permission from (2), © 2014 American Chemical Society.

Peptides are often described as a drug class filling the gap between traditional small
molecules and the protein based drugs (Figure 1) (2). In one aspect this is related to their
molecular size, which ranges from 500 to 5000 Da, hence occupying the space in between
Lipinski “rule of five” following (3) small molecules and proteins. On the other hand,
this is also true for their inherent properties. Peptides are indeed combining advantages
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of the two classes for example the strong and specific binding of protein based drugs
such as monoclonal antibodies with the synthetic availability of small molecules (4, 5).
Unfortunately, also some limitations of the two classes are retained. Like small mole
cules, they have short biological half lives. As for antibodies, peptides can in general not
be used for intracellular targets and are, with few exceptions, requiring administration
by injection.

Many peptides drugs are natural products or derivatives thereof. Most of the approved
peptide drugs can be broadly divided into two groups, peptides with human hormones
as lead compounds or peptides acting on other targets for example the antimicrobial
peptides (AMP). This chapter will mainly focus on hormone derived peptide drugs
whereas other types will be described in chapters 1.1.3 and 1.2.1.

In humans, many peptides function as hormones, but can also play other roles such as
neurotransmitters, growth factors and antimicrobial agents (4, 6). As such, peptides are
ligands formany types of receptors such as G protein coupled receptors (GPCR), growth
factor receptors and ion channels. Peptides are often agonists of various signal transduc
tion pathways. Hormones are produced and secreted in different organs such as the pi
tuitary gland and the pancreas (7). Common peptide hormones include oxytocin, which
plays a role in child birth, vasopressin, which controls the osmotic pressure of body flu
ids and somatostatin, a regulator of the endocrine system (8–10).

Given their important roles in human physiology, many naturally occurring peptide
hormones have been used as lead compounds for therapeutic development (Table 1).
Peptide drugs have been developed for many different therapeutic areas, including on
cology, cardiovascular diseases, multiple sclerosis and diabetes. The most prominent
peptide drug derived from a hormone is insulin, the blood glucose controlling hormone.
Insulin is sometimes excluded from the category of peptide drugs due to its size of 51
amino acids, but is included here because of its importance. Over 400 million patients
worldwide suffer from diabetes and are taking insulin daily (11). It was originally iso
lated from pig pancreas and introduced to the market as the first peptide therapeutic in
the 1920s. In the 1980s, technological advancement had made it possible to recombi
nantly produce human insulin which then replaced the animal derived insulins. Today
a number of different insulin analogues are on the market. The native amino acid se
quence has been altered in order to engineer fast acting or basal insulin derivatives (Fig
ure 2). The fast acting analogues are constructed with the purpose of forming less self
aggregates, and hence give a more rapid response after food intake. Examples of fast
acting insulin analogues include lispro, aspart and glulisine (12). In contrast, basal insu
lin analogues are slow acting, mimicking steady secretion from a functioning pancreas.
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Table 1. Approved peptide therapeutics which have used peptide hormones as lead compounds

Hormone lead Peptide drug

Insulin

Insulin
Lispro
Aspart
Glulisine
Glargine
Detemir
Degludec

Vasopressin

Vasopressin
Felypressin
Ornipressin

Desmopressin
Terlipressin

Oxytocin
Oxytocin
Atosiban
Carbetocin

Somatostatin

Somatostatin
Octreotide
Lanreotide
Pasireotide

Adrenocorticotropic hormone
Corticotropin
Tetracosactide

Calcitonin
Calcitonin
Elcatonin

Gonadotropin releasing hormone

Busrelin
Leuprorelin
Triptorelin
Goserelin

Gonadorelin
Nafarelin
Histrelin
Deslorelin
Cetrorelix
Ganirelix
Abarelix
Degarelix

Tesamorelin
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Thyrotropin releasing hormone Taltirelin
Vasoactive intestinal peptide Aviptadil
Brain natriuretic peptide Nesiritide
Parathyroid hormone Teriparatide

Amylin Pramlintide
Bradykinin Icatibant

Glucagon like peptide 2 Teduglutide
melanocyte stimulating hormone Afamelanotide

Glucagon like peptide 1

Exenatide
Liraglutide
Lixisenatide
Albiglutide
Dulaglutide
Semaglutide

Uroguanylin Plecanatide

In this case the peptide sequence has been altered in order to reduce solubility and
thereby prolong the release of the drug from the injection site into the blood stream.
Insulin glargine is an example of this approach, a highly successful therapeutic among
the top 10 selling drugs worldwide (2016 sales: 6.3 billion EUR = 7.5 billion USD) (13).
Insulin detemir and degludec instead use fatty acid conjugation to prolong the plasma
half life. More recently, research has focused on developing a glucose responsive insulin
(14).

Figure 2. Sequences of human insulin and insulin analogues that have been approved and used for treat
ment of diabetes. Sequence differences between human insulin and the insulin analogues are highlighted in
yellow. Residues involved in disulfide bridges are highlighted in red. Reprinted with permission from from
(12), reprinting license nr. 4261840423681, © 2016 Macmillan Publishers Limited.



7

Besides insulin, the glucagon like peptide 1 (GLP 1) analogues also account for a large
portion of the peptide drug sales, with combined sales of 4 billion USD in 2014 (6). GLP
1 and analogues regulate blood glucose levels by stimulating insulin secretion (15). In
contrast to insulin, this hormone cannot be administered in its native form due to rapid
proteolytic degradation by dipeptidyl peptidase IV (DPP IV). Instead peptides derived
from the saliva of the Gila monster, a venomous lizard native to North America, which
act as GLP 1 agonists and are resistant to degradation by DPP IV, are used andmarketed
as exenatide and lixisenatide (Figure 3) (16). The best selling GLP 1 analogue is lirag
lutide, with annual sale of around 2.5 billion USD. Liraglutide is the native sequence of
GLP 1 with point mutations and fatty acid conjugation, which improve its pharmacoki
netic properties (17). Albiglutide and dulaglutide are fusion proteins of native or point
mutated GLP 1 fused to human albumin and Fc fragment respectively. Formally the two
are not classified as peptide drugs. All GLP 1 analogues were approved within the last
12 years. The latest addition to the GLP 1 analogues is semaglutide, whichwas approved
by the FDA in December 2017 (18). This peptide includes non natural building blocks
and is conjugated with a fatty acid (19). The modifications increase biological half life
even further compared to liraglutide and would allow for once weekly administration.

Figure 3. Sequences of native GLP 1 and approved analogues for treatment of diabetes.

Another example of a hormone derived peptide drug is octreotide, an analogue of so
mastostatin approved in 1988 used to treat acromegaly and cancer. Octreotide is one of
the best selling peptide drugs with an annual sale of more than 1.6 billion USD in 2016



8

(20). Besides somatostatin, several other peptide hormones have served as lead com
pounds for therapeutic peptides including parathyroid hormone, vasopressin, gonado
tropin releasing hormone and oxytocin. Extensive medicinal chemistry approaches are
often required in order to yield drug like compounds. Interestingly, the top selling non
insulin peptide drug is not derived from a hormone. Glatiramer, marketed by Teva as
Copaxonewas discovered serendipitously. It is a complexmixture of peptides of various
length containing amino acid residues alanine, lysine, glutamic acid and tyrosine (21).
Glatiramer is used to treat multiple sclerosis and it had annual sales in 2016 of 4.2 billion
USD (22).

Many of the approved peptide therapeutics are analogues of natural hormones which
have undergone medicinal chemistry approaches in order to tackle the intrinsic limita
tions of the molecular format. Much work is being performed within this field of peptide
therapeutics and innovative approaches of chemically modifying peptide lead com
pounds is thought to be crucial for future development of peptides aiming at other tar
gets than hormone receptors (23). Recent development of peptide drugs has shifted the
focus from hormone derived analogues to peptides with novel molecular targets. These
include cell surface receptors, antimicrobials, ion channels, structural proteins and en
zymes (24).

As highlighted by the examples above, several peptide drugs are so called “block
busters” with annual sales exceeding 1 billion USD. As of 2016 there are about 60 peptide
drugs in the clinic, the exact number depending on the definition. Moreover around 170
are in clinical development and another 200 in preclinical development (6). These num
bers suggest that there is substantial development in the field and that peptides as drug
format is considered as promising, despite the fact that the “low hanging fruit” in terms
of hormone based peptide drugs have already been highly developed (25). The total sales
of peptide based therapeutics, including insulin, is estimated to around 50 billion USD
in 2015, which accounts for 5% of the total worldwide pharmaceutical market (6). The
insulin derivatives are accounting for more than half of the total sales of peptide drugs.
The two dominant therapeutic areas for which peptide drugs are used are metabolic
disease and oncology (4). These areas are expected to grow further in the western world
due to life style and aging populations. The annual growth rate of peptide drug sales is
estimated to 9 10%. The number of peptide molecules entering clinical development has
been constantly increasing since 1990 (Figure 4) (24), with peak values of around 30 in
2010. However, in the last years these numbers are declining and will probably settle at
a value of around 20 peptides entering clinical development each year. This trend reflects
the saturation in the development of relatively straight forward hormone based ana
logues for validated targets but is counterbalanced by new innovative strategies of pep
tide drug development.
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Figure 4. Cumulative number of peptides approved in major pharmaceutical markets and the number of
peptides entering clinical development. Entry into clinical development is defined as the year of the first
Phase 1 or pilot human study. Reprinted with permission from (24), © 2017 Elsevier Ltd.

Cyclic peptides have a number of advantages over linear peptides. First, cyclic peptides
can generally bind to their targets with higher affinity. The cyclization constrains the
backbone, which reduces conformational flexibility. The peptide can then be pre orga
nized toward its biologically active conformation and thereby improving binding affin
ity by reducing the entropic penalty upon target binding. Second, cyclic peptides are
often less prone to proteolytic degradation as compared to linear peptides (1). The cyclic
structure makes the peptide less accessible to proteases. Third, cyclic peptides bindmore
specific to their targets. This is also related to their reduced conformational flexibility.
Cyclization is also used as a tool in the pursuit of making peptides beyond the rule of
five having oral availability and cell permeability (26). While often native cyclic peptides
are used as lead compounds also the conversion of linear peptides to cyclic analogues
has been demonstrated (27).

New cyclization techniques as well as various novel screening platforms, the latter cov
ered in the next chapter, propel the discovery of new cyclic peptide therapeutics (28).
Generally, cyclic peptides can be constructed in four different formats namely: head to
tail, head to side chain, side chain to tail or side chain to side chain (Figure 5) (29).
Head to tail cyclization can mostly be readily achieved via peptide bond formation, but
also other reaction types can be used such as native chemical ligation (NCL) or
Staudinger ligation. For side chain cyclization a wide range of chemistries have been



10

utilized including disulfide bridge formation, ring closing metathesis and azide alkyne
cycloadditions (30). An interesting approach in order to render more stable disulfide
cyclized peptides by introducing a thioacetal was recently reported (31). This modifica
tion is prolonging the biological half life ofmodel peptideswithout compromising target
binding.

Figure 5. Four different approaches can be used in order to construct macrocyclic peptides. The different
strategies can be used in combination for constructing multicyclic peptides. Reprinted with permission from
from (29), reprinting license nr. 4262470475054, © 2011 Macmillan Publishers Limited.

Oxytocin is an example of a cyclic peptide drug, which has been used in the clinic for a
long time (Figure 6). It was the first peptide hormone to have its sequence determined
and to be synthesized (32, 33), efforts for which Vincent du Vigneaud was awarded the
Nobel prize in 1955 (34). The main biological function of oxytocin, which has been used
in therapeutic purposes, is the induction of contraction of smooth muscles in the uterus
during labor. This function has been exploited for promoting contractions during late
stage of labor and for the prevention of postpartum hemorrhage (35). Oxytocin is how
ever also active as a neuropeptide, influencing behavior. It has therefore recently been
evaluated as a potential treatment for psychiatric disorders, including autism (36, 37).

An important class of peptide drugs are the AMPs. A majority of these peptides have a
cyclic structure. The most well known examples include the nonribosomally synthe
sized peptides vancomycin and cyclosporine A. The former was first isolated in 1957
from the bacteria Streptomyces orientalis and is used today to treat infections caused by
methicillin resistant Staphylococcus aureus (MRSA) (38). Several nonribosomally synthe
sized AMPs have been isolated, mainly from bacteria, including approved drugs such
as polymyxin B and gramicidin C (39). More recently also ribosomally synthesized
AMPs from different sources such as human, pig, frog and plants have been used as
lead compounds and are in clinical trials for different applications (40, 41). New devel
opment of AMPs use various types of optimization of the naturally derived lead com
pounds (42). Cyclosporin A (Figure 6) was isolated 1970 from the fungus Tolypocladium
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inflatum. It was first evaluated for its antifungal properties but is now widely used as an
immunosuppressant following organ transplanantation, for which it was approved by
the FDA in 1983 (43).

Figure 6. Chemical structures of three approved cyclic peptide therapeutics derived from different sources.
Oxytocin is the native peptide hormone, cyclized through a disulfide bridge. It was the first peptide hor
mone to have its structure determined and to be chemically synthesized. Oxytocin was first approved in
1962. Cyclosporin A is a natural product found in fungus. It is head to tail cyclized and heavily N methyl
ated, which renders it orally available, a very rare property of a peptide therapeutic. Linaclotide is a deri

ative of a bacterial toxin, cyclized through three different disulfide bridges.

Several cyclic peptides have been approved as drugs in the last decade (44). This includes
the three antibacterial peptides telavancin, dalbavancin and oritavancin, all belonging to
the same class of molecules as vancomycin. Pasireotide, approved 2012, is a somastosta
tin analogue similar to lanreotide and octreotide, but with tailored receptor specificity
for the sst1 and sst5 receptors, rendering it suitable for treatment of different tumor types
and Cushing’s disease (10, 45). Interestingly, during the medicinal chemistry approach
the disulfide bond was removed and instead head to tail cyclization is employed. This
is likely contributing to the largely increased half life of 12 h. Another interesting exam
ple is linaclotide, which was approved in 2012 for the treatment of constipation domi
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nant irritable bowel syndrome (Figure 6) (46–48). Linaclotide is a derivative of the bac
terial enterotoxin ST of E.coliwhich causes diarrhea. ST is an agonist of guanylate cyclase
C (GC C), a membrane spanning enzyme expressed on the luminal surface of epithelial
cells in the intestine. Activation of this enzyme leads to chloride secretion and increased
colonic transit. ST and linaclotide contain three disulfide bridges constraining confor
mation and providing proteolytic stability. Linaclotide is a truncated version of ST also
containing amino acids substitutions rendering it even more proteolytcally stable. The
intestinal location of GC C facilitates oral administration of linaclotide although the pep
tide is not orally available. GC C is also activated by two endogenous receptor agonist
peptide hormones guanylin and uroguanylin. In contrast to ST and linaclotide they con
tain only two disulfide bonds. Uroguanylin was used as a lead peptide in order to de
velop plecanatide (approved in 2017), differing only one amino acid form the native se
quence (49, 50). Plecanatide is thought to be superior to linaclotide in the sense that it is
actually a less potent agonist, therefore resulting in less side effects such as diarrhea. A
wide range of cyclic peptide are in clinical development and it can be expected that many
more will be approved.
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Historically, the most common strategy for developing peptide drugs has been to select
a peptide with known biological effect as lead compound. This strategy has been de
scribed by several examples in chapters 1.1.2 and 1.1.3 of this thesis andmedicinal chem
istry approaches will be discussed in chapter 1.3. In this chapter examples of peptides
from natural sources other than hormones and antimicrobial peptides are discussed.

A traditional source of bioactive peptides is venomous organisms. The conotoxins are
one of the most prominent examples within this class. They are highly constrained pep
tides, containing several disulfide bridges and post translational modifications, derived
from cone snails (51, 52). Conotoxins generally target receptors and ion channels in nerv
ous and muscle tissue. Ziconotide is a conotoxin approved by the FDA in 2004 for the
treatment of chronic pain. Orally available conotoxins have been constructed by head
to tail cyclization and the format is considered promising for therapeutic applications
(53, 54).

Other well known peptides isolated from natural sources include chlorotoxin, a 36
amino acid cysteine knot peptides found in scorpion venom (55, 56). The peptide has
found application due to its tumor targeting abilities. Bivalirudin is a 20 amino acid di
rect thrombin inhibitor which was developed using the hirudin peptide found in the
saliva of medical leaches as a lead compound (57, 58). Linaclotide and exenatide/lix
isenatide as described above were derived from a bacterial toxin and saliva from the Gila
monster respectively.

An interesting source which has been exploited is the cyclotides. These are a family of
plant derived head to tail cyclized peptides of around 30 40 amino acids (59, 60). The
peptides contain six cysteine residues which are oxidized to form three disulfide bonds
which form a cyclic cysteine knot topology (Figure 7) (61). This motif yields a very rigid
structure, which is stable to thermal and chemical degradation as well as to proteolytic
cleavage. Notably the highly stable structure also has the potential of rendering the cy
clotides orally available (62). Cyclotides hence possess several intrinsic properties which
overcome some severe limitations of peptide drugs. This makes them very interesting as
lead compounds. The biological function of cyclotides is not yet fully understood but the
primary intrinsic function is hypothesized to be host defense (63). For example, the first
identified cyclotide, kalata B1, isolated from Oldenlandia affinis of the Rubiaceae family,
has been shown to cause mortality in budworms. Kalata B1 has been used as indigenous
medicine in Africa, were women drank tea made from Oldenlandia affinis to accelerate
childbirth. This highlights the thermal stability and oral availability of the cyclotides.
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While some cyclotides can be used for pharmaceutical applications as their native se
quence, most recent applications focus on grafting biologically active peptide sequences
identified by other techniques onto the cyclotide scaffold. The mostly utilized cyclotides
for grafting are kalata B1 and momordica cochinchinensis trypsin inhibitor (MCoTI).
Some recent and interesting examples include the development of a coagulation factor
XII (FXII) inhibitor by substrate screening and grafting onto a MCoTI scaffold (64), an
orally active bradykinin receptor antagonist developed by grafting a known antagonist
peptide sequence onto kalata B1 (65) and a MCoTI graft which acts on intracellular tar
gets, inhibiting p53 degradation (66).

Figure 7. Primary and tertiary structures of cyclotides Kalata B1 (PDB ID:1NB1) andMCoTI II (PDB ID:1IB9)
belonging to the Möbius and trypsin inhibitor subfamilies respectively. The sequence of kalata B8, a hybrid
cyclotide isolated from the plantO. affinis, is also shown. Conserved Cys and Asp/Asn (required for cycliza
tion) residues are marked in yellow and light blue, respectively. Disulfide connectivities and backbone cy
clization are shown in red and by a dark blue line, respectively. Adapted with permission from (61), reprint
ing license nr. 4262540872131, © 2017 Wiley VCH Verlag GmbH&Co

Inhibitors of PPI can be designed rationally based on peptide sequences at the interface
of interacting proteins (67). At the interaction sites, proteins frequently havewell defined
secondary structures. The mimicking of these interacting epitopes is often useful in the
development of drugs aiming at challenging targets such as PPI. The term
“peptidomimetics” is sometimes used to describe such compounds. There is no clear
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rule to define peptidomimetics, however recently, a classification system was proposed,
in order to group the different types together (68). In this chapter I will describe
peptidomimetics having a peptide based scaffold, which are mimicking the binding
epitopes of proteins, mainly with a focus on secondary structure. Small molecule
peptidomimetics will be excluded. The chapter will include medicinal chemistry
approaches which aim at introducing or locking secondary structures. Some of this work
is related to backbone modifications, which is a broader field also serving other
purposes, but will be included in this chapter.

A common binding motif which is often found as a key mediator in PPI is the helix
(69). Therefore peptide sequences having an helical conformation, derived from a
protein, are attractive as ligands of therapeutic targets (70). Shorter peptides are however
not stable in their helical conformation in solution (71) and many strategies have been
developed in order to lock them in the correct conformation for binding. One of the most
well known approaches for locking peptides in a helical conformation is peptide
stapling. The principle works by selecting two residues that have side chains pointing
towards the same face of the helix and connecting them covalently. The residues which
are normally stapled together are i and i+3, i+4, i+7 or i+11. Different chemistries have
been utilized in order to achieve the covalent linkage, with the most common being an
all hydrocarbon cross link achieved through the incorporation of unnatural amino acids
undergoing olefin ring closing metathesis, first established by Verdine and co workers
(Figure 8A) (72). The length of the side chain in the staple can be varied depending on
the distance of the connected residues. The properties of the stapled peptide are further
tuned by varying parameters such as staple position, stereochemistry and number of
staples. Lately computational tools have been used in the design of stapled peptides (73).
Hydrocarbon stapled peptides can be generated readily on automatic peptide
synthesizers and have been developed for a range of targets, both intracellular and
extracellular (74, 75). In addition, the stability of peptides is often improved upon
hydrocarbon stapling. Other peptide stapling strategies involving only the side chains
of the peptide building blocks include amide bond formation, azide alkyne cyclo
addition, disulfide bridge or thioether bond (Figure 8) (76).

A slightly different approach in which the N terminal intramolecular hydrogen bond is
replaced by a staple, termed ‘hydrogen bond surrogate’ has recently been established
and shown to stabilize helicity (77). Some stapling techniques involve building blocks
external to the side chains such as photoswitchable linkers or double azide alkyne cyclo
additions (76, 78). One interesting approachwas recently reported inwhich thiol reactive
linkers were used to generate peptides stapled through two cysteine residues in fixed
positions in a phage display library (79). Using this strategy helical binders to
catenin were developed. Stapled peptides have also been shown compatible with and
optimized using one bead one compound (OBOC) libraries (80). Recently the tight
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binding of the helix in a PPIwas exploited byHuhn and co workes to develop covalent
inhibitors to block the anti apoptotic interaction of BH3 and BFL 1 (81). The group of
Fairlie have also utilized peptide stapling for helix enhancement in their development
of more potent analogues of GLP 1 and covalent inhibitors of Bcl2 (82, 83).

Figure 8. Overview of different chemistries utilizing only amino acid building blocks for peptide stapling.
(A) Olefin ring closingmetathesis (B) Peptide coupling (C) azide alkyne cyclo addition (click chemistry) (D)
Disuflide bridge formation (E) Thioether formation

Another well known class of peptidomimetics is the foldamers, which possess inherent
propensities for forming secondary structures and are often used to mimic helices. In
this case mainly backbone modifications lead to a stabilization of the helix. The concept
was introduced in the 1990s, where it was found that peptides composed solely of
amino acids folded into helical structures (84). Based on their substitution pattern on the
carbon atoms 2 and 3 the beta amino acids can be divided into the types 2, 3 and 2,3

(Figure 9). The introduction of amino acids also renders the peptides highly stable
towards proteolysis. However, the peptides do not form helices and as a
consequence their side chains do not resemble the same patterns as of helical peptides.
With the purpose of developing peptides adopting the native helical formation yet
stable to proteolysis, Gellman and co workers designed hybrid peptides composed of
and amino acids (85). If the distribution and proportion between the two building
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blocks is properly chosen, the resulting peptide very closely resembles an helix.
Patterns such as , , and have been found by crystallography to form
helical secondary structures. The hybrid formats of / , / , / peptides as well as

the different types of amino acids together with the introduction of the helix inducing
unnatural building block amino isobutyric acid (Aib, Figure 9) provides a high level of
diversity for foldamers (86). Peptide based foldamers have been generated against a
wide range of therapeutic targets and provide a promising format for further
development (87).

Figure 9. (A) Backbone replacements of the amide bond utilized in foldamers. (B) Modifications of the side
chains on building blocks in foldamers. (C) Constrained building blocks and amino acids for secondary
structure stabilization Reprinted with permission from (88) reprinting license number 4270191028188, ©
2014 The Royal Society of Chemistry.

In the generation of foldamers, not only amino acids have been used for backbone
modifications. The replacement of amide bonds in the peptide backbone with ester,
thioester, thioamide, alkene or triazole heterocycles influence the hydrogen bonding
patterns of the structure and can be used to design foldamers with enhanced properties
(Figure 9) (88). Conformationally constrained cycloalkane or amino acid building
blocks have also been used in the backbone to stabilize either helical or sheet secondary
structures (87, 88). In one recent example, Grison and co workers design a mimic of the
p53 helical structure using an alternating sequence of trans 2
aminocyclobutanecarboxylic acid and amino acids (89). The peptides were designed
so that interaction forming residues would remain in the same position as in the native
p53. The constructed peptides efficientlymimicked the helical structure, were resistant
against proteolysis and displayed strong target affinity. In a similar approach 5
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membered thiazole based amino acids were used by Mathieu et al. in an alternating
fashion to induce helical conformations (90).

While one focus of backbone modification has been secondary structure mimicking, the
strategy can at the same time be used for improving proteolytic stability of peptide, as
highlighted by Gellman and others (85). In a systematic study of 4 commonly used
backbone modifications (N methylation, C methylation, amino acid incorporation
and D amino acid incorporation) Werner et al. found significant differences between the
modifications in the ability to protect a peptide sequence against degradation (91). The
most efficient modification was the introduction of D amino acids. Also the position of
the backbone modification influenced the level of protection. Interestingly, the C
methylated Aib also provided a high level of protection, hence there might be a demand
of methylated amino acids bearing natural (or unnatural) side chains for target
interactions. However, the study used an artificial peptide sequence and only
chymotrypsin as proteolytic pressure, therefore the results are not fully representing
degradation of biologically active peptides in blood plasma, but could be considered as
an indication of how to effectively improve proteolytic stability. A simple yet very
efficient backbone modification is the replacement of a peptide bond with a thioamide
bond near or at the proteolytic cleavage site. This approach was recently utilized to
improve the stability of therapeutically relevant peptides GLP 1 and gastric inhibitory
polypeptide (GIP) (92). A single backbone modification improved the stability of these
peptides 750 fold as compared to the native sequences, without compromising the
biological activity.

The group of Cai have used extensive backbone modification for generating a new class
of peptidomimetics; AA peptides (Figure 10) (93, 94). The construct was inspired by
the structure of peptide nucleic acids (PNA) in which the bases are attached to the
nitrogen atom in a N (2 aminoethyl) glycine backbone. The AA peptides consist of
such building blocks with functionalities introduced via side chains at the nitrogen atom
and at the carbon. The peptides are built up using SPPS andmacrocyclic structures can
be achieved through various approaches such as head to tail cyclization or thioether
linkage (95). This molecular format is highly stable and has been shown tomimic various
properties of biologically active peptides, such as cell penetration and helical structures.
Moreover, combinatorial libraries of AA peptides have been constructed using the
OBOC approach and peptidomimetics against several targets have been isolated.

Other notable backbone modifications of peptides include the replacement of the
carbon by nitrogen which renders azapeptides. The peptides can be constructed having
a side chain attached to the nitrogen in position or without side chain. Introduction of
azapeptide bonds induces turn motifs and proper incorporation can be identified by
“azascan” (96). A number of other strategies for backbone extension incorporating
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heteroatoms have also been demonstrated such as aminoxypeptides,
hydrazionpeptides and aminoxypeptides.

sheet mimetics are less common in the literature as compared to helix mimetics but
strategies to induce and stabilize this secondary structure in peptidomimetics exist.
Three general approaches are common namely the use of turn mimetics,
macrocyclization and strand enforcing amino acids (68). Turn inducing amino acids
that have been used include L Pro, D Pro and Gly. Also conformationally restricted
bicyclic dipeptide building blocks have been used for this purpose (97).

Figure 10. (A) The synthesis of the AA peptides is performed using metal catalysis and standard peptide
solid phase chemistry. The diversity of the library is introduced via the side chain of the building block as
well as through the reactionwith a wide range of commercially available carboxylic acids or acetyl chlorides.
(B) The N protected building blocks are available through two synthetic routes. Reprinted with permission
from (93), © 2016 American Chemical Society

Peptide therapeutics can be developed de novo by screening large libraries of peptides
with random sequences. A number of display systems have evolved in order to facilitate
the screening of large peptide libraries. In general an in vitro display system consists of
three steps: the generation of a combinatorial library where phenotype is linked to gen
otype, multiple rounds of biopanning and identification of the selected compounds (98).
The system most used is phage display. In phage display the DNA of bacteriophages is
modified so that a combinatorial peptide or protein sequence is fused to one of the coat
proteins on the surface of the phage (Figure 11). A random library can be constructed
using NNK codons, the size and structure of the library can be selected according the
type of the desired molecular format. In this way phenotype (displayed peptide) is
linked to genotype (DNA of phage). The diversity of a phage display library is typically
around 109 1011, and libraries are required to be designed accordingly in terms of size.
Two different coat proteins are normally used; pVIII which can display multiple copies
of the combinatorial peptides or PIII which displays 1 5 copies. The phage library is typ
ically screened against an immobilized protein target and several rounds of biopanning
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ensure the enrichment of binding clones. These are subsequently DNA sequenced, lately
by next generation sequencing (NGS) which allows for thorough sequencing and analy
sis of the output phage pool. Phage display has been used extensively for the identifica
tion of binders to therapeutic targets and has yielded over 40 biological drug candidates
which have entered clinical trials, out of which most are monoclonal antibodies (99). A
number of the phage display identified biologicals have been approved as drugs, includ
ing Adalimumab, the world’s best selling drug with annual revenue of 16.1 billion USD
in 2016 (100). Phage display of peptide libraries have also yielded drugs which are used
in the clinic, for example romiplostim, trebananib and peginesatide, the latter however
withdrawn (44, 99, 101).

Figure 11. In phage display a combinatorial library of peptides is displayed on the coat protein of a filamen
tous phage. The peptides are encoded by DNA encapsulated in the phage. Generally, libraries are subjected
to several rounds of selection against an immobilized target. After each round, binders are amplified by
infection of bacteria. Hit sequences are identified by DNA sequencing.

With the purpose of overcoming the intrinsic limitations of peptide drugs and to en
hance binding, a number of strategies have been introduced into phage display. Chem
ical modifications and various cyclization techniques have been utilized (102). Some no
table innovative approaches of using phage display include the modification of peptides
with carbohydrates (103) and encoding of peptide modifications using silent barcodes
(104). Mirror image phage display is another technique which has been used to develop
D antagonists to HIV and cancer related targets (105, 106). A bicyclic peptide format has
been used together with phage display for developing ligands for a wide range of targets
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and will be reviewed in detail in chapter 1.3. Other in vitro display methods which uti
lize a cell based system are bacteria and yeast display, in which peptide libraries are
displayed on the cell surface.

In vitro displays systems which omit the use of a cell based platform are also available.
In mRNA display the combinatorial peptides are fused to their encodingmRNA directly
(Figure 12A). In contrast to phage display, these approaches do not require a transfor
mation step, which is the main limitation for diversity (98). mRNA display libraries can
readily reach a diversity of 1013. These systems also have another major advantage over
phage display, which is the potential of incorporating unnatural building blocks directly
in the combinatorial library. This potential has been widely exploited by Suga and co
workers by the development of the FIT and RaPID systems which allow for the in vitro
selection of peptides incorporating virtually any natural or unnatural amino acid (107,
108). The core of the FIT system are artificial ribozymes, ‘flexizymes’, which allow trans
esterification of the 30 hydroxy group of tRNA with an activated amino acid of choice.
When combined with an mRNA display system it is called RaPID. This approach has
been used to identify peptides to different therapeutic targets, macrocyclic peptides us
ing various cyclization chemistries and peptides likely to be cell permeable (109–111). A
different in vitro screening technology termed ‘split intein circular ligation of peptides
and proteins’ (SICLOPPS), utilizes the split intein mechanism to generate libraries of cy
clic peptides expressed intracellularly (112). This approach is particularly powerful
when used in a reverse two hybrid system, for example in E. coli.

One approach which in contrast to the above mentioned in vitro screening platforms
does not use any biological system is the OBOC library (Figure 12B) (113, 114). Here
combinatorial peptide libraries are synthesized on solid support using the split and pool
technique. This allows for a high diversity and for the incorporation of unnatural build
ing blocks. Similar to the in vitro techniques the libraries are screened and binders iden
tified. This can typically be done either by Edman sequencing, mass spectrometry or
lately by DNA encoding (115). For example the OBOC technique has been used to dis
cover tumor targeting peptides (116).

Several de novo developed cyclic peptides are present. Polyphor has used a protein
epitope mimicking (PEM) discovery platform to develop cyclic peptides for various tar
gets (117, 118). This was done by grafting pharmacophores of naturally occurring host
defense peptides onto PEM scaffolds followed by iterative synthesis and optimization.
Murepavadin and balixafortide are antimicrobial and anti cancer compounds developed
using this technology. Other de novo developed cyclic peptides include APL 2, ALRN
6924 and RA101495 (44). The peptides were developed by phage display and mRNA
display technologies.
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Figure 12. (A) Overview of the mRNA display in vitro selection process. After transcription of the library,
the mRNA is modified with puromycin at the 3’ end. Upon translation of the mRNA, the peptide is cova
lently bound to the mRNA that encoded it. The mRNA is then reverse transcribed to cDNA and selection
is performed against an immobilized target. The mRNA portion of this display construct is then reverse
transcribed. The bound peptides are eluted and their encoding DNA is then amplified by PCR, thus com
pleting the first round of selection and amplification. (B) OBOC libraries can be readily constructed using
traditional combinatorial chemistry employing split and pool synthesis. The modular nature of amino acids
makes it ideal for peptide libraries, but the technique can be used for any type of modular chemistry. The
solid support, consisting of beads, is split into equal parts which is each reacted with a different reagent.
The beads are then pooled together and subsequently split again and reacted with another building block.
These steps are repeated until the desired size of the library is reached. The library is then screen against a
target and binding compounds are identified, for example using a DNA tag or by MS. A reprinted with
permission from (98), reprinting license number 4264261154793 © 2016 The Royal Society of Chemistry.
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While peptides have many properties that make them suitable for drug development,
they also possess several limitations which need to be overcome. Peptide lead com
pounds often have to be improved by chemical means in order to combat these short
comings. One of the most pronounced drawbacks of the peptide format is the often high
susceptibility to proteolytic cleavage, which renders peptide drugs metabolically unsta
ble. In addition, they are generally rapidly cleared from the circulation due to excretion.
Another limitation of peptide based drugs is their poor membrane permeability. This
limits the use of peptides for intracellular targets and for administration orally. As with
small molecule drugs, modifications can also be required to influence the affinity of the
peptide. Medicinal chemistry approaches are sometimes necessary in the development
of hormone based peptide drugs to tailor the affinity for certain receptor subtypes in
order to achieve the desired pharmacological effect. In a similar manner, the specificity
of peptide drugs can be adjusted with the purpose of minimizing off target binding
which can result in side effects. For de novo developed peptide lead compounds, it is
often required to improve the affinity and/or specificity of the initial hit compounds.

A number of different strategies exist for the improvement of the pharmacodynamic and
pharmacokinetic properties of peptides. The perhaps most widely used approach to ad
dress the susceptibility to proteolytic cleavage of peptide drugs is the introduction of D
amino acids. If D amino acid insertion is tolerated in terms of affinity, specificity etc. it
can be a useful strategy to render peptides less susceptible to proteolytic cleavage. The
D amino acid can be used to replace an amino acid at a known or identified proteolytic
cleavage site. As the D amino acid is not recognized by the protease, the peptide remains
intact. A different approach to protect peptides from exopeptidase cleavage is to protect
the end of the peptides. The principle is again to make the ends less recognizable by the
proteases. This can be achieved by acetylation of the N terminal and/or amidation of C
terminal. Also other alkylation chemistries can be used. Another strategy with the same
goal is to introduce or modify cyclization of the peptide backbone. Cyclic peptides are
generally more stable than linear peptides. Therefore, again if allowed in terms of target
binding, cyclization of a linear peptide lead can be useful for improving stability. Also
replacement of an existing cyclic backbone with a different cyclization chemistry can be
used. In chapter 1.2.2 backbone modifications of protein epitope mimetics were dis
cussed.Many backbonemodifications have been used to improve the stability of peptide
lead compounds. This includes the introduction of amino acids. Similarly to the D

amino acids they are not recognized by proteases. Additionally, peptide bond surrogates
are used with the same purpose (Figure 9).
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The pharmacokinetics of peptides can also be addressed using chemical modifications.
These can be based on conjugations. This includes the conjugations to larger proteins
which remain longer in the circulation such as albumin or Fc fragments, but also the
conjugation to poly ethylene glycol (PEG) of various chain length, which can largely im
prove the plasma half life of peptides. Instead of a covalent conjugation, a moiety which
binds albumin, for example a fatty acid, can be introduced in the peptide for prolonging
the half life. As shown by the basal insulin analogues, modifications which affect self
aggregation can also be used to tailor pharmacokinetics.

Different types of methylation patterns have been applied in peptide medicinal chemis
try in order to improve the properties, mainly membrane permeability, of peptide lead
compounds. One of the most common methylation sites within peptides is the amide
bond nitrogen atom in the backbone of the peptide. N methylation functionalities are
present in nature, the most common being histone N methylation, which plays an im
portant role in epigenetics (119). In this case the methylation occurs on a lysine or argi
nine side chain. No N methylated peptide bonds have been observed in mammals, how
ever non ribosomally synthesized peptides from different natural sources contain N
methylated peptide bonds. These peptides have been found to have a variety of biolog
ical functions. Most of the naturally occurring N methylated peptides are found in
sources such as fungi, bacteria or plants. Examples include enniatins, hemiasterlins, echi
nomycin and bouvardin. A well known example of a N methylated peptide is cyclo
sporine A, which has been mentioned earlier in the chapter about cyclic peptide thera
peutics. Cyclosporine A has a head to tail cyclized scaffold and 7 out of 11 peptide bonds
are N methylated. The peptide is orally available and diffuses passively over mem
branes targeting intracellular PPI. N methylation of amide bonds provide a number of
properties for peptides which are attractive in drug development. Upon N methylation
the peptides are less susceptible to proteolysis and more importantly it can increase oral
availability and cell permeability (120). However, the modification influences confor
mation of the peptide bond as well as the directions of the side chains surrounding the
N methylated peptide bond. In addition, hydrogen bonding capability is demolished,
influencing the secondary structure of the peptide. Besides N methylation, peptides are
sometimes also methylated at the carbon. However, this approach is not as common,
likely due to its synthetic complexity and lack of commercially available building blocks
(121). One methylated amino acid which is widely used is Aib (alpha methylated Ala).
As mentioned above, it is often used to induce helices but has also been used for prote
olytic stability improvement.

A different form of N alkylated peptide backbone is the peptoid format. A peptoid resi
due is a N substituted glycine with a side chain attached to the backbone nitrogen in
stead of the carbon as in normal peptides (122). Peptoids are highly resistant to prote
olytic cleavage due to the lack of backbone amide bonds. They have also been shown to
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have superior membrane permeability as compared to peptides, with up to 26 fold in
crease observed (123, 124).

While many of the medicinal chemistry strategies mentioned above are used for improv
ing stability, half life or permeability, they can also be used for improving or tailoring
target affinity and specificity of peptide drugs. When working with these properties it
can also be of great importance to vary the side chains of the peptide. By introducing
unnatural amino acids, the interactions of the peptide with its target can be strongly
influenced. A wide range of protected unnatural amino acid building blocks are com
mercially available, allowing for facile synthesis and rapid screening of peptide libraries.

Figure 13.A number of different scanning strategies are utilized in order to identify positions in the peptide
sequence susceptible for optimization, for example in terms of affinity and/or stability. (A) Alanine scan (B)
D amino acid scan (C) Proline scan (D) N methylation scan (E) Stapling scan (F) Aza peptide scan

It is sometimes necessary to identify positions within the peptide which can be targeted
by medicinal chemistry approaches. For example, proteolytic cleavage sites or pharma
cophores can be identified. A number of scanning strategies have emerged where pep
tide leads are varied systematically in order to identify important residues for binding
but also position were variations to the natural peptide structure are allowed in order to
increase stability (Figure 13) (125). The simplest method is alanine scanning, in which
single residues are mutated to alanine in order to identify the side chains responsible for
binding. Other scanning strategies include D amino acid scan, proline scan, N methyl
ated scan, lactam scan, peptide staple scan and aza amino acid scan. Many of these scan
ning techniques strive to allow for the incorporation of unnatural building blocks and/or
change to the backbone structure of the peptide. The type of scan utilized is constantly
evolving and depends on factors such as lead peptide, target, and time constraints.
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An early example that nicely illustrates the power of medicinal chemistry applied to
peptides is desmopressin, an analogue of vasopressin, the plasma osmolality regulating
hormone. Vasopressin is rapidly degraded in vivo, with a half life of only 4 20 minutes
(9). Desmopressin was developed in the 1960s and substituting the Arg 8 residue in vas
opressin to D Arg was done in order to reduce proteolytic cleavage by trypsin. In addi
tion, desmopressin also has a deaminatedN terminal, which protects from exopeptidase
cleavage. These modifications resulted in a highly stable vasopressin analogue, with an
elimination half life of more than 3 h (126). The high stability also provided a foundation
for alternative formulations such as oral or nasal (127). It is worth mentioning that the
modifications also resulted in a receptor selectivity, (desmopressin is selective for V2,
whereas vasopressin is an agonist of V1 and V2) which renders desmopressin antidiu
retic but with less vasoconstrictor activity (128). Other vasopressin analogues have been
developed in parallel with desmopressin, such as terlipressin, which retains the vaso
constrictor activity but has increased stability through natural amino acid substitution
and additions, namely Arg8 Lys and Gly Gly Gly at N term (9, 129). Extensive medic
inal chemistry approaches have been undertaken in order to tailor the receptor selectiv
ity of vasopressin analogues, including the use of unnatural amino acids (130).

Another prominent example where peptide engineering, including the use of D amino
acids, was applied to improve proteolytic stability is the development of octreotide, an
analogue of somatostatin (Figure 14). In this case, the pharmacophore of the peptide was
identified as residues 7 10 in the cyclic 14 mer (131). The cyclic structure was kept, with
two cysteine residues flanking the pharmacophore sequence (131, 132). In the sequence
Trp was replaced by D Trp. However, this peptide was initially less active than natural
somatostatin. The activity was regained by introducing D Phe at the N terminus and a
threonol building block at the C terminus in order to mimic the residues of native soma
tostatin. The half life of somatostatin is normally 2 3 minutes whereas octreotide has a
half life of 90 120 min (133). It should be mentioned though that similarly to desmopres
sin, octreotide has an altered receptor affinity profile as compared to the natural lead
peptide. Other somatostatin analogues have also been developed, in which synthetic
building blocks are included, namely lanreotide and pasireotide. Lanreotide has similar
pharmacodynamics as octreotide, whereas pasireotide was engineered to have a more
universal binding profile similar to native somatostatin (10, 134, 135). In addition to the
above mentioned pharmacophore, the developers of pasireotide identified Lys4, Phe6
and Phe11 as important for receptor activity. For improved stability it was decided to
use a hexameric peptide scaffold rather than an octamer as used in octreotide and lanre
otide. The Lys4 is incorporated as hydroxyproline aminoethylurethane residue, which
is also used for replacement of the disulfide bridge with a backbone cyclization. Phe6 is
not represented, perhaps the proline ring resembles its functionality. Phe7 is represented
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by an optimized unnatural phenylglycine, Trp8 is replaced by D Trp, Lys9 and Phe11
are kept native. Interestingly, Thr10 is not identified as essential for universal receptor
binding. This residue is however replaced by O benzyl tyrosine. More recently, work
has been undertaken to replace the Phe residues in the native somatostatin sequence by
unnatural analogues with decreased or increased electron density in the aromatic rings
(136, 137). By doing so, the authors managed to tune the receptor type affinity as well as
to improve the stability of the peptide. A further study on somatostatin analogues could
adjust the receptor specificity and antagonism/agonism by the incorporation of N imid
azolebenzyl histidine or naphtylalanine in the Trp8 position (138). In another study, the
authors incorporate alpha dialkylated residues with the purpose of constraining the
backbone of the macrocycle (139).

Figure 14. Several analogues have been developed using the peptide hormone somatostatin as lead sequence
(upper left). The pharmacophore is generally identified as amino acids F7, W8, K9 and T10. Reprinted with
permission from (135) reprinting license number 4264280910391, © 2012 Golor et al.

There are further examples where unnatural amino acids have been used to improve
pharmacokinetics. Carbetocin used oxytocin as a lead peptide and it was found that by
deaminating the N terminus and substituting the disulfide bridge with a thioether the
duration of action was increased (140). Further, the hydroxyl group of a tyrosine was



28

changed to a methyloxyl. Together these changes improved the half life more than 10
fold to 42 minutes (141). There are however some indications of changed pharmacody
namics of carbetocin as compared to native oxytocin (141, 142). Several analogues of the
nine amino acid inflammatory mediator bradykinin have been developed through ex
tensive medicinal chemistry campaigns for both agonistic and antagonistic functions as
well as receptor subtype specificity (143). Of these, the only approved drug is icatibant,
which was approved in 2008 for the treatment of hereditary angioedema (144). The pep
tide is composed out of five natural residues and five unnatural, including three proline
derivatives (145). The modifications render it proteolytically stable with a half life of 1
2 hours (146). The development of somatostatin and oxytocin analogues highlight the
rising importance of unnatural amino acids and much work is being undertaken in the
development of their synthesis and incorporation in drugs (147–149).

Systematic scanning approaches have been used to improve properties of peptides and
a few examples are discussed below. Miranda and co workers were able to substantially
improve the stability of calcitonin gene related peptide receptor antagonists by system
atically replacing labile residues by citrulline, homoarginine and other unnatural build
ing blocks (150). Frey et al studied the SAR of Bak derived peptides and were able to
improve the potency by introducing non canonical amino acids (151). Murray and co
workers used an enhanced form of the alanine scan termed multi attribute positional
scan, substituting residues of the lead peptide not only by alanine but also by representa
tive basic, acidic and hydrophobic residues (152). The authors were thereby able to im
prove properties of peptide toxin lead compounds targeting ion channels.

In an interesting approach Biron and co workers applied a N methyl scan using the so
matostatin analogue Veber Hirschmann cyclic hexapeptide as a lead compound (Figure
15) (153).

Figure 15. The Veber Hirschmann peptide (right) is a somatostatin analogue selective towards receptor sub
types sst2 and sst5, administered by injection. The pharmacophore of somatostatin is indicated in red. A
library scan of N methylated lead compounds showed that N methylation in the indicated positions re
sulted in compounds with retained affinity and oral availability. Adapted with permission from (154), ©
2008 American Chemical Society
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The objective was to make an orally available compound with retained biological activ
ity, which could potentially be used as a substitute of octreotide. By incorporating 3 N
methylations a cyclic peptidomimetic was obtained having 10% oral availability.The
lead peptide without N methylations showed no oral availability. In addition, it was
demonstrated that the N methylations increased elimination half life fivefold to 74
minutes. The same group, led by prof Kessler, have performed groundbreaking work
related to optimization of the synthesis of N methylated peptides and amino acids as
well as in the investigation of the conformational influence of multiple N methylation in
cyclic peptides (154).

The group of Lokey are performing extensive research in the field of membrane perme
ability and diffusion of cyclic peptides. They have used a library based approach syn
thesizing 1200 derivatives of natural membrane permeable peptides in order to identify
new scaffolds for cell permeability (155). In the study it was found that as expected N
methylation strongly increases permeability, but only when applied on solvent exposed
amide bonds. Also the importance of side chains is highlighted, permeability can be
achieved by introducing lipophilicity via the side chains. Similar conclusions weremade
about analogues of the orally available Sanguinamide A, where it was found that N
methylation of a solvent exposed peptide bond increased permeability and, surprisingly,
solubility (156). It should be noted that the increase in membrane permeability is highly
dependent on the position of the N methylation. Interestingly, permeability was also
influenced by the structure of a side chain adjacent to the N methylation site. Removal
of a branch in the side chain strongly increased permeability, likely due to conforma
tional flexibility.

The traditional model of a naturally originating peptide being cell permeable and orally
available is cyclosporine A. However, many other naturally occurring cyclic peptides of
different scaffolds have also recently been identified as membrane permeable by passive
diffusion, having in common with cyclosporine the heavy N methylation pattern (157).
The ability of the formation of intramolecular hydrogen bonds which are not solvent
exposed in nonpolar solvents is crucial for membrane permeability. The most permeable
compounds had every amide bond involved in either intramolecular hydrogen bonds or
N methylated. The investigations by Lokey and co workers highlight the potential of N
methylations for increasing membrane permeability, however the position is highly im
portant and other parameters such as the lipophilicity and conformation of side chains
also have a strong influence. The side chains can be used to shield polar regions of the
peptide and flexibility can balance hydrophobicity with solubility (158). These modifi
cations together with macrocyclization has the potential of generating orally available
peptides beyond the rule of 5.
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Naturally, modifications such as N methylation can also alter binding properties of pep
tides. Scanlon and co workers used a systematic N methylation scan to improve the
pharmacokinetic properties of a phage display derived linear peptide binding to malaria
related target AMA 1 (159, 160). Multiple N methylations indeed improved the proteo
lytic stability 30 fold, but also increased the potency of the inhibitor. As described earlier,
various medicinal chemistry approaches have resulted in the alternation of receptor
specificity of somatostatin analogues. To this end N methylation has also been used to
increase the activity for the sst5 receptor (161). In another study, Skogh et al. performed
a N methyl scan using substance P 1 7, a pain reliving neuroactive peptide, as a lead
compound (162). While N methylation, especially when present at several sites, strongly
increased the stability of the compound, its potency was diminished. These studies show
that N methylation is a useful strategy for improving permeability and stability of pep
tide lead compounds, but care has to be taken since target binding can be compromised
or altered.

There have been cases reported where systematic carbon methylation scan has been
used, but with limited success (163). A number of carbonmethylated amino acids with
side chains longer than alanine have been used in peptides to stabilize helical structures
(164). The type of helix is affected by the side chain of the amino acid. In several studies
cyclic quaternary amino acids were used to induce helical conformations (165–167).

By systematically substituting peptide residues with peptoid residues in a cyclic hex
apeptide the cell permeability was enhanced (Figure 16) (168). However, as with N
methylation, the position is highly important. The intrinsic properties render peptoids
highly flexible in their structure, which can impair target selectivity and/or binding. The
inherent structural flexibility is related to the lack of side chains in position and lack
of hydrogen bonding through the backbone nitrogen. Peptoids have been studied for
various therapeutic applications. A number of examples exits where peptoids are indeed
mimicking secondary structures such as helices, loops and turns (169). In some cases, the
flexibility of the peptoids is even beneficial for target binding. Despite the structural flex
ibility, peptoids were designed as helical mimetics incorporating natural and unnatu
ral side chains (170). Known antimicrobial peptides were used as lead compounds. The
peptoids demonstrated helicity and antimicrobial activity. As highlighted in the exam
ple above, replacing a peptide backbone with a peptoid can have beneficial effects on
membrane permeability, but also stability can be improved. Park et al. have reported an
elegant way of identifying peptoid replaceable residues within a lead peptide by apply
ing a sarcosine scan combined with alanine and proline scans (171). The resulting pep
tide peptoid hybrid showed only slight loss in activity. Likely this approach could also
be used on other peptide leadmolecules in order to identify positions were peptoid side
chains can increase binding affinity. Moreover new side chains could easily be intro
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duced in such a position. In another study a macrocyclic peptide peptoid hybrid is de
veloped through extensive medicinal chemistry approaches, allowed through the high
diversity of peptoid building blocks (172). By replacing amino acids, peptoid side chains
and N methylation, the potency of a CXCR7 inhibitor was improved by more than 230
fold. In addition, passive permeability and oral availability of 18% was achieved.

Figure 16. Substitution of N methylated peptide residues into peptoid residues increased membrane per
meability of a hexapeptide. As indicated in the lower right panel, the position is important. Reprinted with
permission from (168), © 2015 American Chemical Society

The relatively facile synthesis of peptoids has also been utilized in the generation and
screening of large synthetic libraries. Much work has been undertaken by the group of
Kodadek. Traditionally they have used OBOC peptoid libraries encoded by MS. Lately
they have been utilizing different approaches in order to facilitate screening of these li
braries. By screening several libraries with derivatives from primary hits and by obtain
ing SAR in various ways including using an equivalent of alanine scanning (peptoid
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N methyl scan) theywere able to develop sub micromolar binders toMMP 14 (173). One
limitation of such libraries is the encoding step by MS, which sometimes is not able to
identify the structure of hit compounds due to poor or complicated fragmentation. This
can limit the number and type of building blocks used in the library. To overcome this
drawback DNA encoded libraries of peptoids were recently developed (115, 174). To
gether with NGS and Fluorescence activated cell sorting (FACS) this allows for fast and
deep analysis of hit structures and for incorporation of a range of building blocks which
were previously found to be difficult to encode, such as heterocycle containing haloacids
and chloropentenoic acids.

As highlighted by the studies above, peptoids can be used in libraries to achieve an
enourmous diversity far exceeding the diversity of a peptide library. This is due to the
high availability of primary amines. Peptoids can also be used in a similar fashion as N
methylation, in order to improve stability and permeability of lead compounds. Peptide
peptoid hybrids is a promising format which can overcome intrinsic limitation of both
classes of molecules.
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As described in previous sections of this thesis there are many different strategies of
developing therapeutic peptides and a number of different formats exist. One successful
approach has been cyclization, which provides many advantages over linear peptides.
Within this peptide format there is a special branch; bicyclic peptides, on which we are
focusing in our laboratory.

As cyclic peptides in general, bicyclic peptides are also present in nature, and have been
found to be bioactive in various functions (175). The format is attractive as a newmodal
ity in drug discovery due to its increased stability and rigidity as compared to linear and
monocyclic peptides. The bicyclic structure allows for a larger interaction surface, with
out inducing too much flexibility in the scaffold and without compromising the proteo
lytic stability. Several formats and cyclization strategies have been reported for the gen
eration of bicyclic peptides, such as the combination of head to tail amide/thioether,
NCL amide/disulfide, ring closing metathesis/ring closing metathesis and others. Bicy
clic peptide lead compounds have been developed using a number of approaches in
cluding rational design, phage display, mRNA display, SICLOPPS and one bead two
compounds libraries.

The bicyclic peptide format used in our laboratory was pioneered by Timmerman et al.
who used thiol reactive scaffolds to achieve mono , bi , or tricyclic peptides via cycliza
tion through cysteine residues (176). The cyclization chemistry was highly efficient and
could be performed in aqueous conditions. Heinis et al. developed a strategy for dis
playing a library of random peptides containing three cysteine residues on phage (de
scribed in section 1.1.3) and cyclizing them using such a trifunctional thiol reactive linker
molecule, generating bicyclic peptides (177). The reaction takes place at room tempera
ture and was found to not impair phage infectivity, hence allowing for the screening of
large libraries of bicyclic peptides against immobilized targets. Having constructed the
phage library such that the cysteine residues are placed in the middle and one residue
away from each end, with 6 random amino acids between, the resulting peptide is com
posed of two macrocyclic rings connected through the organic linker (Figure 17). The
bicyclic peptides are thought to be more rigid than monocyclic peptides, having two
bonds constraining each ring (102). Moreover, both rings can potentially interact with
the target simultaneously, allowing tight binding and in a way mimicking the comple
mentarity determining regions (CDR) of an antibody (178). The recently reported devel
opment of a potent cyclic peptide as an influenza hemagglutinin inhibitor, derived from
a CDR, further supports the theory that cyclic peptides can functionally mimic CDRs
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(179). Bicyclic peptides of this format were indeed shown to have large interaction sur
faces with their target proteins, which is also likely causing their generally high target
specificity (180). They were also demonstrated to be more stable than linear or monocy
clic peptides (181).

When screening compound libraries with the purpose of identifying target binders, a
high diversity is crucial. The generation of random peptide libraries can indeed provide
an almost unlimited diversity, however the phage display format limits the number of
compounds to around 1010 due to inherent limitations of the technology (a limited num
ber of bacteria can be transformed with DNA plasmid). To further increase the diversity
of bicyclic peptide libraries, with this limitation in mind, our laboratory has undertaken
two strategies: the usage of different linker molecules and the alternation of library for
mat.

Figure 17. (A) Bicyclic peptides are formed by reacting a peptide containing three cysteine residues with a
trifunctional linker molecule (blue). (B) Three different linker molecules are used in the bicyclic peptide
libraries.

The initial linker used in the proof of concept study was tris (bromomethyl)benzene
(TBMB), which was selected due to its threefold rotational symmetry ensuring the for
mation of a unique structural isomer. It was thought that by introducing hydrogen bind
ing moieties in the linker molecule, additional target interactions could be formed and
the backbone conformation of the bicyclic peptide could be influenced (182). Two new
linker molecules were designed, having the same symmetry as TBMB: 1,3,5 triacryloyl
1,3,5 triazinane (TATA) and N,N’,N’’ (benzene 1,3,5 triyl)tris(2 bromoacetamide)
(TBAB). Indeed, the binding affinity of a bicyclic peptide was strongly compromised
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when cyclized with a different linker molecule, indicating a structural role of the linker.
In a further study it was shown that when phage selections were performed against the
same target but using different linker molecules, specific consensus sequences were
found for each linker (183). A majority of consensus sequences were found exclusively
in selections with one of the three linkers. The replacement of the linker with another
yielded peptides several order of magnitudes less potent, confirming the results of the
previous study. Crystal structures of the bicyclic peptides binding to their target re
vealed non covalent interactions between the linker molecule and the peptide
sidechains, inducing a specific conformation of the backbone. The linker is therefore
thought to act as a structural scaffold of the bicyclic peptide and hence introducing di
versity to the library.

Another approach of generating diversity of bicyclic peptide libraries, which is related
to the cyclization strategy, is the selection of disulfide linked peptides (184). In the 6x6
library mentioned above there is a probability of a fourth cysteine to occur in any of the
random positions. Therefore, the formation of two disulfide bridges in such a library
generates a high topological diversity. These peptides are constructed in the same way
as above during a phage selection but by oxidation rather than cyclization by a reaction
using a linker. In addition to the topological diversity introduced by the position of the
fourth cysteine, a single peptide sequence could lead to three different regioisomers
which further expands the variety of possible conformations (Figure 18).

Figure 18. In the bicyclic peptide libraries with three fixed cysteines, a fourth cysteine can occur in any of
the random positions (left). In such a peptide, a bicyclic structure can be obtained by disulfide formation
between the cysteine residues (middle). Three different regioisomers can be formed, further increasing the
diversity of the library. Reprinted with permission from (184), © 2013 American Chemical Society.

The second strategy to increase diversity in bicyclic peptide phage display libraries is to
change the format of the peptides. In this case the length of the random regions between
the cysteine residues (the two macrocyclic rings) was varied (Figure 19) (185). Loop
length diversity had already been applied in the tailoring of molecular recognition sur
faces in protein scaffolds, and was shown to be readily applicable to bicyclic peptides.
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Bicyclic peptide phage libraries were generated with combinations of differently sized
macrocyclic rings of the format Cys (Xaa)m Cys (Xaa)n Cys, wherein the number ‘m’ and
‘n’ of random amino acids between the cysteine residues was 3, 4, 5 or 6. When screened
against the same target as the 6x6 library, the diverse formats yielded novel consensus
sequences, presumably binding differently to the active site of the enzyme. One ad
vantage of isolating differently binding peptides is the increased success rate of affinity
maturation libraries constructed based on the initial hit(s). These libraries are created in
a semi randomized manner to ensure that high diversity is reached for all residues. In
teraction forming residues of the initial hit peptide are identified using alanine scanning
as described in a previous chapter. Subsequently, a new library is generated in which
these residues are kept constant and less important amino acids are randomized. This
library is then panned against the target in one or two rounds of affinity selection with
increased stringency, often achieved by reducing the amount of immobilized target. In
order to facilitate the identification of consensus sequences and the following construc
tion of affinity maturation libraries Rebollo et al. established a method utilizing NGS for
the identification of bicyclic peptide hit compounds (186). Using this technique enabled
the identification of rare target binding peptide motifs, as well as the definition of more
precisely consensus sequences and sub groups of consensus sequences. This approach
is now established and routinely used in our laboratory.

Figure 19. Bicyclic peptide libraries with different loop lengths were constructed in order to increase diver
sity. By varying the loop length, the size of the binding interface of the peptide target interaction is adjusted.
(A) A representative peptide of size 4x5 is indicated in green. (B) The scheme shows the loop combinations
in the different libraries (dark green, light green and black) and of the former 6x6 library (red). Reprinted
with permission from (185) reprinting license number 4265410782621, © 2013 The Royal Society of Chemis
try
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Using the strategies detailed above, our laboratory has generated bicyclic peptide inhib
itors and ligands to several important therapeutic targets. In general, initial binders iso
lated from phage display demonstrate target affinities in the nanomolar to micromolar
range. These hit compounds can then be optimized using various strategies as high
lighted in the previous chapter and as exemplified below.

In the first proof of principle study, bicyclic peptide inhibitors of the 6x6 format cyclized
with TBMBwere generated against the proteases cathepsin G and plasma kallikrein (PK)
(177). The latter is a serine protease involved in contact activation and the kallikrein
kininogen system (187). Over activation of PK can lead to increased inflammation and
vascular leakage ultimately resulting in the swelling disorder hereditary angioedema
(HAE), which occurs in patients lacking functional C1 inhibitor, the endogenous inhibi
tor of the protease. Companies such as CSL Behring and Shire have approached PK as a
therapeutic target with approved inhibitors as well as a number of newmolecules in late
stage development. The bicyclic peptide inhibitor PK15 inhibits PK with a Ki of 2 nM
and was developed by phage selection and subsequent affinity maturation (177). PK15
was shown to be highly specific and did not inhibit the homologous proteins factor XIa
(FXIa) and thrombin. However, the high specificity also resulted in PK15 not efficiently
inhibiting orthologous proteases, such as mouse PK or rat PK, preventing the evaluation
of the compound in small laboratory animals. The specificity of the PK inhibitor could
be tailored by reducing the interaction surface of the bicyclic peptide (Figure 20) (188).
Using a 3x3 library, bicyclic peptides inhibiting human and rat PK, but also human FXIa
were isolated. This result indicated that the smaller bicyclic peptides bind to regions that
are identical in hPK, rPK and hfXIa.

Figure 20. (A) The strategy of Baeriswyl et al. to make a PK binder with cross species affinity was to reduce
the binding interface of the peptide. This was done by using libraries with smaller loop size in the phage
selection. Instead of 6x6 libraries used previously, 3x3 and 5x5 libraries were used. Random amino acids are
indicated as X, Alanine as A and the fixed cysteins as C. (B) Structure of the bicyclic peptides having loops
of 3, 5 or 6 amino acids. Reprinted with permission from (188) reprinting license number 4270220768830, ©
2012 Wiley VCH Verlag GmbH&Co
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Next, peptide libraries with loops of five amino acids were generated in order to have
slightly larger binding interface and therefore not inhibit FXIa. This strategy resulted in
several peptides inhibiting PK at sub nanomolar concentrations while also inhibiting rat
and monkey PK. The 5x5 peptides were more specific than the 3x3 peptides and inhib
ited FXIa only in the micromolar range.

Another example of a bicyclic peptide serine protease inhibitor is the urokinase type
plasminogen activator (uPA) inhibitor UK18 (180). uPA is involved in cancer metastasis
and extracellular matrix degradation and is therefore a relevant therapeutic target (189).
As with the selections against PK, the 6x6 library cyclized with TBMB was used for the
phage selection. The initial peptide hit isolated after two rounds of selection, UK18, po
tently inhibits uPA with a Ki of 53 nM, which represents around 200 fold stronger bind
ing than the best monocyclic peptide. As with PK15, UK18 was highly specific to human
uPA and did not bind any related proteases (Figure 21A).

Figure 21. (A) The specificity of UK18 was determined in enzymatic inhibition assays. (B) Pharmacokinetics
of fluorescein conjugated UK18 (8) and UK18 SA21 (13) after i.v. injection in mice. Peptide concentration
was determined by liquid chromatography. (C) Pharmacokinetics of a bicyclic peptide UK18 H12 Fc strep
tag/Fc his6tag in female BALB/c mice. Serum concentrations of the heterodimer were measured with two
different ELISA assays at the indicated time points. (D) Newman projections of Gly11 and Gly13 in UK18
with the and torsion angles found in the crystal structure. D amino acid substitutions in Gly11 would
create a clash between the side chain of the amino acid and the carbonyl group of Arg10; D amino acid
substitutions of Gly13 were not expected to create steric conflicts Reprinted with permission from (180, 181,
190, 191), reprinting license 4270240211893, © 2012 American Chemical Society, © 2013 Wiley VCH Verlag
GmbH&Co.
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The pharmacokinetics of UK18 were subsequently examined. It was found that the bicy
clic peptide was cleared rapidly in mice having a half life of 30 min (181). Two strategies
were evaluated for improving the half life, namely conjugation with an albumin binding
peptide SA21 and Fc fusion (181, 190). The peptide conjugates showed retained activity
and their half lives were successfully prolonged to 24 h and 36 h respectively (Figure
21B and C). In an additional mouse study, it was shown that the SA21 conjugate could
efficiently diffuse into solid tumors (192). More recently, UK18 was used as amodel pep
tide fused to a different albumin binding tag for half life improvement (193). The UK18
peptide has also been subjected to medicinal chemistry approaches with the purpose of
improving binding affinity. In the crystal structure of UK18 bound to uPA a glycine res
idue was observed that has a positive dihedral angle when bound to the target. Re
placement by a D amino acid, which favors positive dihedral angles, increased both
binding affinity and proteolytic stability of UK18 (Figure 21D) (191).

Other medicinal chemistry approaches have also been used in bicyclic peptide lead com
pounds. One example is the inclusion of a synthetic di thiol amino acid into a phage
selected hit (194). In the selectionsmentioned above, of four cysteine containing peptides
cyclized through a disulfide bridge, a majority of the identified binders contained a pair
of adjacent cysteine residues. By substituting two adjacent cysteins in such a peptide
binding affinity could be increased 40 fold, somewhat unexpectedly largely by enthalpic
rather than entropic effects.

In a final example, bicyclic peptides were selected against the therapeutic target
catenin (195). This protein plays a key role in the Wnt growth factor signaling pathway
and its upregulation is associated with several types of human cancer (196). Again, the
bicyclic peptide 6x6 library was used for selection, cyclized with the three different link
ers TBMB, TATA and TBAB. This study also highlights the structural diversity intro
duced by the different linker molecules as specific consensus sequences were found for
each. Fluorescence polarization experiments showed that the isolated peptides bound to
multiple sites of catenin. Several peptides were found to interfere with the native lig
and ICAT and thus bound to catenin at a prime target site for therapeutic intervention
to which no synthetic ligand was previously identified.

In addition to the three examples above, bicyclic peptides have been selected against
several other targets such as the cancer related receptors HER2 and Notch1 (197, 198).
Bicyclic peptides inhibiting S. aureus Sortase Awere also identified and could potentially
be developed further into antimicrobial agents (199).
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Peptide drugs are used for the treatment of a wide range of diseases. They are typically
developed based on bioactive peptides found in nature or peptide ligands generated de
novo by in vitro evolution. Often, peptides from these two sources do not readily have
the required properties as such as sufficiently good binding affinity, selectivity or stabil
ity, and they need to be engineered. This applies also to many of the bicyclic peptides
developed in our laboratory by phage display. The aim of my PhD project was to de
velop new strategies and apply existing ones to improve the potency, selectivity and
proteolytic stability of phage selected bicyclic peptides. A further objective was to char
acterize the developed peptides in vitro and in vivo in relevant preclinical animal mod
els. The ultimate goal of my thesis was to develop a peptide drug candidate that has the
potential to be translated into a therapeutic.

Former members of our laboratory had applied phage display to develop bicyclic pep
tide inhibitors of the proteases coagulation factor XII (FXII) and matrix metalloprotein
ase 2 (MMP 2). The bicyclic peptides showed inhibitory constants in the nanomolar
range. The bicyclic peptides did not have the required affinity, selectivity and stability
to be evaluated in animal disease models. In my thesis, I aimed at substituting natural
amino acids in the bicyclic peptides to unnatural ones, in order to improve said proper
ties. This thesis is split into three different parts, where the first two are related to the
engineering of the FXII inhibitor and the latter to the MMP 2 inhibitor. The specific aims
of the projects are as follows:

i) In the first project, my aim was to test if insertion of one or two carbon atoms
at different positions into the macrocycle backbone of the phage selected bi
cyclic peptide FXII inhibitor can improve its binding affinity. This project had
a dual aim, namely the testing of a new affinity maturation strategy and the
improvement of the potency of the inhibitor towards its potential develop
ment into a drug lead.

ii) The second project constitutes the largest part of my PhD thesis and several
intermediate goals were defined, with the final aim of testing an optimized
bicyclic peptide FXII inhibitor in different animal disease models. A first in
termediate goal was to further improve the affinity of the inhibitor by insert
ing additional unnatural amino acids that enhance the binding affinity. A sec
ond objective was to improve the affinity for mouse FXII, since the lead pep
tide had low affinity for the murine homologue and was thus limiting possi
ble in vivo studies in this species. A third objective was to improve the pro
teolytic stability of the inhibitor. After the optimization of the inhibitor, the
next goal was to characterize it, first ex vivo, to identify suitable species for
in vivo experimentation and later in several therapeutically relevant preclin
ical in vivo models.
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iii) The aim of my third project was to improve the binding affinity, target selec
tivity and proteolytic stability of the abovementioned phage selected bicyclic
peptide MMP 2 inhibitor. The development of selective MMP inhibitors has
been a long standing challenge. For MMP 2, no synthetic inhibitors are avail
able that efficiently block the activity of this protease but not that of other
MMPs. It was our hypothesis that the bicyclic peptide structure would form
a large enough contact area with the protease in order to achieve high target
specificity. My next aim in this project was to fully characterize the specificity
of the bicyclic peptide MMP 2 inhibitor. A further goal was to optimize the
specificity in order to achieve less inhibition of closely related proteases. A
near term goal of this work was to establish a powerful tool that allows se
lective inhibition of the protease in vivo, allowing study of the protease in
vivo.



This chapter is based on the following research article:

J. Wilbs, S. J. Middendorp, C. Heinis, Improving the BindingAffinity of in Vitro Evolved
Cyclic Peptides by Inserting Atoms into the Macrocycle Backbone, Chembiochem 17,
2299–2303 (2016). Reprinting license number: 4274090904498 © 2017 Wiley VCH Verlag
GmbH&Co.
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Cyclic peptides binding to targets of interest can be generated efficiently with powerful
in vitro display techniques, such as phage display or mRNA display. The cyclic peptide
libraries screened with these methods are generated by altering in a combinatorial fash
ion the amino acid sequence of the peptides, the number of amino acids in the macrocy
cle rings, and the cyclization chemistry. A structural element that cannot easily be varied
in the cyclic peptides is the backbone, which is built from amino acids, each of which
contributes three atoms to the macrocyclic ring structure. Here, we proposed to improve
the affinity of a phage selected bicyclic peptide inhibitor of coagulation factor XII (FXII)
by screening variants with one or two carbon atoms inserted into different positions of
the backbone, and thus tapping into a structural space that was not sampled by phage
display. Two mutants showed 4.7 and 2.5 fold improved Ki values. The better one
blocked FXII with a Ki of 1.5 ± 0.1 nM and inhibited activation of the intrinsic coagulation
pathway (EC2x 1.7 M). The strategy of ring size variation by one or several atoms
should be generally applicable for the affinity maturation of in vitro evolved cyclic pep
tides.

Peptide macrocycles have a number of favorable properties that make them attractive
for the development of therapeutics. They can bind with high affinity and selectivity to
protein targets, their degradation products are nontoxic, they offer different administra
tion options, and they can be chemically synthesized. Another advantage is their fast
development: they can be isolated from large combinatorial libraries generated by either
chemical (200) or ribosomal synthesis (102, 107, 201). In vitro display techniques such as
phage display or mRNA display allow the generation and screening of billions of pep
tide macrocycles in a short time and for a moderate cost. Chemical and structural diver
sity of peptide macrocycle libraries is obtained by varying the amino acid sequence, the
number of amino acids, (185, 202) and the cyclization chemistry (102, 182).

For some protein targets, it has been difficult to generate high affinity peptide macrocy
cles by in vitro display techniques, despite the enormous size and diversity of the
screened library. For therapeutic application, peptide macrocycles typically require a
dissociation constant in the low nanomolar or picomolar range. A frequently chosen
strategy to further improve in vitro evolved cyclic peptide ligands is to modify the side
chains that make interactions with the target. The modular architecture of peptides, the
commercial availability of many unnatural amino acids, and automated synthesis and
purification methods allow efficient preparation of medium sized libraries of such pep
tides. We recently applied such an approach to improve the binding affinity of the bicy
clic peptide FXII618 (1, Figure 22A), (203) a nanomolar inhibitor of coagulation factor XII
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(FXII) isolated by phage display. Synthesis and testing of around 50 bicyclic peptides
with altered amino acid side chains led to the identification of one variant with substan
tially improved inhibitory activity (204).

Figure 22. (A) Chemical structure of FXII618 (1). (B) Affinity maturation strategy. Carbon atoms are inserted
into the backbone by replacing amino acids with amino acids, or by replacing cysteines connected to
the cyclization linker by cysteine homologues with longer side chains.



49

In this work, we aimed to identify additional modifications that improve the inhibitory
activity of 1 by an approach that is based on the modification of the peptide backbone
instead of the side chains. Specifically, we inserted one or two carbon atoms at different
positions of the macrocyclic rings. Peptides screened by phage display are composed of
canonical amino acids, each of which contributes three atoms to the macrocyclic ring.
More precisely, they contain 3×n+m backbone atoms, where n is the number of amino
acids and m the number of atoms contributed by the cyclization linker. In the phage
display screen in which 1 was isolated, cyclic peptides with 3×n+m+1 or 3×n+m+2 back
bone atoms were thus not sampled. We speculated that inserting carbon atoms in some
sites of the backbone could lead to small changes in conformation, and that this in turn
could strengthen existing molecular interactions or allow the formation of new noncova
lent contacts of 1 with FXII.

The strategy of inserting atoms into the backbone has been applied to several nature
derived cyclic peptides for studying structure activity relationships or enhancing bio
logical activity. For example Ghadiri and co workers inserted single atoms into histone
deacetylase (HDAC) inhibitors, measured their cytotoxic activity towards tumor cells,
and determined their structures (205). The Muir group varied the macrocycle size of au
toinducing peptides (AIPs) secreted by Staphylococcus aureus, in order to study their
structure activity relationships (206). Hansen and co workers extended the ring size of
amphipathic cyclic peptides by different numbers of atoms to investigate the effects on
antimicrobial and hemolytic activity (207). Inserting or deleting single carbon atoms at
different positions in macrocyclic rings of peptide ligands has not been used as a sys
tematic approach for improving the binding affinity of in vitro evolved cyclic peptides.

A synthetically efficient way of generating cyclic peptides with additional carbon atoms
in the ring is replacing amino acids with amino acids that contain an additional car
bon atom between the amino and carboxyl groups (Figure 22B). Substituting for
amino acid has been applied extensively to helical peptides, as amino acids can sub
stantially improve stability (208–211). In some helical peptides, amino acids have
also improved binding affinity, as for example in an analogue of parathyroid hormone
receptor 1 agonist (212) or an engineered VEGF signaling inhibitor based on the Z do
main (213). The strategy of to amino acid substitution has also been applied to a
handful of nature derived cyclic peptides, including the above mentioned HDAC inhib
itors and AIPs (205, 206). In this work, we chose to apply amino acids to access variants
of 1 with a single carbon atom inserted in different positions of the backbone.

In order to identify amino acid positions where insertion of a carbon atom could poten
tially improve the binding affinity of 1, we synthesized two series of peptide variants:
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one with individual amino acids replaced by alanine, and the other with glycine (Table
2). Comparison of the resulting peptides allowed an understanding of whether an addi
tional carbon atom at a specific position enhances binding to FXII, independent of the
amino acid side chain. Unmodified 1 inhibited FXII with a Ki of 7 ± 0.4 nM. Substitution
of Phe3, Arg4, or Leu5 to alanine (2, 4, 6) or glycine (3, 5, 7) reduced the inhibitory
activity significantly (> 300 fold). For all three positions, substitution to alanine gave a
larger drop in activity than substitution to glycine, thus indicating that an additional
carbon atom in these three positions of the main chain negatively affected binding. Sub
stitution of Pro6 to alanine (8) or glycine (9) reduced affinity (~three and 15 fold, re
spectively). The smaller loss in affinity for the alanine variant suggests that insertion
of one carbon atom in this position enhances binding to FXII. Amino acid substitution at
Arg8 had the opposite effect: a larger affinity drop for alanine (19 versus twofold; 10,
11). At Gln9 and Leu10, substitution to alanine and glycine reduced the inhibitory ac
tivity more than 100 fold (12, 13, 14, 15). Finally, at Arg11, replacement with both ala
nine and glycine reduced binding by a small factor (threefold; 16 and 17).

Table 2. alanine and glycine screen. Standard deviations were determined for peptides with Ki < 1 M and
are indicated. For peptides with Ki > 10 M, the remaining protease activity at a concentration of 10 M is
indicated in brackets.

K K

Based on these results, we considered Pro6 and Arg11 as the most promising sites for
to amino acid substitutions. Amino acids can have side chains at either the (C2) or
(C3) carbon ( 2 and 3 residues, respectively). Given that these carbon atoms can have

R or S configuration, four diastereoisomeric amino acids exist for each side chain. We
first substituted Pro6 with a range of cyclic amino acids (18 22; Table 3). All these sub
stitutions reduced inhibitory activity 80 fold or more. It is likely that the cyclic amino
acids imposed conformational constraints, thus hindering efficient binding to FXII. We
subsequently synthesized peptides in which Pro6 was substituted with acyclic amino
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acids: methyl groups linked to either C3, C2, or the amino group (23 27; Table 3). We
reasoned that the methyl groups could potentially replace interactions formed by the
proline ring. Three of these (23, 26, 27) showed double digit Ki values, but all had weaker
values than the peptide with alanine in this position.

Table 3. Substitution of Pro6 and Arg11 by amino acids. Standard deviations were determined for pep
tides with Ki < 1 M. For peptides with Ki > 10 M, the remaining protease activity at a concentration of 10
M is indicated in brackets.

K
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Another position that tolerated the alanine substitution reasonably well was Arg11.
We replaced this with the 3 amino acid structurally best resembling L Arg (S configu
ration in C3; (S) 3 homoarginine; 28). This substitution yielded a peptide with a 4.7
fold improved Ki (1.5 ± 0.1 nM; we named this FXII700). Given that 16 and 17 ( alanine
and glycine at Arg11) had comparable affinity, it is likely that the affinity improvement
achieved with the (S) 3 homoarginine substitution resulted from interactions of the ar
ginine side chain with FXII; these are apparently better for the 3 amino acid than for L

Arg.

Another efficient strategy for inserting carbon atoms into the macrocyclic rings of 1 is
substitution of cysteines with homocysteine or 5 mercaptonorvaline (one or two addi
tional carbons in the side chains, respectively; Figure 22B). The thiol groups of homocys
teine and 5 mercaptonorvaline have slightly higher pKa values than for cysteine, (214)
and were thus expected to react optimally with the acrylamide functional groups of the
cyclization reagent 1,3,5 triacryloyl 1,3,5 triazinane (TATA) at a slightly higher pH than
for cysteine. We found that peptides containing two cysteines and either homocysteine
or 5 mercaptonorvaline reacted efficiently with TATA, even when the pH was not in
creased. Most likely, TATA reacts first with a cysteine (intermolecularly) and only then
with homocysteine or 5 mercaptonorvaline (intramolecularly). The first, intermolecular
event is likely the rate limiting step, and the slower reaction of homocysteine or 5 mer
captonorvaline compared to cysteine therefore does not slow the formation of the bicy
clic peptide. We synthesized six variants of 1 (each of the three cysteines replaced by
either of the two cysteine analogues; Table 4).

Table 4. Substitution of cysteines with homocysteine, 5 mercapto norvaline and 4 mercapto proline. Stand
ard deviations were determined for peptides with Ki < 1 M. For peptides with Ki > 10 M, the remaining
protease activity at a concentration of 10 M is indicated in brackets.

 

 

S S S R

K K K K

Replacement of Cys12 with homocysteine and 5 mercaptonorvaline improved binding
by 2.5 and 1.2 fold, respectively (Ki = 2.8 ± 0.5 nM (31) and 6 ± 1 nM (34)). Replacement
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of the other two cysteines retained binding affinity in the case of homocysteine (29 and
30) and slightly reduced binding for 5 mercaptonorvaline (32 and 33). We named bicy
clic peptide 31 (with the highest affinity) FXII701. Having found that cysteine analogues
with longer side chains can improve affinity, we also tried the conformationally con
strained cyclic amino acid 4 mercaptoproline (2S,4S or 2S,4R configuration; Table 4). In
these two amino acids, the sulfur and carbon atoms are separated by two carbon at
oms, as in homocysteine. Replacement of Cys12 with 4 mercaptoproline (2S,4S or 2S,4R)
improved binding 2.8 and 1.7 fold, respectively (Ki = 2.5 ± 0.4 nM (37) and 4 ± 1 nM (40)).
Replacement of Cys7 with 4 mercaptoproline improved the binding for one of the dia
stereomers (2S,4R, 39; Ki = 6 ± 1 nM) but not for the other (2S,4S, 36; Ki = 1230 nM). Re
placement of Cys2 with both 4 mercaptoproline diastereomers reduced binding more
than 1000 fold (35, 38)

We combined the two substitutions that improved the inhibitory activity of 1 by large
factors: Arg11 to (S) 3 homoarginine and Cys12 to homocysteine. The resulting peptide
(41) showed Ki = 2.7 ± 0.3 nM, thus demonstrating that the affinity enhancement of the
two modifications is not additive. This is not surprising given the close proximity of
Arg11 and Cys12. Insertion of a carbon atom at one of the two positions presumably
allows a small conformational change in this region of the macrocycle, thereby resulting
in stronger molecular interactions of an amino acid side chain, such as for Arg11 with
FXIIa.

Finally, we tested whether the modified bicyclic peptides 28 and 31 block the intrinsic
coagulation pathway more efficiently than the lead peptide 1. All three peptides dose
dependently prolonged the intrinsic coagulation time (aPTT) of human plasma, with 28
and 31 superior to 1 (Figure 23A). The inhibitor with the highest affinity, 28, showed the
best prolongation (EC2x=1.7 M, compared to 3.1 M for 1, where EC2x is the inhibitor
concentration at which the coagulation time is doubled). Extrinsic coagulation (PT) was
similar for the three compounds, thus showing that the high target selectivity was re
tained (Figure 23).
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Figure 23. (A) aPTT and (B) PT coagulation data aPTT for bicyclic peptides 1 (FXII618), 28 (FXII700) and 31
(FXII701).

In summary, we have improved the binding affinity of in vitro evolved cyclic peptide
ligands by varying the size of the macrocyclic rings by one or two carbon atoms. This
chemical space is not sampled by screening genetically encoded cyclic peptide libraries,
and potentially offers a rich source for slightly improved ligands. Indeed, synthesis and
screening of a small library of backbone modified bicyclic peptide variants of FXII in
hibitor 1 yielded several inhibitors with substantially improved Ki values.

Materials: Fmoc L amino acids, O (benzotriazol 1 yl) N,N,N ,N tetramethyluronium
hexafluorophosphate (HBTU), 1 hydroxybenzotriazole hydrate (HOBt), and Rink Am
ide AM resin were purchased from GL Biochem (Shanghai, China). Fmoc amino acids
were purchased from Chem Impex (Wood Dale, IL), PolyPeptide (Malmo, Sweden), and
TCI (Tokyo, Japan). Fmoc cysteine derivatives were purchased from PolyPeptide.



55

Peptide synthesis: Solid phase peptide synthesis was performed on an Advanced
ChemTech 348 peptide synthesizer (AAPPTec, Louisville, KY) by standard Fmoc pro
cedures. Rink Amide AM resin was the solid support (0.03 mmol scale), and DMF was
the solvent. Each amino acid was coupled twice (4 equiv, 0.2 M in DMF) by using
HBTU/HOBt (4 equiv, 0.45 M in DMF) and DIPEA (6 equiv, 0.5 M in DMF; RT, 30 min,
400 rpm).The resin was washed four times with DMF after the coupling reaction. The N
terminal Fmoc protecting group was removed with piperidine (20% v/v) in DMF (RT,
2×5 min, 400 rpm). The resin was washed five times with DMF after deprotection.

Peptide cleavage from the resin: The side chains were deprotected, and the peptide was
cleaved from the Rink Amide AM resin by incubation with cleavage solution (5 mL; TFA
(90% v/v), 1,2 ethanedithiol (2.5% v/v), phenol (2.5% w/v), thioanisole (2.5% v/v), H2O
(2.5% v/v)) for 2 h with shaking. The resin was removed by vacuum filtration, and the
peptides were precipitated with ice cold diethyl ether (50 mL), incubated for 30 min at
20 °C, and pelleted by centrifugation (2700 g, 5 min). The diethyl ether was discarded,
and the precipitate was then washed twice with diethyl ether. The remaining solvent
was evaporated at RT.

Peptide cyclization with TATA: The crude peptide (typically ~50 mg) was dissolved
(~3.5 mM) in MeCN/H2O (33:67, 6 mL). TATA (10 mM, 1.2 equiv) in MeCN was added.
The reaction was started by the addition of degassed aqueous NH4HCO3 buffer (60 mM,
pH 8.0) for a final peptide concentration of 1 mM and incubated at 30°C for 1 h in a water
bath. The peptide was lyophilized.

Peptide purification by reversed phase HPLC: Modified peptide powder was dis
solved in DMSO (1 mL) with MeCN (2 mL containing TFA (0.1%)) and H2O (7 mL con
taining TFA (0.1%), and purified on a preparative Vydac TP1022 250 C18 column (22
mm, 10 mm) with a linear gradient of solvent B (MeCNwith TFA (0.1%)) over solvent A
(H2O with TFA (0.1%): 13 min, 15 28% solvent B, 20 mLmin 1. Fractions containing the
desired peptide product were identified by ESI MS analysis and lyophilized. The purity
of peptides was assessed by RP HPLC, and the identity was confirmed by mass spec
trometry (Figure S3.1 and Table S3.1 in the Supporting Information).

Protease inhibition assays: The inhibitory activity of the synthesized bicyclic peptides
was determined by incubation with protease and quantification of the residual activity
at various peptide concentrations using a fluorogenic substrate. Peptides were prepared
as 2 mM stock solutions in H2O. Residual enzymatic activity was measured in Tris HCl
(150 L, 10 mM, pH 7.4) containing NaCl (150 mM), MgCl2 (10 mM), CaCl2 (1 mM), Tri
ton X 100 (0.01% v/v), and BSA (0.1% w/v). The final concentration of human FXIIa
(#HFXIIAB; Molecular Innovations, Novi, MI) was 0.5 or 1 nM, with peptide at 10 M to
0.1 nM. The final concentration of the fluorogenic substrate Boc QGR AMC (Bachem,
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Bubendorf, Switzerland) was 50 M. Fluorescence was recorded in an Infinite M200 Pro
plate reader ( ex=368 nm, em=467 nm; Tecan, Männedorf, Switzerland) every minute for
60 min at 25°C. Sigmoidal curves were fitted to the data by using the following dose
response equation.

where x = peptide concentration, y = % activity of reaction without peptide, A1 = 100%,
A2 = 0%, p = 1. IC50 values were derived from the fitted curve in GraphPad Prism 5 soft
ware.

The inhibitory constant Ki was calculated according to Cheng and Prusoff; Ki = IC50 /(1 +
([S]0/Km), wherein IC50 is the functional strength of the inhibitor, [S]0 is the total substrate
concentration, and Km is theMichaelis Menten constant. The Km for Boc QGR AMCwas
determined to be 256 ± 42 M (mean ± SD, n=4).

Coagulation assays: Coagulation times (aPTT and PT) were determined in human
plasma by using a STart4 coagulation analyzer (Diagnostica Stago, Asnieres sur Seine,
France). Human single donor plasma was used (Innovative Research, Novi, MI). For
extrinsic coagulation, plasma (50 L) was placed in the incubating chamber of the instru
ment for 2 min at 37°C. Innovin (100 L; recombinant human tissue factor, synthetic
phospholipids, and calcium in stabilized HEPES buffer system; Dade Behring/Siemens
B4212 50) was added by using the pipette connected to the instrument. Upon addition
of this reagent the electromagnetically induced movement of a steel ball in the plasma is
monitored. The time until the ball stops moving is recorded as coagulation time. For the
intrinsic coagulation, plasma (100 L) was incubated with 100 L of Pathromtin* SL (sil
icon dioxide particles, plant phospholipids in HEPES buffer system, Siemens OQGS29)
for 2 min at 37°C. Coagulation was triggered by addition of CaCl2 (100 L, 25 mM; Sie
mens).
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Figure S3.1. Analysis of important bicyclic peptide FXII inhibitors by reversed phase chromatog

raphy and mass spectrometry.
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Table S3.1. Identity and purity of important bicyclic peptide FXII inhibitors analysed by reversed phase
chromatography and mass spectrometry.
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Inhibiting thrombosis without inherently generating bleeding risks is a major challenge
in medicine. The discovery that mice deficient in coagulation factor XII (FXII) show re
duced thrombosis without abnormal bleeding suggested that targeting FXII could offer
a solution to this longstanding problem. Several strategies to control FXII activity, in
cluding monoclonal antibodies, were developed and successfully evaluated in preclini
cal models. In contrast, the development of small molecule inhibitors proved more chal
lenging. Herein, we have engineered a peptide macrocycle inhibitor of activated FXII
(FXIIa) with sub nanomolar activity (Ki = 370 ± 40 pM) and a high stability (t1/2 > 128 ± 8
h in plasma), allowing for the preclinical evaluation of a first synthetic FXIIa inhibitor.
The 1899 Da inhibitor, termed FXII900, efficiently blocked FXIIa in mice, rabbits, and
pigs. We show that it reduced experimental thrombosis induced by ferric chloride in
mice and suppressed blood coagulation in an extracorporeal membrane oxygenation
(ECMO) setting in rabbits, all without increasing the risk of bleeding. This shows that
FXIIa activity is controllable with a synthetic inhibitor in vivo, and that the inhibitor
FXII900 presented herein is a promising candidate for safe thromboprotection in various
medical conditions

Coagulation is required to stop the bleeding at sites of vessel wall injuries, but excess
coagulation can also lead to thrombosis. Blood vessel blockages, can occur in the arterial
and venous circulation to cause myocardial infarctions, ischemic strokes, and pulmo
nary embolisms, which collectively are the leading causes of disability and death in the
industrialized world (215). In all of the anticoagulants widely used for the acute and
prophylactic treatment of thrombosis (216, 217), bleeding is a common side effect, and
the initiation of any therapy to treat coagulation deficiencies must always weigh these
risks and benefits, considering the severity of the potential side effects. Thus, there is a
growing need for the development of effective anticoagulants that ideally would not
impair hemostatic ability (218).

A promising novel perspective for developing safe anticoagulants with reduced or no
bleeding risks is the inhibition of coagulation factors XII (FXII) and XI (FXI), both being
proteases of the instrinsic coagulation pathway (219). FXII is the initiating protease of
the procoagulant and proinflammatory contact system, and it drives both the intrinsic
pathway of coagulation and the kallikrein kinin system (220). Mice lacking FXII have a
highly reduced risk of injury induced arterial and venous thrombosis (221, 222) and are
protected from pathological thrombosis in cerebral ischemia (223). At the same time, hu
mans naturally lacking FXII and FXII knockout mice have a normal hemostatic capacity
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and do not bleed abnormally (221, 224), which indicated that drugs targeting the prote
ase could potentially produce antithrombotic effects without significantly compromis
ing hemostasis. Concordantly, the reduction of FXII expression in mice by antisense oli
gonucleotides suppressed thrombosis (225, 226). The inhibition of FXII by protein based
inhibitors such as antibodies (227, 228) or insect and plant derived proteins (229–231)
also reduced thrombosis in animalmodels and showed potential avenues for therapeutic
anticoagulation.

FXII driven blood coagulation is a major challenge in cardiopulmonary bypass (CPB)
surgeries in which a heart lung machine temporarily supports the circulation. Contact
between FXII and artificial surfaces, such as the oxygenator membrane or tubing, in
duces a conformational change that leads to the proteolytic activation of the FXII zymo
gen that turns on the contact system. Activation of the procoagulant intrinsic coagulation
pathway and the proinflammatory kallikrein kinin system leads to blood clotting and
inflammation (187). The risk of contact activation is particularly high in extracorporeal
membrane oxygenation (ECMO), a form of CPB inwhich an artificial lung system is used
for longer periods of time as a life support for patients with severe cardiac and/or pul
monary failure (232). The standard strategy for suppressing contact system activation in
extracorporeal circuits relies on high doses of heparin, which inhibits also proteases of
the extrinsic and common coagulation pathway and thus bears an inherent risk of bleed
ing (233). Several strategies for suppressing contact activation were established in exper
imental models, but heparin remains the anticoagulation strategy of choice (234). In a
recent study, Renne and co workers showed that a human FXIIa inhibiting antibody,
3F7, prevented clotting and thrombosis in a cardiopulmonary bypass system in rabbits
without increased therapy associated bleeding (227), indicating the usefulness of target
ing FXII.

FXII is implicated in several other medical conditions (235), including hereditary angi
oedema (HAE) (236), reperfusion injury (237), Alzheimer s disease (238, 239), and mul
tiple sclerosis (240), meaning that potential FXII inhibitors could be used in a variety of
treatments not limited to thrombosis prevention. In Type III HAE, for example, a muta
tion in FXII increases its activity, leading to excessive bradykinin release that causes
edema (241). A derivative of the above mentioned FXIIa inhibitory antibody 3F7 has en
tered a phase I clinical evaluation for the treatment of HAE (242).

While high affinity protein based FXIIa inhibitors were successfully generated over the
last years (243), the development of synthetic, small molecule inhibitors has been more
challenging. Small molecules have a number of strengths that make them attractive for
drug development, including a uniform composition, efficient tissue penetration, high
stability, low immunoreactivity, and ease of production by chemical synthesis. The best
small molecule FXIIa inhibitors reported to date are the coumarin derivative 44 (IC50 =
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4.4 M) (244) and H D Pro Phe Arg chloromethylketone (PCK; IC50 = 0.18 M) (223).
While they have proven to be useful as research compounds in FXIIa inhibition studies,
their covalent inhibition mechanism and their moderate potency and selectivity limit
their drug development potential.

We have recently identified high affinity FXIIa inhibitors based on peptide macrocycles
using phage display, including the bicyclic peptide FXII618 (Ki = 8.1 nM) (203). In previ
ous work, the substitution of individual amino acids in FXII618 to unnatural ones further
improved the affinity (245, 246), though due to their limited binding to animal FXIIa
homologs and low proteolytic stability in plasma, these particular peptide macrocycle
inhibitors could not be evaluated in vivo. For this reason, we have now further improved
the inhibitor to achieve picomolar potency towards human and mouse FXIIa, and we
enhanced the stability in plasma to several days (half life in human plasma ex vivo).
These properties allowed for the pre clinical evaluation of the inhibitor in various animal
models. We show herein that synthetic FXIIa inhibitors can be developed to efficiently
prevent thrombosis in mice and suppress coagulation in artificial lungs in rabbits with
out increasing the risk of bleeding.

The N terminal arginine in FXII618 (Arg1) is rapidly cleaved by plasma proteases (t1/2
around 4 h in human plasma) and its loss reduces the Ki of the inhibitor 40 fold (204). In
a previous study substituting Arg1 with diverse unnatural amino acids, the stability
could be improved at the price of a weaker inhibition, wherein amino acids with posi
tively charged side chains showed the smallest affinity losses (204). In a new attempt,
we replacedArg1with a panel of di peptides that could potentially reach a larger surface
area on FXIIa to form productive interactions (Figure 24A, Table S4.1). Both amino acids
in the di peptides were D amino acids to prevent proteolysis, and one of the two was D

Arg to maintain a positive charge. We developed a synthesis and screening approach
based on coumarin labeled peptides that allowed the comparison of the activities of
crude peptides to avoid the need for purifying large numbers of peptides in the initial
screening tests (supplementary data). Several di peptides improved theKi values around
two fold over FXII618 (Figure 24A). A stability assay showed that the di peptides based
on D amino acids were resistant to proteolysis, prolonging the plasma half life around
five fold to 20 hours (Figure S4.1). The best inhibitor, Arg1 D Arg D Ser (FXII850) was
synthesized without the coumarin label and showed a Ki of 5 ± 2 nM, which was a 1.6
fold improvement compared to FXII618 (Ki = 8.1 ± 0.7 nM; Figure 24B and C, Figure S4.2).
We also tested a panel of diverse amino acid substitutions for Arg8, a position in FXII618
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that had not been systematically optimized, using the same screening strategy based on
coumarin labeled peptides (Figure 24A, Table S4.1). The substitution Arg8 His showed
improved inhibition, particularly of mouse FXIIa, which allowed for the consideration
of pre clinical studies in mice. The peptide without the coumarin label (FXII851) inhib
ited human and mouse FXIIa with Ki values of 6.5 ± 0.3 nM and 36 ± 3 nM, respectively,
which corresponded to 1.2 and 2.4 fold improvements over FXII618 (Figure 24B and C,
Figure. S4.2).

We next combined the beneficial amino acid substitutions identified in this work, the
Arg1 D Arg D Ser (FXII850) and Arg8 His (FXII851) with the two previously identi
fied substitutions, Arg11 (S) 3 homoarginine ( hArg; FXII700; Ki = 1.5 ± 0.1 nM) (246)
and Phe3 4 fluorophenylalanine (Phe4F; FXII800; Ki = 0.84 ± 0.03 nM) (204) (Figure 24B
and C, Table S4.2). In addition, we deleted the C terminal Arg13 that we had previously
found to not contribute to the binding affinity (unpublished result). The resulting inhib
itor, FXII900, blocked human and mouse FXIIa with Ki values of 0.37 ± 0.04 nM and 0.45
± 0.11 nM, respectively, and was thus substantially more potent than any of its precur
sors (Figure 24C). A specificity profile against a panel of homologous plasma proteases
showed that FXII900 is highly selective (Figure 24D, Table S4.3). All physiologically rel
evant proteases displayed 100,000 fold or higher selectivity (Ki values > 40 M), with
only trypsin being inhibited at low micromolar concentrations (Ki = 1.46 ± 0.12 M).
FXII900 could be efficiently synthesized in gram scale, by solid phase peptide synthesis
of the linear precursor and subsequent macrocyclization of the crude peptide with the
1,3,5 triacryloyl 1,3,5 triazinane linker (TATA). Only a single HPLC purification step
was required to obtain > 95% pure product with an isolated yield greater than 50% (Fig
ure S4.3).

Incubating FXII900 in human plasma at 37°C for extended time periods and then quan
tifying the remaining FXIIa inhibitory activity was used to measure the stability of the
inhibitor in plasma (Figure 24E). Mass spectrometric analysis of the various plasma sam
ples showed only FXII900 and no degradation products, wherein the quantity of the in
tact inhibitor was reduced over time (Figure 24F, right panel). This data suggested that
after an initial cleavage event occurred, the inhibitor was rapidly degraded and, there
fore, not detectable. The half life of FXII900 was 128 ± 8 h, around 25 fold longer than
that of FXII618. It was also much longer than that of FXII850 carrying only the Arg1 D

Arg D Ser modification (t1/2 = 18.5 ± 1.3 h; Figure 24E), indicating that more than one of
the introduced mutations contributed to the improved stability. In order to identify
which modification(s) were important for stability, we synthesized FXII900 variants in
which the amino acid substitutions were individually reverted (Figure S4.4, Table S4.4).
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Figure 24. Improving affinity and stability of bicyclic peptide FXIIa inhibitor. (A) Amino acids Arg1 and
Arg8 of FXII618 were individually substituted to two D amino acids or natural amino acids, respectively.
The relative Ki values for human and mouse FXIIa are indicated as compared to the lead peptide FXII618.
Average values of three measurements are shown. (B) Schematic representation of the lead peptide FXII618.
Amino acid substitutions that improve the activity and/or stability are indicated. (C) Inhibition of human
FXIIa by FXII618, variants of FXII618 containing a single amino acid substitution, and FXII900 in which four
beneficial modifications were combined and Arg13 was deleted. Residual FXIIa activity was measured at
least three times. Means ± SD are indicated. (D) Specificity profiling of FXII900. Residual activities of human
FXIIa and 11 homologous human proteases were measured three times. Means ± SD are indicated. (E) Pro
teolytic stability of FXII900 and two precursors. Bicyclic peptide was incubated in human plasma at 37°C for
the indicated time periods, and the remaining inhibitor activitywas quantified in a FXIIa activity assay using
fluorogenic substrate. Means ± SD are indicated. (F) Proteolytic stability of FXII618 and FXII900. Bicyclic
peptide was incubated in plasma at 37°C for the indicated time periods and analyzed by LC MS.
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Mass spectrometric analysis of the variants incubated in human plasma revealed that
the Arg11 hArg contributed the most to the stability improvement (Figure S4.5).

To assess the ability of FXII900 to block FXII driven blood plasma coagulation and to
evaluate further its selectivity, we performed coagulation tests to measure activated par
tial thromboplastin time (aPTT) and prothrombin time (PT). aPTT and PT measure the
time until coagulation upon initiation of the intrinsic and extrinsic pathways, respec
tively, meaning that selective FXIIa inhibition would prolong aPTT but not PT. FXII900
prolonged aPTT in human plasma with an EC1.5x of 0.79 ± 0.08 M, thus 4.3 fold better
than its precursor FXII618 (EC1.5x of 3.4 ± 0.3 M; Figure 25A). FXII900 did not affect PT,
even at the highest concentration tested (120 M), confirming the selectivity for the FXII
target (Figure 25B).

Figure 25. Inhibition of the intrinsic coagulation pathway in human, mouse, rabbit, and pig plasma ex
vivo. (A) Prolongation of the aPTT in the presence of different concentrations of FXII900. For human and
mouse plasma, the aPTT of FXII618 was measured for comparison. (B) PT in the presence of different con
centrations of FXII900 and FXII618. All coagulation times were measured in triplicate and means ± SD are

indicated
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This contrasts with FXII618 that showed a slight prolongation of PT at the highest con
centration tested (1.2 fold at 120 M), indicating an improved selectivity of FXII900 over
FXII618. The inhibitor also efficiently prolonged the aPTT in plasma of all other species
tested, namely mouse (EC1.5x = 2.9 ± 0.5 M), rabbit (EC1.5x = 0.102 ± 0.001 M) and pig
(EC1.5x = 12.2 ± 0.7 M; Figure 25A). In mouse plasma, the aPTT improvement was more
than 10 fold compared to FXII618 (EC1.5x > 30 M).

We assessed the pharmacokinetic properties in three species, mice, rabbits, and pigs, as
suitable models for thrombotic diseases are available for these animals. In mice, we de
termined the pharmacokinetics following subcutaneous administration (5 mg/kg, n = 2
per time point). FXII900 reached a plasma concentration of around 1 M after three
minutes and remained above this concentration for 30 minutes as determined by LC MS
(Figure 26A, upper panel). The aPTT was prolonged as expected based on the plasma
concentrations, namely it was extended by two fold at 15 minutes and remained pro
longed by over 1.5 fold until 30 minutes (Figure 26A, lower panel).

In rabbits, we determined the pharmacokinetic properties for intravenous and subcuta
neous administration. Upon intravenous administration (n = 3, 3.7 mg/kg), FXII900
showed an elimination half life of 12 ± 2 min (Figure 26B, upper panel; pharmacokinetic
parameters are provided in Table S4.5). The aPTT was initially more than eight fold pro
longed and remained more than three fold prolonged for the entire time monitored (40
min; Figure 26B, lower panel). When applying the same dose subcutaneously (n = 4, 3.7
mg/kg), the peptide remained in a narrower concentration range, staying above 100 nM
and below 300 nM for between 10 and 80 minutes after administration (Figure 26C, up
per panel). The aPTTwith the subcutaneous administrationwas prolonged bymore than
two fold for 40 minutes (Figure 26C, lower panel).

We further determined the pharmacokinetics of FXII900 in pigs, as this species offers
models for indications in which FXII plays a role, such as ischemic reperfusion injury
(237, 247). For this study, we applied conditions that are used in the disease model for
reperfusion injury, which included heparin anticoagulation to prevent induction of
thrombosis through the catheters that is used to induce ischemia or to measure blood
pressure (2500 IU when ACT fall below 180 seconds). After intravenous administration
(n = 3, 4 mg/kg) the inhibitor reached a maximal concentration of around 7 M and was
cleared with a t1/2 of 36 ± 5 min (Figure 26D, upper panel). The clearance rate and volume
of distribution were 11.8 ± 1.8 ml/kg/min and 610 ± 140 ml/kg (Table S4.6). Despite the
application of heparin that bore the risk of shielding the effect of FXII900, a two fold
prolongation of the aPTT was seen in plasma samples taken a short time after the ad
ministration of the inhibitor (Figure 26E). The same effect was not seen for the negative
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control peptide, FXII901, a variant of FXII900 with three modifications (Phe4F3 Phe,
Arg4 Ala, hArg11 Arg, using the amino acid numbering of FXII618; Figure S4.6) that
reduce its inhibitory constant 100,000 fold for FXIIa (Ki = 39 ± 14 M), though also lower
its plasma half life due to proteolytic degradation (Figure 26D, lower panel). The small
and short effect of FXII900 on aPTT can be explained with the comparatively high inhib
itor concentrations required to prolong the aPTT in pig plasma (EC1.5x = 12.2 ± 0.7 M).

Figure 26. Pharmacokinetics of FXII900 in mouse, rabbit, and pigs and inhibition of FXII driven coagu
lation. (A) Pharmacokinetics in mouse after subcutaneous administration (5 mg/kg). Concentration of
FXII900 in plasma (upper panel) and aPTT (lower panel) are indicated. Two mice were used for each time
point, and the samples were analyzed in triplicate. Means ± SD were combined. (B) Pharmacokinetics in
rabbit after intravenous administration (3.7 mg/kg, n = 3). Concentration of FXII900 in plasma (upper panel)
and aPTT (lower panel) are indicated. Plasma samples were analyzed in triplicate. Means ± SD are indicated
for each rabbit. (C) Pharmacokinetics in rabbit after subcutaneous administration (3.7 mg/kg, n = 4). Con
centration of FXII900 in plasma (upper panel) and aPTT (lower panel) was measured. Plasma samples were
analyzed in triplicate. Means ± SD are indicated for each rabbit. (D) Pharmacokinetics in pig after intrave
nous administration (4mg/kg, n = 3). Concentrations of FXII900 and inactive peptide FXII901 in plasmawere
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determined in triplicate, and means ± SD are indicated. (E) Prolongation of aPTT in pig. Pigs anticoagulated
with heparin (injections of 2500 IU when ACT was below 180 s; injections are indicated by arrows) were
treated with FXII900 or the negative control FXII901 at time 0 (indicated by dashed line; n = 3 in each group,
4 mg/kg), and the aPTT was measured in plasma samples taken over time. aPTT was measured in triplicate.
Means ± SD are indicated

We next evaluated the thromboprotective properties of FXII900 in a ferric chloride
(FeCl3) induced arterial thrombosis mouse model. When applied directly onto the blood
vessels, FeCl3 induces thrombosis through aggregation of the red blood cells, which in
turn activates platelets at the application site (248, 249). FXII900, or an inactive control
peptide FXII901, were administered subcutaneously (n = 10 for both groups, 5 mg/kg),
with 7.5% FeCl3 applied to the mesenteric arterioles while the blood flow was monitored
by intravital microscopy. Mice that were injured by FeCl3 could be clearly identified due
to a speckled pattern that supposedly represented an accumulation of platelets (Figure
27A) (250). Seventeen out of the 20 mice showed this pattern (nine treated, eight control)
and were taken for further analysis (Figure S4.7 and S4.8). The arterioles of the mice
receiving the inactive control peptide FXII901 rapidly formed clots, and in a majority of
the animals, the vessels were completely occluded after around 10 minutes, as exempli
fied in the lower micrographs in Figure 27A and shown for all mice in Figure S4.7. In
contrast, mice that were treatedwith the inhibitor FXII900 showed only the characteristic
speckled pattern with the occasional formation of a blood clot (Figure 27A, upper micro
graphs; Figure S4.8). In this group, no complete occlusion was observed. We quantified
the anticoagulant effect of FXII900 by comparing the rates for both clot formation (a
clearly visible blood clot; Figure 27B, left panel) and blood vessel occlusion (a blood clot
with a diameter of the blood vessel; Figure 27B, right panel). Of the eight mice receiving
the control peptide, seven showed blood clotting and four showed full vessel occlusion.
In contrast, in the FXII900 treatedmice, only three showed blood clotting, and in nomice
were the vessels fully occluded (p = 0.02 and 0.005, respectively). In addition, the few
mice in the treated group that showed signs of coagulation developed these blood clots
in average around 10 minutes later than the control group (p = 0.006; Table S4.7).
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Figure 27. Thromboprotection of FXII900 in a ferric chloride induced thrombosis mouse model. (A) In
travital fluorescence microscopy images showing mesenteric arterioles in which thrombosis was induced
by topical application of FeCl3 (7.5%, 1 min). Platelets were fluorescently labeled with Rhodamine 6G for
visualization. Representative images are shown for two mice, one treated with FXII900 (upper panels) and
one with inactive control peptide FXII901 (lower panels) 15 min before application of ferric chloride (5
mg/kg, subcutaneous injection). Vessel walls at the FeCl3 application site are indicated with yellowmarkers.
Three distinct morphological changes, a characteristic speckled pattern (1), clot formation (2), and vessel
occlusion (3), are indicated. (B) The percentage of mice showing either clot formation or full occlusion at
different time points after ferric chloride application is indicated over time. Clot formation was defined as
the appearance of an aggregate with a diameter of around 10 m. Full occlusion of the blood vessel was

defined as a blood clot having the same diameter as the blood vessel

To test the clinical potential of FXII900 for inhibiting FXII driven coagulation in ECMO,
we tested the inhibitor in an artificial lung rabbit model. New Zealand White rabbits
were anesthetized, either treated intravenously with FXII900 (n = 4, 2 mg/kg bolus and
0.075 mg/kg/min infusion for four hours) or left untreated (control group, n = 3), and
were mounted for a four hour period to a venous/venous ECMO configuration using a
polymethylpentene (PMP) fiber artificial lung system (251). Coagulation parameters and
the resistance of the lung device, a measure for occlusive thrombus formation, were
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measured over the entire duration of the experiment, and clot formation in the lung de
vice was analyzed after the four hours were completed (Figure 28; data for the individual
rabbits is shown in Figure S4.9).

Treatment with FXII900 prolonged the coagulation parameters aPTT and activated clot
ting time (ACT) around 10 fold during the entire course of the experiment (Figure 28A
and B). For most aPTT measurements, no coagulation was observed at 240 seconds, be
ing the maximal aPTT value measurement with the device used (Figure S4.9A). In un
treated rabbits, the coagulation times remained at baseline values of around 20 seconds
(aPTT) and 170 seconds (ACT) throughout the experiment. Increased blood pressure at
the inlet of the artificial lung indicates clogging of the device that can be caused by blood
coagulation. We therefore measured the resistance at the artificial lung, indicated by the
difference in pressure at the inlet and outlet of the lung divided by the flow. In all rabbits
treated with FXII900, the resistance remained at the baseline of 50 mmHg/L/min during
the entire experiment, except for one rabbit in which the resistance started to increase
strongly after two hours at baseline (Figure 28C and Figure S4.9C). This was in stark
contrast to the untreated animals in which the resistance doubled from 50 mmHg/L/min
to 100 mmHg/L/min or higher.

With excessive bleeding as the main concern when applying standard anticoagulation
in ECMO systems, we analyzed if FXII900 affected the hematological parameters of
bleeding time and platelet count. Rabbits treated with the inhibitor showed completely
normal bleeding times throughout the experiment (4–5 min; Figure 28D and Figure
S4.9D). The platelet count was essentially the same in the two groups, decreasing around
two fold from an initial level of 2 x 108 cells/ml (before connecting the lung) and remain
ing constant over the entire course of the experiment (Figure 28E and Figure S4.9E).

At the end of the experiment, we determined the extent of blood clot formation inside of
the artificial lungs by measuring the total volume of the blood clot in each lung. A visual
inspection of the membranes showed a substantially reduced amount of clotted blood in
the inhibitor treated rabbits. This finding was confirmed by quantifying volume of the
clot in relation to the device volume, which was 10 ± 6% for the FXII900 treated and 37
± 10% for the untreated rabbits (p = 0.03; Figure 28F and Figure S4.9F).
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Figure 28. Bleeding free anticoagulation in an artificial lung model in rabbits. Rabbits were connected
veno venous to an artificial lung system for four hours. FXII900 was injected as a bolus (2 mg/kg) before the
start of the extracorporeal circulation and as a constant infusion (0.075 mg/kg/min) over the full time course
of the experiment (n = 4; data shown in blue). Rabbits in the control group were untreated (n = 3, data shown
in red). Values indicated for the time point 0 refer to measurements made before connection of the artificial
lung. Mean ± SD is indicated for the rabbits in each group unless indicated. Data of individual rabbits is
shown in Figure S4.9. (A) aPTT. Coagulation times of 240 s indicate that plasma did not coagulate at this
time. (B) ACT. Clotting times of 1500 s indicate that blood did not coagulate at this time. (C) Resistance
calculated based on pressure at the inlet and outlet of the device and the flow rate. (D) Bleeding time meas
ured by incision provoked injuries at the ears. (E) Platelet count. (F) Volume of blood clots indicated in % of
volume of the artificial lungs. For the control group, mean ± SD is indicated only for three out of the four

rabbits, as for one animal the volume was not determined



73

The role of FXII in thrombosis observed in experimental animal models, but not in he
mostasis offers an exciting potential strategy for safe anticoagulation based on interfer
ence with the plasma protease. Various protein based inhibitors have been developed
and showed that suppression of FXII activity provides efficient anticoagulation without
increasing bleeding risks. The development of high affinity small molecule FXIIa inhib
itors has been lagging behind. Given the attraction of small, synthetic molecules as drug
modality, we have improved in this work the binding affinity and stability of FXII618, a
peptidemacrocycle FXIIa inhibitor that was previously developed by phage display. The
generated inhibitor, FXII900, blocks FXIIa with a Ki of 370 pM, shows 100,000 fold selec
tivity over other plasma proteases, and is stable in blood.

The improvement of the binding affinity of FXII618 by 21 fold and proteolytic stability
by 25 fold was achieved by combining random screening and rational design strategies.
Two amino acid substitutions that enhance the affinity and/or stability of the inhibitor
were identified by screening a panel of singly mutated peptides, and were combined
with two previously identified beneficial mutations. Individual reversion of the four
amino acid substitutions in FXII900 showed that each single one contributes to improv
ing the binding affinity and that mainly the modification of Arg11 to hArg improves
the stability. The higher binding affinity translates into a prolongation of the aPTT in all
species. In human plasma, the EC1.5x was reduced 4.3 fold, and in mouse plasma even
10 fold. The much enhanced potency in mouse plasma was of interest in view of the
planned pharmacologic study inmice. FXII900 did not prolong PT at 120 M at all, which
was in contrast to FXII618 that prolonged PT slightly at this highest concentration tested,
indicating that modification of the four amino acids had also improved the selectivity of
the inhibitor. The enhancement of affinity, selectivity and stability achieved in this work
is owed mostly to unnatural amino acids that could be incorporated due to the synthetic
nature of the inhibitor, which is an advantage over protein based inhibitors that need to
be produced by recombinant expression and do not easily allow the incorporation of
unnatural building blocks.

FXII900 is composed of nine natural amino acids, four non natural ones, and a central
core structure that connects the side chains of the three cysteines. The inhibitor can be
conveniently synthesized by automated solid phase peptide synthesis in large quanti
ties. All applied non natural amino acids are inexpensive, allowing for production of
inhibitor for a moderate cost. Crude linear peptide was cyclized efficiently by the chem
ical linker TATA and only a single HPLC purification step was required to obtain > 95%
pure product with an isolated yields greater than 70%. We provide a supplementary
figure that describes the exact peptide sequence and the conditions recommended for
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peptide cyclization, that may be used for ordering the peptide from companies offering
custom peptide synthesis (Figure S4.3).

FXII900 is rapidly cleared by renal filtration, as could be expected based on the small
size and the polar structure. The elimination half life ranges from 12 minutes in rabbits
to 36minutes in pigs. Based on allometric scaling, this half live in human can be expected
in the range of one hour. No degradation products were detected in plasma samples of
all species, suggesting that the inhibitor fully resists proteases in the blood circulation
and that it is filtered out as an intact molecule, which is in line with the high stability
and long half life in plasma found ex vivo. Despite the fast clearance, single dose injec
tion of FXII900 prolonged aPTT in all three species tested. In pig, the effects were small
and seen only for a few minutes after injection. The small effect was expected given the
relatively high EC1.5x for aPTT in pig plasma, causedmost likely from aweaker inhibition
of the porcine FXIIa. The relatively short circulation time allows flexible adjustment of
the duration for which the body is exposed to the inhibitor in therapeutic applications.
Indeed, continuous infusion in the rabbit ECMO study allowed formaintaining the aPTT
above 200 sec over the four hours of the experiment, despite the relatively fast clearance
of 16.1 ml/kg/min. The pharmacokinetic profile of FXII900 makes it attractive for acute
disease treatment such as CPB, including ECMO, or anticoagulation for short time peri
ods after ischemic stroke or after surgery.

We have evaluated the pharmacologic activity of FXII900 in a ferric chloride induced
thrombosis mouse model. FXII deficient mice show strong reduction of coagulation in
this model, indicating that FXII plays a central role in this process. We found that a bolus
injection of FXII900 efficiently protected mice from thrombosis. At the single dose of 5
mg/kg tested, none of the nine treatedmice showed thrombotic vessel occlusionwhereas
five of the eight in the untreated group formed a thrombus. It has to be stated that throm
bosis inmyocardial infarction, ischemic stroke, or pulmonary embolism ismore complex
than in the applied mouse thrombosis model, as thrombosis is also caused by triggers
that are not dependent on FXII activation. Independent of this, the results obtained show
that a synthetic FXIIa inhibitor can efficiently suppress coagulation in cases where coag
ulation is mediated via FXII activation.

We have further tested if FXII900 is suited to suppress coagulation activated by themem
brane of artificial lungs, using a rabbit model. Heart lung machines are used for heart
surgery because of the difficulty of operating on the beating heart. Approximately half
a million of the cardiac operations performed per year in the US use CPB. Heart lung
machines are additionally used to support patients with cardiorespiratory dysfunction.
More than 7000 patients are treated annually with extracorporeal life support and the
heart lung machine is rescuing many lives by supporting oxygenation and systemic
blood circulation (252). Contact of blood with nonphysiological surfaces induces FXII
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contact activation and thus coagulation, that is currently suppressed by high dose of
heparin, which bears bleeding risks. Analysis of nearly 80,000 ECMO patients showed
that hemorrhage is the major adverse event, with bleeding from surgical sites happening
in 6.3% to 29.3% patients, depending on the patient group (252). We found that FXII900
substantially reduced coagulation in an artificial lung, as measured by the resistance of
the device which remained low and indicated reduced clogging by coagulation, and the
volume of the blood clots in the device which was more than three fold smaller in the
treated rabbits. Importantly, all rabbits treated with FXII900 showed normal bleeding
times. These findings indicate that a small molecule FXIIa inhibitor is suitable to reduce
blood coagulation in CPB. While heparin may still be required to suppress coagulation
triggered through other routes than FXII, application of a small molecule FXIIa inhibitor
may allow reduction of the high heparin dose, reducing bleeding risks. In addition to its
role in thrombosis in ECMO and CPB in general, FXIIa initiates the inflammatory kal
likrein kinnin system (187). Bradykinin plasma concentrations are largely elevated in
patients on CPB and particularly the longer lasting ECMO. Targeting FXIIa may provide
an additional anti inflammatory benefit to these patients, to reduce or prevent adverse
effects such as damage of organs.

In summary, we show that a synthetic FXIIa inhibitor with sub nanomolar affinity, high
selectivity and good stability can be developed. We show that control of FXIIa with such
a synthetic inhibitor allows for efficient anticoagulation in relevant animal disease mod
els without increasing risks of bleeding. The synthetic nature and the small size promise
a minimal risk of immunogenicity and allow efficient production. With its excellent
binding properties and stability, the inhibitor may be readily applicable in its current
form for application in acute procedures or conditions associated with increased risk of
thrombosis such as CPB during heart surgery or extracorporeal membrane oxygenation,
without compromising hemostasis at wound site.

Study design: The objectives of this study were to improve the pharmacologically rele
vant properties of a peptide macrocycle inhibitor of FXIIa, to assess the pharmacokinetic
properties of the resulting inhibitor in three species, and to evaluate the inhibitor in clin
ically relevant animal models. The inhibitor was engineered by synthesizing variants of
the lead peptide and testing their inhibitory activity, specificity and stability in various
assays in vitro. Inhibitors showing improved activities were prepared with greater than
95% purity and their activities were tested at least in triplicate. The affinity of the final
peptide FXII900 was determined in quadruplicate from three different synthetic batches.
The pharmacokinetic properties in mice, rabbits, and pigs were assessed by quantifying
the inhibitor in plasma samples using liquid chromatography and mass spectrometry,
and bymeasuring aPTT in plasma samples in triplicate. The pharmacologic effects of the
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inhibitor were tested in a FeCl3 induced thrombosis model in mice and in an artificial
lung model in rabbits. In all animal experiments, subjects were randomly assigned to
groups.

Peptide Synthesis: Solid phase peptide synthesis was performed on an Advanced
ChemTech 348 peptide synthesizer (AAPPTec) using standard Fmoc procedures. Rink
Amide AM resin was used as solid support and dimethylformamide (DMF) as solvent.
Peptide variants were synthesized at a 0.03 mmol scale to obtain around 10–20 mg of
pure peptide. Peptide couplings were performed twice for each natural amino acid by
reacting amino acid (4 eq., 600 l of 0.2 M in DMF), HBTU/HOBt (4 eq. each, 267 l of
0.45 M in DMF), and DIPEA (6 eq., 360 l of 0.5 M in DMF) at RT for 30 minutes at 400
rpm. The coupling of unnatural amino acids (2 eq., 600 l of 0.1 M in DMF) was per
formed once using HATU (2 eq., 650 l of 0.1 M in DMF) and DIPEA (4 eq., 250 l of 0.5
M in DMF). The resin was washed four times with DMF after the coupling reaction. The
N terminal Fmoc protecting group was removed with piperidine (20% v/v) in DMF (RT,
2 × 5 min, 400 rpm). The resin was washed five times with DMF after Fmoc removal. The
peptides were synthesized from the C terminal end to the N terminus by first coupling
a glycine to the resin followed by the coumarin containing amino acid Fmoc (7 meth
oxy coumarin 4 yl) Ala OH (Bachem). These two coupling steps as well as HATU cou
plings were followed by an acetylation capping step using acetic anhydride (1 ml of 10%
[v/v] in DMF) and DIPEA (1 ml of 15% [v/v] in DMF) at RT for 30 minutes at 400 rpm.
Fmoc L amino acids, HBTU, HOBt, and Rink Amide AM resin were purchased from
GL Biochem. Non canonical Fmoc amino acids were purchased from Bachem, Chem
Impex, PolyPeptide, and TCI. Peptides were cleaved from the solid support and protect
ing groups were removed by incubation in 5 ml cleavage cocktail (90% TFA, 2.5%
ethane 1,2 dithiol, 2.5% phenol, 2.5% thioanisole, 2.5%H2O) for two hours with shaking.
The resin was removed by vacuum filtration, and the peptides were precipitated with
ice cold diethyl ether (50 ml), incubated for 30 minutes at 20°C, and pelleted by centrif
ugation (2700 g, 5 minutes). The diethyl ether was discarded, the precipitate washed
twice with diethyl ether, and the remaining solvent evaporated at RT. The linear peptide
of FXII900 was synthesized at a one gram scale by GL Biochem.

Peptides cyclization and purification: Crude peptide at a concentration of 1 mM was
reacted with 1.2 mM of TATA in 70% NH4HCO3 buffer (60 mM, pH 8.0) and 30%MeCN
for one hour at 30°C. The peptide and TATA were prepared and mixed using the sol
vents, concentrations, and volumes exemplified for the cyclization of ~ 50 mg crude pep
tide. To 6 ml of 3.5 mM peptide in MeCN/H2O (1:2), 2.7 ml of 10 mM TATA in MeCN
and 2 ml of MeCN were added and the reaction started by the addition of 12 ml
NH4HCO3 buffer (60 mM, pH 8.0). The cyclized peptides synthesized on a 50 mg scale
were purified by reversed phase HPLC (Waters Prep LC 4000 system) using a prepara
tive C18 RP column (Vydac C18 TP1022 column, 250 × 22 mm, 10 m, 300 Å) and a linear
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gradient of 15–28% solvent B (MeCN, 0.1% [v/v)] TFA) in solvent A (H2O, 0.1% [v/v]
TFA) in 19 minutes at a flow of 20 ml/min. Absorbance was detected at 220 nm. The
cyclized peptides were injected directly as the reaction mixture or after lyophilization of
the reaction by dissolving the peptide in 10 ml of H2O containing 10% (v/v) MeCN and
0.1% (v/v) TFA. Fractions containing the desired peptide were lyophilized.

HPLC and mass spectrometric analysis: The molecular mass of the purified peptides
was determined on a single quadrupole mass spectrometer in positive ion mode using
electrospray ionization (LCMS 2020, Shimadzu). The purity of the peptides was deter
mined by analytical RP HPLC (Agilent 1260 HPLC system) using an analytical C18 col
umn (Agilent Zorbax 300SB C18, 4.6 mm × 250 mm, 5 m) and a linear gradient of 0–
50% solvent B (MeCN, 0.1% [v/v] TFA) in solvent A (H2O, 5% [v/v] MeCN, 0.1% [v/v]
TFA) in 15 minutes at a flow of 1 ml/min. Absorbance was detected at 220 nm.

Peptide concentration determination: Lyophilized peptide was weighed and dissolved
in water to obtain peptide stocks of 1 mM. The concentrations of crude peptides contain
ing the coumarin amino acid were determined by measuring the absorption at 325 nm
( = 12000 M 1 cm 1). The peptides were typically diluted several fold with water to meas
ure the concentration in an absorption range of 0.1–1.

Screening method based on coumarin labeled peptides: In order to test the inhibitory
activity of peptides without prior purification, we developed the followingmethod. Var
iants of the lead FXII618 peptide were synthesizedwith the C terminal amino acid Fmoc
(7 methoxy coumarin 4 yl) Ala OH. The fluorophore 7 methoxy coumarin allowed

precise quantification of the crude peptide. After solid phase peptide synthesis, cleav
age, and ether precipitation, the peptides were chemically cyclized and their Ki values
were determined in a FXIIa activity assay using a fluorogenic substrate. Peptides syn
thesized and characterized with this strategy displayed an around 2.5 fold higher ap
parent Ki than analogous HPLC purified peptides without the tag. For example, the ref
erence peptide FXII618 carrying the coumarin amino acid had an around 2.5 fold weaker
Ki (20 ± 3 nM) compared to the purified FXII618 without the tag (8.1 ± 0.7). Despite the
difference, this method allowed for a comparison between peptides and the identifica
tion of the most active variants of FXII618. The best peptides from the screen were syn
thesized without the coumarin label, purified, and characterized.

Protease inhibition assays: The inhibitory activity of bicyclic peptides was determined
by measuring the residual protease activity with a fluorogenic substrate. The assay was
performed in buffer containing 10 mM Tris Cl, pH 7.4, 150 mM NaCl, 10 mM MgCl2, 1
mM CaCl2, 0.1% w/v BSA, 0.01% v/v Triton X100, and 1% v/v DMSO in a volume of 150
l. FXIIa activity was measured with the fluorogenic substrate Boc Gln Gly Arg AMC

(Bachem) at a final concentration of 50 M. Mouse FXIIa (Molecular Innovations cat #
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MFXIIA) and human FXIIa (Molecular Innovations cat # HFXIIAB) were used at final
concentrations of 0.4 nM. The reaction was pipetted as follows: 50 l of bicyclic peptide
in assay buffer were added to 50 l of FXIIa in assay buffer and incubated for 10 minutes
at 25°C before 50 l of 150 M fluorogenic substrate in assay buffer were added to meas
ure the residual protease activity with an Infinite M200Pro fluorescence plate reader (ex
citation at 368 nm, emission at 467 nm; Tecan) for a period of 30 minutes with a read
every minute at 25°C. Stock solutions of 1 mM bicyclic peptide were prepared by either
dissolving the unpurified cyclization reaction with water or by dissolving purified and
lyophilized peptide in water. The bicyclic peptides were serially diluted two fold using
assay buffer. Sigmoidal curves were fitted to the data using the following dose response
equation, wherein x = peptide concentration, y = % protease activity, and p = Hill slope.
IC50 values were derived from the fitted curve:

The inhibition constants (Ki) were calculated according to the equation of Cheng and
Prusoff, Ki = IC50/(1+([S]0/Km), wherein IC50 is the functional strength of the inhibitor, [S]0
is the total substrate concentration, and Km is theMichaelis Menten constant. A Km of 260
M was used for the substrate Boc Gln Gly Arg AMC.

For testing the specificity of the bicyclic peptides, the following final concentrations of
human serine proteaseswere used: tPA (Molecular Innovations) 7.5 nM, uPA (Molecular
Innovations) 1.5 nM, factor XIa (Innovative Research) 6 nM, plasma kallikrein (Innova
tive Research) 0.25 nM, thrombin (Molecular Innovations) 1 nM, plasmin (Molecular In
novations) 2.5 nM, trypsin (Molecular Innovations) 0.05 nM, factor VIIa (Haematologic
Technologies) 50 nM, and factor Xa (Haematologic Technologies) 6 nM. Two fold dilu
tions of the peptide were prepared that ranged from 0.04 to 40 M. The following fluo
rogenic substrates were used at a final concentration of 50 M: Z Phe Arg AMC
(Bachem) for plasma kallikrein; Boc Phe Ser Arg AMC (Bachem) for factor Xia; Z Gly
Gly Arg AMC (Bachem) for tPA, uPA, thrombin, and trypsin; H D Val Leu Lys AMC
(Bachem) for plasmin; and D Phe Pro Arg ANSNH C4H9 (Haematologic Technologies)
for FVIIa and FXa.

Plasma stability assays: Peptide (2 l of 2 mM in H2O) was added to 398 l of citrated
human plasma (Innovative Research) to obtain a final peptide concentration of 10 M.
The mixture was incubated in a water bath at 37°C. At different time points (0, 0.5, 1, 2,
4, 8, 12, 24, 48, and 96 hours), samples of 30 l were removed, diluted to 200 l with
aqueous buffer (10 mM Tris HCl, pH 7.4, 150 mM NaCl, 10 mM MgCl2, 1 mM CaCl2),
and incubated for 20minutes at 65°C to inactivate plasma proteases. The peptide/plasma
samples were stored at 20°C until the residual inhibitory activity of the peptides was
measured in a FXIIa inhibition assay. For the activity assay, the peptide/plasma samples
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were centrifuged for five minutes at 16,000 g, serial two fold dilutions of the supernatant
were prepared (peptide concentration ranges from 0.5 nM to 0.5 M), and the residual
activity of 0.5 nM human FXIIa was measured using 50 M Boc Gln Gly Arg AMC
substrate. IC50 values were derived from the fitted curve using the equation indicated
above. Residual inhibition in % was calculated using the equation IC50,0h/IC50,xh*100,
wherein IC50,0h is the functional strength of the inhibitor at time point 0 and IC50,xh the
functional strength of the inhibitor after one of the different plasma incubation periods
mentioned above.

Plasma degradation assays: Plasma stability and peptide cleavage sites were assessed
by incubating the bicyclic peptides in mouse plasma and analyzing the products with an
LC MS system (LCMS 2020, Shimadzu). Peptide (2 l of 2 mM in H2O) was added to 48
l of citratedmouse plasma (Innovative Research) to obtain a final peptide concentration

of 80 M. The mixture was incubated in a water bath at 37°C. At different time points (0,
15, 24,72, 96, 120, and 144 hours), samples of 5 l were removed, mixed with 5 l of 6 M
guanidinium hydrochloride, and incubated for 30 minutes at RT. Plasma proteins were
precipitated by incubation with 200 l of ice cold EtOH and 0.1 % (v/v) formic acid for
30 minutes and centrifuged at 9000 g for 20 minutes at 4°C. The supernatant was evap
orated in a Speedvac at 50°C and reduced pressure, then the residue was dissolved in 40
l of deionized water containing 0.1% (v/v) CHOOH and analyzed by LC MS. The sam

ples were analyzed using an analytical C18 column (Phenomenex C18 Kinetex column,
50 × 2.1 mm, 2.6 m, 100 Å) and a linear gradient of 5–35% solvent B (MeCN, 0.05% [v/v]
CHOOH) in solvent A (H2O, 0.05% [v/v] CHOOH) in 5.5 minutes at a flow of 1 ml/min.
The masses of the intact peptide and degradation products were measured on a single
quadrupole mass spectrometer in positive ion mode using electrospray ionization. Pep
tides were quantified based on the absolute intensities of the detected mass peaks (M3+

and M4+).

Coagulation assays: The coagulation parameters aPTT and PTwere determined in blood
plasma using a STAGO STart4 Coagulation analyzer (Diagnostica). Citrated plasma
from human (single donor), mouse (CD1, Innovative grade), rabbit (NZW, Innovative
grade), and pig (Innovative grade) were supplied by Innovative Research. Coagulation
was monitored by an electromagnetically induced movement of a steel ball in the
plasma. The time until the ball stopped moving was recorded as the coagulation time.
Frozen plasma samples were thawed for around 30 minutes at RT before use. For aPPT
measurements in human plasma, 100 l of plasma was placed into the cuvette, 100 l of
Pathromtin* SL (silicon dioxide particles, plant phospholipids in HEPES buffer system;
Siemens) was added and incubated for two minutes at 37°C in the device before the
coagulation was triggered by the addition of 100 l of pre warmed (37°C) CaCl2 solution
(25 mM, Siemens). For aPTT measurements in mouse, rabbit, and pig plasma, 100 l of
plasma was placed into the cuvette, 100 l of Dade Actin (Cephalin, Ellagic acid in
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HEPES buffer system; Siemens) was added and incubated for three minutes at 37°C in
the device before coagulation was triggered by addition of 100 l of pre warmed (37°C)
CaCl2 solution. For PT measurements in human plasma, 50 l of plasma was placed into
the cuvette and incubated for one minute at 37°C before coagulation was trigged by the
addition of 100 l of pre warmed (37°C) Innovin (recombinant human tissue factor, syn
thetic phospholipids, and calcium in stabilized HEPES buffer system; Dade Behring/Sie
mens).

Animal studies: All experiments in mice and pigs were conducted in accordance with
the terms of the Swiss animal protection law and were approved by the animal experi
mentation committee of the cantonal veterinary service (Canton of Berne, Switzerland).
The pharmacokinetic studies in rabbits were performed at Washington Biotech Inc. fol
lowing ethical standards for animal studies of the Office for Laboratory Animal Welfare
(OLAW), a division of the US Public Health Service as administered by the National
Institutes for Health. The extracorporeal circulation studies in rabbits were performed
in compliance with the Allegheny Health Network Institutional Animal Care and Use
Committee.

Pharmacokinetics study in mice: C57BL/6J wild type mice (male, 25–30 g, Charles
River) were injected subcutaneously over the shoulders with 5 mg/kg of FXII900 (0.5
mg/ml in PBS, pH 7.4). The mice were anaesthetized three minutes before the scheduled
blood collection time point (40 mg/kg pentobarbital). An abdominal midline incision
was performed and 450 l of whole blood was drawn from the inferior vena cava into a
syringe containing sodium citrate (50 l 3.2% [w/v] sodium citrate). The mice were eu
thanized by cervical dislocation. The blood was immediately processed to plasma by
centrifugation for 10 minutes at 2000 g at 4°C, and stored at 80°C. The concentration of
FXII900 in the plasma samples was determined by LC MS as described below. Twomice
were used for each time point.

Pharmacokinetic study in rabbits: The pharmacokinetic properties of FXII900 applied
intravenously were determined as described previously (193). Female New Zealand
White rabbits were injected with 3.7 mg/kg FXII900 dissolved in 1 ml PBS, pH 7.4 via the
ear vein. Blood samples (2.7 ml) were collected at different time points into sodium cit
rate tubes (BD Vacutainer ref # 363083) and immediately processed to plasma by centrif
ugation at 1400 g for 15 minutes. The concentration of FXII900 in the plasma samples
was determined by LC MS as described below. The pharmacokinetic properties of
FXII900 applied subcutaneously were determined as follows. Female New Zealand
White rabbits (2.5–2.9 kg) were injected subcutaneously over the shoulders with 3.7
mg/kg of FXII900 dissolved in 1 ml PBS pH 7.4. Blood samples (1.8 ml) were collected at
different time points into sodium citrate tubes (BD Vacutainer ref # 363080) and imme
diately processed to plasma by centrifugation at 1800 g for 10 minutes. The plasma was
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stored at 80°C. The concentration of FXII900 in the plasma samples was determined by
LC MS as described below.

Pharmacokinetic study in pigs: Pigs (30 ± 5 kg) were anesthetized and prepared follow
ing procedures used to study an ischemia/reperfusion injury (253). In this procedure, the
ACT is monitored and 2500 IU of heparin are injected when ACT values fall below 180
s. Pigs were injected intravenously with 4 mg/kg of FXII900 dissolved in 1 ml PBS, pH
7.4. Blood samples (2.7 ml) were collected at different time points into sodium citrate
tubes (BD Vacutainer ref # 363083) and immediately processed to plasma by centrifuga
tion at 1400 g for 15 minutes at RT. The aPTT was measured as described above. The
concentration of FXII900 in the plasma samples was determined by LC MS as described
below.

Quantification of inhibitor in plasma samples: The concentration of FXII900 in the
plasma samples was quantified based on peak intensities of total ion current (TIC) chro
matograms acquired by LC MS (LCMS 2020, Shimadzu). To 15 l of plasma sample, 1
M of internal standard peptide and 5 l of 6 M guanidinium hydrochloride solution

were added and mixed. Plasma proteins were precipitated by the addition of 400 l of
ice cold ethanol (99.9% v/v EtOH, 0.1% v/v TFA) and incubated on ice for one hour.
Precipitate was removed by centrifugation (9000 g, 20 minutes, 4°C) and the supernatant
dried by centrifugal evaporation under vacuum. Dried samples were dissolved by se
quentially adding 2 l of DMSO and 18 l of H2O containing 0.1% (v/v) CHOOH and
analyzed by LC MS. The samples were analyzed using an analytical C18 column (Phe
nomenex C18 Kinetex column, 50 × 2.1 mm, 2.6 m, 100 Å) and a linear gradient of 5–
30% solvent B (MeCN, 0.05% [v/v] CHOOH) in solvent A (H2O, 0.05% [v/v] CHOOH) in
4.5 minutes at a flow of 1 ml/min. The mass was measured on a single quadrupole mass
spectrometer in positive ion mode using electrospray ionization. Peptides were quanti
fied based on the absolute intensities of the detected mass peaks (M3+ and M4+).

Ferric chloride induced thrombosis in mice: 57BL/6J wild type mice (male, 25–30 g,
Charles River) were injected intravenously with Rhodamine 6G (100 l, 1 mM, ACROS
Organics product 41902) to fluorescently label the platelets and leucocytes. The mice
were injected subcutaneously over the shoulders with FXII900 or the negative control
FXII901 (0.5 mg/ml in PBS, pH = 7.4) and subsequently anesthetized with ketamine (80
mg/kg) and xylazine (16 mg/kg) via intraperitoneal injection. An abdominal midline in
cision was made to expose the mesenteric arterioles which were imaged by intravital
microscopy using a Mikron IVM500 microscope (Mikron Instruments) coupled with a
50 W mercury lamp (HBO 50 microscope illuminator, Zeiss) attached to combined blue
(exciter 455DF70, dichroic 515DRLP, and emitter 515ALP) and green (exciter 525DF45,
dichroic 560DRLP, and emitter 565ALP) filter blocks. Thrombus formation was induced
by the application of a 1 × 2 mm filter paper saturated with FeCl3 solution (7.5% w/v,
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Roth, art no 5192.1) onto the blood vessel for one minute. The blood flow, clot formation
and vessel occlusion were monitored for 30 minutes wherein images were recorded
every minute using a digital video cassette recorder (DSR 11, Sony) and analyzed using
ImageJ software. Mice were euthanized by final bleeding and cervical dislocation. Time
to clot formation and full occlusion of the blood vessel were determined as follows. Clot
formation was defined as the formation of a clear aggregation with a diameter of around
10 m or larger. Occlusion was defined as a clot covering the full diameter of the vessel.
Mice showing no speckled pattern at the site of FeCl3 application were assumed to be
not injured at the blood vessel and were excluded from the analysis.

Artificial lungs: Mini lungs were created that allowed for blood exposure to the fibers
in the artificial lung, but for construction simplicity, do not transfer gas (254).
Polymethylpentene (PMP) fiber (3M) with 50% porosity, a 380 m outer diameter, and
two layers at 30° cross angles were cut into 1.78 × 1.78 cm squares. Five of these layers
were put together, making sure the fibers all ran in the same direction, and they were
sealed together into a fiber bundle using a hot plate on each side of the square sheets.
These fiber bundles were melted such that they had a 1.57 × 1.57 cm square frontal area
perpendicular to the flow. Eight of these 10 layer “chiclets” were placed together to
make up the fiber bundle of one mini lung device, giving a final surface area of 526 cm2.
These fiber bundles were placed in a square plastic housing of 3.05 cm in length, making
sure the fiber bundles were in the device tightly so that no shunting could occur around
the fiber bundle. This housing was attached to plastic end caps that were placed on each
end with a 1/8 barbed tube fitting for 3/16 ID tubing to allow the device to be con
nected to tubing in the circuit. These end connectors were coated with Teflon tape before
connecting them to the plastic end caps to prevent leakage. The device was held together
with two screws going from end cap to end cap. The entire device was secured with
silicone to eliminate leakage. The silicone was left to dry for 24 hours, and the device
leak tested as follows. Filtered deionized water was run through the device to check for
leaks within the device. If no leaks were found, the device was left to dry with filtered
air running through the device for 24 hours.

Extracorporeal circulation in rabbits:NewZealandwhite rabbits of 3.2 – 4.2 kg (Charles
River) were anesthetized via intramuscular injections of ketamine (30 mg/kg) and
xylazine (5 mg/kg). One of the ear veins was catheterized via a 24Gwinged catheter, and
the rabbits were intubated with a 3.0 ET tube. The animals were kept anesthetized
throughout the four hour experiment via inhaled isoflurane (2%) and were ventilated
with a peak inspiratory pressure (PIP) of < 20 cmH2O, positive end expiratory pressure
of 5 mmHg, tidal volume of 4–6 ml/kg, and a respiratory rate of 22–60 breaths/min. Tidal
volume and respiratory rate were adjusted to maintain normal arterial blood gases and
the listed PIP. Phenylephrine was applied intravenously at a rate of 0.5–5 g/kg min to
maintain blood pressure. For monitoring blood pressure and collecting blood samples,
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the rabbits’ right or left carotid arteries were cannulated using a 16 gauge angiocatheter
(Becton Dickinson) and were secured with silk ties. The device and circuit were first
primed with filtered CO2 and then with saline (NaCl, 0.9% [w/v]) containing solumedrol
(30 mg/kg). At this point, rabbits of the inhibitor treated group were injected with 2
mg/kg of FXII900 as a 2 mM solution in PBS (pH 7.4) via the ear vein and the circuit was
connected to the rabbits via a venovenous ECMO configuration using a 14 gauge angi
ocatheter (Becton Dickinson) and a 6 pressure tubing that was cut to length from a 24
pressure tubing (Edwards Lifesciences) in the right and left internal jugular veins, re
spectively. The circuit was placed in a roller pump (Cobe), and the blood flow was set to
45 ml/min. After connecting the extracorporeal circuit, rabbits of the inhibitor treated
groupwere infusedwith 0.075mg/kg/min FXII900 via the ear vein for the entire duration
of the study. After four hours, the animals were euthanized by pentobarbital injection
(Fatal Plus, Vortech, 1 ml/10 lbs). At the end of the experiment, 5 ml of heparin was run
through the artificial lung while it was still connected to the rabbits. Then the circuit was
removed, and the device was washed with saline carefully so no clot shedding would
occur. Saline was run through the device until the saline was clear. Clot volume was
measured by measuring the volume of the device prior to the experiment and again at
the end of the experiment after washing. This was done by completely filling the device
with saline and recording this amount of saline as the device volume. The difference
between the beginning and ending volume was determined to be the clot volume. From
the clot volume, the percent of clot within the device was calculated.

Data acquisition during extracorporeal circulation: Platelet andwhite blood cell counts,
hematocrit, arterial blood gases (ABG), ACT, aPTT, fibrinopeptide A (FPA), device re
sistance, and bleeding time were measured prior to circuit attachment and at 10, 30, 120,
and 240minutes following the initiation of ECMO. For the platelet counts, a syringe with
0.05 ml of 3.2% sodium citrate (w/v) was used to draw 0.45 ml of blood for a total volume
of 0.5 ml. This was then centrifuged at 60 g for 10 minutes, and 20 l of the plasma was
placed in 20 ml of ISOTON® diluent and counted using a Coulter Counter (Beckman
Coulter, Inc. Brea, CA) with a 50 l aperture tube. For counting, cells were considered
platelets if their diameters were 1.8–5.6 m. For white blood cell counts, 40 l of whole
blood was placed in 20 ml of the ISOTON® diluent. Six drops of ZAP OGLOBIN lysing
solution were added to the mixture and mixed gently. This was allowed to sit for two
minutes. The white blood cells were also counted using the Coulter Counter (Beckman
Coulter) with a 50 l aperture tube where any particle above 3.6 m in diameter was
considered a white blood cell. Arterial blood gases were measured by drawing 0.4 ml of
blood into a heparinized syringe and run using an arterial blood gas analyzer (ABL800
FLEX, Radiometer). The ACT and hematocrit were measured by collecting 0.5 ml of
blood. The ACTwas measured using a Hemochron analyzer with tubes containing glass
beads as the activator. The hematocrit was measured via capillary centrifugation. For
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aPTT measurements, blood samples (1.8 ml) were collected at different time points into
tubes containing sodium citrate (0.2ml, 3.2% [w/v] sodium citrate) and immediately pro
cessed to plasma by centrifugation at 2000 g for 15 minutes at 4°C. The samples were
then analyzed as described above. All platelet counts, WBC counts, FPA, and FXIIa lev
els were corrected for hemodilution by adjusting the raw values based on the hemacto
crit. The inlet and outlet pressure and blood flow rate were measured using a Biopac
system (Aero Camino Goleta, CA) and pressure transducers at the inlet and outlet of the
device (Edwards Lifesciences), and the resistance was calculated with the standard R =
(Pi Po)/Q where Pi is the inlet pressure in mmHg, Po is the outlet pressure in mmHg,
and Q is the flow in L/min. The bleeding time was measured by cutting small incisions
of 4–5 mm at different sites of the right or left ear in each animal. Blood from the incision
was removed with gauze every 30 seconds, and the time until the bleeding stopped was
measured.

Statistical analysis: For all experiments, the mean ± standard deviation is indicated un
less stated otherwise. This includes all values and data points in graphs. All statistical
analyses were performed using GraphPad Prism 5 or Microsoft Excel software. A chi
squared test was used to determine whether mice were protected against clot formation
and full occlusion in the FeCl3 thrombosis model. A one tailed student’s t test was ap
plied to determine the significance of the difference in the time until clot formation oc
curred between the two groups. A one tailed test is appropriate since the effect is only
expected in one direction. The same test was used for clot formation in the artificial lung
devices. For all tests, p < 0.05 was considered significant.
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Supplementary Tables

Table S4.1.Ki values of coumarin labeled FXII618modified at Arg1 or Arg8.All peptideswere synthesized
with the additional amino acid (7 methoxy coumarin 4 yl) Ala OH at the C terminus for accurate concen
tration determination. This approach enabled the determination of Ki values for the crude bicyclic peptide.
For comparison, the crude bicyclic peptide FXII618modifiedwith the coumarin amino acid inhibited human
and mouse FXIIa with Ki values of 20 ± 3 nM and 230 ± 30 nM, respectively. The Ki values of the crude
peptides carrying the coumarin amino acid are around two fold higher than those of purified peptides with
out coumarin. Standard deviations are indicated for Kis smaller than 300 nM. All Kis were measured in trip
licate. Mean ± SD are indicated.

Modification in Arg1 Modification in Arg8

Altered
amino acid

Ki human
FXIIa (nM)

Ki mouse
FXIIa (nM)

Altered
amino acid

Ki human
FXIIa (nM)

Ki mouse
FXIIa (nM)

R1ar 32 ± 5 350 R8A 20.5 ± 0.4 230 ± 30

R1sr 59 ± 4 750 R8S 44.0 ± 1.6 360

R1fr 22 ± 5 190 ± 20 R8F 103 ± 3 900

R1lr 16 ± 5 131 ± 17 R8L 44.3 ± 0.9 490

R1qr 32 ± 4 250 ± 8 R8P 88.8 ± 1.5 440

R1ra 12.4 ± 0.3 88 ± 4 R8K 24.9 ± 0.9 250 ± 40

R1rs 10.9 ± 1.6 85 ± 14 R8H 13.6 ± 0.4 88 ± 13

R1rf 36.3 ± 1.1 220 ± 60 R8E 41.3 ± 0.5 730

R1rl 83 ± 5 440 R8Q 38.3 ± 1.2 330

R1rq 21 ± 3 160 ± 30 R8N 51 ± 3 330
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Table S4.2. Overview of FXII618 variants and their Ki values. Ki values were measured at least three times.
Mean ± SD are indicated.

Inhibitor
name

Modification to
FXII618

Ki human
FXII (nM)

Ki mouse
FXII (nM)

Reference

FXII618 8.1 ± 0.7 86 ± 9 Baeriswyl, V., et al.,
ACS Chem. Biol.,

2015

FXII700 Arg11 hArg 1.5 ± 0.1 N.D. Wilbs, J., et al.,
ChemBioChem,

2016

FXII800 Phe3 Phe4F 0.84 ± 0.03 N.D. Middendorp, S., et
al., J. Med. Chem.,

2017

FXII850 Arg1 D Arg D Ser 5 ± 2 35 ± 9

FXII851 Arg8 His 6.5 ± 0.3 36 ± 3

FXII900 Arg11 hArg,
Phe3 Phe4F,

Arg1 D Arg D Ser,
Arg8 His, deletion

of Arg13

0.37 ± 0.04 0.45 ± 0.11
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Table S4.3. Specificity of FXII900. The indicated values are averages of at least three measurements. Mean

± SD are indicated.

Protease Ki (nM) % residual activity
at 40 M inhibitor

FXIa > 40,000 95.1 ± 0.6

Plasmin > 40,000 86 ± 5

Trypsin 1460 ± 120 9.2 ± 1.1

uPA > 40,000 98.7 ± 1.8

tPA > 40,000 97 ± 4

Thrombin > 40,000 95 ± 6

Plasma Kallikrein > 40,000 72 ± 3

FXa > 40,000 97.1 ± 1.3

FVIIa > 40,000 97.1 ± 1.3
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Table S4.4. Reversion of beneficial mutations. The indicated values are averages of at least three measure
ments. Mean ± SD are indicated.

Peptide Ki human FXII (nM) Kimouse FXII (nM)

FXII618 8.1 ± 0.7 86 ± 9

FXII900 0.37 ± 0.04 0.45 ± 0.11

FXII900 (with C term Arg) 0.34 ± 0.03 0.50 ± 0.15

Phe3 Phe4F reverted 0.70 ± 0.06 1.9 ± 0.5

Arg8 His reverted 0.31 ± 0.02 0.91 ± 0.04

Arg11 hArg reverted 0.51 ± 0.10 0.9 ± 0.4
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Table S4.5. Pharmacokinetic parameters in rabbits. FXII900 was administrated intravenously (n = 3, 3.7
mg/kg) and the concentration was quantified by LC MS.

Parameter Value

t1/2 (min) 12 ± 2

CL (ml/kg*min) 16.1 ± 1.0

VD (ml/kg) 280 ± 50
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Table S4.6. Pharmacokinetic parameters in pigs. FXII900 was administrated intravenously (n = 3, 4 mg/kg)
and the concentration was quantified by LC MS.

Parameter Value

t1/2 (min) 36 ± 5

CL (ml/kg*min) 11.8 ± 1.8

VD (ml/kg) 610 ± 140
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Table S4.7. Time to clot formation and full occlusion in ferric chloride induced thrombosis mousemodel.

Time points at which clot formation and blood vessel occlusion were observed.

Control Time to clot
(min)

Time to full
occlusion
(min)

Inhibitor Time to clot
(min)

Time to full
occlusion
(min)

1 14 18 1

2 17 2

3 6 9 3 23

4 4

5 6 9 5

6 7 9 6 21

7 2 10 7 16

8 15 8

9



93

Supplementary Figures

Figure S4.1. Stability of FXI618 variants carrying two D amino acids at the N terminus. The peptides were
incubated in human plasma as indicated. Residual inhibitory activity was tested in a FXIIa activity assay
using a fluorogenic substrate. Residual inhibition in % was calculated as (IC50,0h/IC50,xh) × 100, wherein IC50,0h

is the functional strength of the inhibitor at time point 0 and IC50,xh is the functional strength of inhibitor after

one of the different plasma incubation periods.
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Figure S4.2. FXIIa inhibitors FXII850 and FXII851.
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Figure S4.3. Synthesis of FXII900. The structure of FXII900 is represented and the chemical structures of the
unnatural amino acids and the chemical linker are shown below.
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Figure S4.4. Reversion of beneficial amino acid substitutions in FXII900. The three amino acids Phe4F3,
His8, and hArg11 were individually reverted in FXII900 (containing a C terminal Arg) to the original resi
dues Phe3, Arg8, and Arg11, in order to assess the contribution of these modifications to the stability of the
inhibitor as well as to the inhibition of human andmouse FXIIa. (A) The amino acid sequences of the bicyclic
peptides are indicated. All peptides contain a C terminal Arg. (B) The residual activity of human andmouse
FXIIa at different peptide concentrations was measured in triplicate. Means ± SD are indicated
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Figure S4.5. Plasma stability of FXII900 containing C term Arg and variants with reverted beneficial mu
tations. The three amino acids Phe4F3, His8, and hArg11 were individually reverted in FXII900 containing
a C terminal Arg to the original residues Phe3, Arg8, and Arg11, respectively, and the stability in plasma
was assessed. Peptides were incubated at a concentration of 80 M in plasma at 37°C. After precipitation
and removal of plasma proteins, the peptides and their degradation products were analyzed LC MS. Total
ion counts (TIC) are indicated in the top panels. The lower panels show the ion count of the intact peptides.
For all peptides, a species was found with an additional mass of one dalton. It is assumed that this mass

results from the hydrolysis of the C terminal amide group
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Figure S4.7. Ferric chloride induced thrombosis in mice treated with negative control peptide FXII901.
Intravital fluorescence microscopy images of mesenteric arterioles in which thrombosis was induced by top
ical application of FeCl3 (7.5%, 1 min). Platelets were fluorescently labeled with Rhodamine 6G for visuali

zation. Vessel walls at FeCl3 application site are indicated with yellow markers
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Figure S4.8. Ferric chloride induced thrombosis in mice treated with FXIIa inhibitor FXII900. Intravital
fluorescence microscopy images of mesenteric arterioles in which thrombosis was induced by topical appli
cation of FeCl3 (7.5%, 1 min). Platelets were fluorescently labeled with Rhodamine 6G for visualization. Ves

sel walls at FeCl3 application site are indicated with yellow markers
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Figure S4.9. Inhibition of FXIIa driven coagulation in artificial lung rabbit model: data for individual
rabbits. Rabbits connected veno venous to an artificial lung system for four hours were injected with
FXII900 as a bolus (2 mg/kg) before start of the extracorporeal circulation and as a constant infusion (0.075
mg/kg/min) over the full time course of the experiment (n = 4; data shown in blue), or were not treated (n =
3). Data for individual rabbits is shown in this figure. Mean values ± SD for the two groups are shown in
Figure. 28. Values indicated for the time point 0 refer to measurements made before connection of the arti
ficial lung. Results of FXII900 are shown in blue and those of the untreated in red. (A) aPTT. Coagulation
times of 230 s indicate that plasma did not coagulate at this time. (B) ACT. Clotting times of 1500 s indicate
that blood did not coagulate at this time. (C) Resistance calculated based on pressure at the inlet and outlet
of the device and the flow rate. (D) Bleeding time measured by incision provoked injuries at the ears. (E)
Platelet count. (F) Volume of blood clots indicated in % of volume of the artificial lungs. For rabbit 2, the

volume is not available
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Figure S4.9. Continued
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Figure S4.10. Analytical HPLC and mass spectrometric data for key peptides
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Figure S4.10. Continued
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Matrix metalloproteinases (MMPs) are important therapeutic targets but the develop
ment of selective small molecule inhibitors has, despite impressive efforts, not been
achieved to most members of this class. In this work, we have addressed this long stand
ing challenge with a combinatorial approach to screen billions of macrocycles composed
of natural amino acids and a synthetic chemical core. By optimization of the zinc binding
group and substituting natural amino acids to unnatural ones, we succeeded at enhanc
ing substantially the binding affinity and stability of the phage selected bicyclic peptide.
The resulting MMP 2 inhibitor has a high affinity (1.9 nM) and stability (4.4 h) and thus
provides a valuable research tool. The applied combined strategies promise to deliver
selective synthetic inhibitors also to other important MMP targets.

The matrix metalloproteinases (MMPs) are a family of endopeptidases comprised of 23
members in humans (255). The enzymes utilize a zinc ion in the active site for substrate
cleavage and are expressed as zymogens, in which the zinc ion is chelated by a cysteine
residue in the pro domain in addition to three histidine residues in the catalytic domain.
Upon proteolytic cleavage of the pro domain, usually by another MMP, the enzyme be
comes active. The main physiological function of the MMPs is degradation of the extra
cellular matrix (ECM) to facilitate tissue remodeling and angiogenesis (255–257). This is
achieved by the degradation of collagen and other ECM supporting components but also
by the release of growth factors and cytokines (258, 259). Even though each MMP has a
large variety of substrates, often overlapping with other MMPs, the enzymes were tra
ditionally classified based on their substrate preference. The MMPs have been generally
divided into the following groups: collagenases (MMP 1, 8, 13, 18), gelatinases (MMP 2,
9), stromelysins (MMP 3, 10, 11, 12), matrilysins (MMP 7, 26) and membrane type
(MMP 14, 15, 16, 17, 24, 25) (260). MMP activity is regulated in vivo by transcription,
zymogen activation and tissue inhibitors of metalloproteinases (TIMPS) (256, 261, 262).
Upregulation and/or increased expression of MMPs has been observed in various dis
eases, predominantly cancer, where MMPs contribute to tumor metastasis and neovas
cularization (263–267). MMP activity and overexpression have been correlated to poor
prognosis and tumor aggressiveness (268). As a consequence, large efforts have been
made, both in industry and academia, in order to develop MMP inhibitors as therapeu
tics. Several compounds were evaluated in clinical trials as cancer therapeutics, however
no MMP inhibitor was successfully approved as a therapeutic (269). The early MMP in
hibitors were small molecule peptidomimetics, often utilizing a hydroxamic acid moiety
for tight binding to the active site zinc ion. The most prominent examples include bati
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mastat, marimastat, CGS 27023A, prinomastat and tanomastat (270–274). Several expla
nations for the clinical failures of the MMP inhibitors have been proposed. One is poor
design of the clinical trials, in which mostly patients with already progressed cancers
were enrolled even though in preclinical studies MMP inhibitors were found to be most
efficient in the early stages of the disease (275). A second reason is the lack of specificity
of the hydroxamate based inhibitors. With several MMPs being antitargets in cancer and
extensive off target binding, the lack of specificity caused poor efficacy and severe side
effects, ultimately leading to the termination of the MMP inhibitor programs (276). De
spite the lack of success in the clinic, MMP inhibitors remain promising as potential ther
apeutics or as research tools (275–277). Presently, the focus lies on developing inhibitors
highly selective for a specific MMP and to this end several approaches have been under
taken (278–282). Instead of targeting the catalytic domain, new MMP inhibitors can tar
get exosites including the hemopexin domain, collagen binding site and pro domain
(283). Several selective small molecule inhibitors have been reported, with or without
zinc binding moieties. Other approaches include in silico screening and natural product
derived inhibitors. In addition, a number of highly selective antibodies have been gen
erated. However, developing specific MMP inhibitors has been challenging and despite
the recent efforts selective inhibitors have only been found for a handful of MMPs.

MMP 2 is a target which has been strongly associated to aggressive cancer (284, 285) and
several knock out models confirm its involvement in tumor growth, neovascularization
and metastasis (286–290). However, the development of a specific MMP 2 inhibitor has
been particularly challenging given its high similarity to MMP 9. To date numerous mo
lecular formats have been utilized in order to identify potent and selective MMP 2 in
hibitors, including small molecules, peptides, natural products and antibodies. Rosello
and coworkers synthesized small molecules with the purpose of inhibiting MMP 2 and
14 selectively. The most selective compound inhibits MMP 2 with an IC50 of 0.09 nM, but
also inhibits MMP 8, 9 and 14 in the single digit nanomolar range (291, 292). Derivatives
of gelatinase inhibitor SB 3CT have been reported to inhibit MMP 2 selectively in the
low nanomolar range, but suffer from limitations in solubility andmetabolism (293, 294).
Recently other selective small molecule MMP 2 inhibitors were described with affinities
in the nanomolar range, however the compounds were not fully selective or were only
evaluated againstMMP 9 (295–297). Several peptide based inhibitors and transition state
analogues were reported, but with lacking selectivity over MMP 9 (298, 299). Chloro
toxin, a natural product, inhibits MMP 2 with a selectivity over other MMPs, but is also
targeting other biomolecules (300, 301). In addition, antibodies were developed but with
lack of or not fully characterized selectivity (302, 303). Up to now, the most promising
MMP 2 inhibitor in terms of potency and selectivity is a peptide based inhibitor, APP IP
which binds the active site of MMP 2 with an IC50 of 30 nM and has affinity in the mi
cromolar range for MMPs 3, 7, 9 and 14 (304–306). When used as a 23 kDa fusion protein
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with TIMP 2, thereby utilizing hemopexin domain binding, the molecule inhibits MMP
2 with a Kiapp of 0.7 pM whereas activities of MMPs 1, 3, 7, 8, 9 and 14 remain above 70%
at 420 nM (307).

Even though APP IP is potent and selective, it has a poor proteolytic stability which lim
its its use as research tool and as therapeutic. Recently our laboratory has generated bi
cyclic peptide inhibitors to a number of proteases which bind to their targets with high
affinity and selectivity and are less prone to proteolysis (180, 188, 203). The peptides are
generally developed by phage display and subsequent lead optimization (204, 246). In
this work we aimed at utilizing this approach to make a potent, selective and proteolyt
ically stable MMP 2 inhibitor which is readily available through chemical synthesis.

Peptides of a phage library of the form ACX6CX6CG pIII (diversity > 4 billion peptides;
Figure 29A) were cyclized by reacting the three cysteine residues with TBMB and sub
jected to three rounds of affinity selection with activated MMP 2. A strong enrichment
of phage in round 2 and 3 of the selection and five strong consensus sequences among
isolated peptides indicated isolation of binders (Figure 29A). One peptide isolated 20
times, M21 inhibited the protease efficiently with a Ki of 4 M while all other peptides
showed no inhibition or only at high micromolar concentrations. In an alanine scan, the
critical amino acids were unambiguously found to be the first four in the second ring of
the macrocycle (DAIW) (Figure 29B). The same phage peptide library was also oxidized
instead of reacted with TBMB to form bicyclic peptides based on two disulfide bridges,
a strategy that we have recently reported (184). In this selection, four peptides containing
only two cysteines were strongly enriched (Figure 29C). One of the monocyclic peptides
inhibited MMP 2 more efficiently than the best bicyclic peptide inhibitors described
above (Ki = 0.05 M). Peptides with only two cysteines are very rare in the applied library
and indicate, along with the good inhibitory activity, a strong competitive advantage of
this peptide format for the inhibition of the metalloproteinase. Comparison of these se
quences with human proteins revealed a striking similarity to the 10 amino acid linear
peptide APP IP that was found by Higashi and co workers to inhibit MMP 2 (306) (Fig
ure 30A). The linear part of the isolated monocyclic peptides is likely forming similar
interaction as the C terminal amino acids of the linear APP IP. These latter amino acid
segment Asp Ala Leu Met binds in a linear and stretched conformation to the active site
of MMP 2, possibly explaining the strong enrichment of peptides with a linear moiety.
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Figure 29. (A) Five consensus sequences were isolated after three rounds of selection as illustrated. Themost
abundant clone, M21, inhibited MMP 2 with highest affinity. (B) An alanine scan of M21 showed that resi
dues D10, A11 and I12 were the most important for binding. The Ki values of systematically substituted
peptides are indicated. (C) Four peptides containing only two cysteines were enriched in the selection. One
of them bound the taret with higher affinity than the best bicyclic peptide. All monocyclic peptides shared
the same binding motif as identified in M21.

The X ray structure of APP IP showed that the two oxygen atoms of the carboxylate of
aspartate coordinate in a bidentate manner to the active site zinc ion of MMP 2 (PDB ID
3AYU) (Figure 30A) (306). Based on sequence comparison we hypothesized that the as
partate residues inM21 and themonocyclic peptide form the same interaction as in APP
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IP. Hydroxamate is known to chelate zinc with a higher affinity than carboxylate, mainly
due to its tendency to form bidentate rather than monodentate interactions with the ion
(308). It has also been found to form additional hydrogen bonding interactions with the
enzyme (309, 310). Therefore, we reasoned that substitution of aspartate with L alanyl
hydroxialanine in these peptides could significantly increase the binding strength. Alt
hough the monocyclic lasso type peptide was a better inhibitor than bicyclic M21, we
chose to modify the latter one as the bicyclic peptide was found to be metabolically more
stable. To prepare bicyclic peptide M21hy, a Fmoc based synthetic strategy was devel
oped in which the linear peptide M21 was synthesized with a 2 phenylisopropyl ester
side chain protected aspartate. This protection group was orthogonally removed using
2% (v/v) TFA in DCM and the hydroxamic acid moiety was introduced via a peptide
coupling of the aspartic acid residue with hydroxylamine. All remaining protecting
groups were removed under acidic conditions and the peptide was cyclized with TBMB.
M21hy inhibited MMP 2 with a 35 fold improved Ki of 116 ± 8 nM (Figure 30A).

Figure 30. (A) The previously identified linear peptide MMP 2 inhibitor APP IP binds by chelation of the
active site Zn ion. The binding of M21 could be improved by introducing a Zn chelator which is stronger
than the carboxylate. (B) In the affinity maturation strategy of M21 libraries of different sizes were used. The
best peptide was identified in the 4x6 library. (C) Hydroxamate modification had a strong effect on MMP 2
binding, but did not influence MMP 9 binding to the same extent. Ki values of the different peptide for the
two enzymes are indicated. (D) SDS PAGE showing that M114hy inhibits the autodegradation of MMP 2.
The band at 32 kDa is a known degradation product formed upon autodegradation of MMP 2 (E) M114hy

inhibits autodegradation of MMP 2 when applied to a cell culture of HT1080 fibrosarcoma cells. MMP 2
species were detected in the cell media by western blot.
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In an attempt to further improve the binding affinity of the peptide and at the same time
to optimize the ring sizes, we performed an additional round of phage display using
affinity maturation libraries. Seven different library formats were constructed in which
the size of the two rings was varied. The binding motif DAIW in the second ring was
kept constant. Obviously, the peptides on phage did not contain the hydroxamate group.
After sequencing of the clones, it seemed that the ACX3CX6CG library was the preferred
format (Figure 30B). We therefore used this format when optimizing residues in the sec
ond ring. The motif QAR was chosen to be kept constant in the first ring as it was the
most commonmotif in the first ring of the 3x6 library andmoreover it was the only motif
found in the same position in multiple libraries. The arginine residue before the middle
cysteine was the most conserved residue of the first ring in the 3x6 and 4x6 libraries, the
two most common formats. We then synthesized peptides having the five most abun
dant residues in position 5 of the second ring and glycine in position 6. The results show
that Glu is the preferred residue in position 5 of the second ring (Figure S5.1). For the
first ring optimizationwe choose 10 different motifs present in the isolated peptides from
the 2x6, 3x6 and 4x6 formats. The motifs were chosen based on amino acid abundance.
Predominantly motifs having an arginine in the position before the middle cysteine were
selected and compared to the QAR motif. We synthesized peptides without hydrox
amate groups as this was technically easier. Several of the selected motifs had similar
affinities. We found that RYQRwas the preferred motif of the first ring (Figure S5.1). The
affinity matured peptide M114 of the format ACX4CX6CG, inhibited MMP 2 with a Ki

value of 89 ± 4 nM.

The strong chelation of the active site zinc ion has largely contributed to the off target
binding of previously developed MMP inhibitors. Here we wanted to determine the
specificity of bicyclic peptide MMP 2 inhibitors containing a hydroxamic acid moiety for
zinc chelation and affinity enhancement. When incorporated in the original lead peptide
M21 identified from phage display using the ACX6CX6CG library, the hydroxamate
modification increased binding affinity 29 fold to MMP 2 (Figure 30C). The Ki value for
MMP 9 was of more than 2 orders of magnitude larger. For the affinity matured peptide
M114, which had a 45 fold higher affinity for MMP 2 than M21, the hydroxamic acid
increased the MMP 2 binding affinity by a factor 12. In the case of MMP 9 the binding
was increased 7 fold for M114hy as compared to the peptide without hydroxamic acid.
The selectivity of M114hy for MMP 2 over MMP 9 was 1200 fold. These results indicate
that both the affinity maturation as well as hydroxamate modification increase the affin
ity of the peptide for both enzymes. However, the effect wasmore pronounced forMMP
2, therefore ultimately resulting in a higher selectivity
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We next evaluated the ability of M114hy to inhibit MMP 2 in a situation more physiolog
ically relevant than an enzymatic assay using an artificial substrate. Previous studies
have shown that MMP 2 is autoactivated and autocatalytically cleaved at several sites
(311, 312). These processes are likely of importance in vivo. Here we incubated the active
62 kDa active enzyme together with different concentrations of the inhibitor. The results
show that M114hy dose dependently inhibits the autoproteolysis of MMP 2 (Figure 30D).
For all inhibitor concentrations, a majority of the active 62 kDa enzyme remains.Without
inhibitor the enzyme is degraded to the 32 kDa fragment observed by Howard et al.
(311). This band is also detected for the lower inhibitor concentrations whereas for the
highest concentration the only degradation product found is the 42 kDa fragment, which
is a precursor of the 32 kDa species.

We then compared the degradation of MMP 2 in HT1080 human fibrosarcoma cell cul
ture media following selective MMP 2 inhibition by M114hy, broad spectrumMMP inhi
bition by batimastat or no inhibition.Without inhibitor or with onlyM114hy a broad band
was detected around 66 kDa (Figure 30E). This band is likely consisting of two species,
72 kDa pro enzyme and 62 kDa active enzyme, a similar result was detected by Berg
mann et al. (312) With broad spectrum inhibition only the upper part of this band is
observed, hence no active MMP 2 is formed. This would mean that enzymes other than
MMP 2 contribute in the activation of the enzyme. It has been previously reported that
MMP 2 is activated by MMP 14, which is inhibited by batimastat, hence the absence of
active 62 kDa MMP 2 in this setting is expected. No degradation products are present
for the broad spectrum inhibition, suggesting the blockage of all MMP 2 degrading en
zymes. A difference in degradation products is observed when MMP 2 is inhibited as
compared to no inhibition. This implies that other MMPs degrade MMP 2 but a certain
degradation product (~26kDa) can only be formed by MMP 2 autoproteolysis. An uni
dentified band at ~46 kDa is likely a degradation product formed by a species not inhib
ited by batimastat.

As described in the introduction, a potent and selective linear peptide MMP 2 inhibitor,
APP IP, has been previously reported. However, its use as a therapeutic or research tool
might be limited due to poor proteolytic stability, which is often the case for linear pep
tides. In contrast, bicyclic peptides typically show superior proteolytic stability as com
pared to their linear counterparts. We compared the proteolytic stability of the bicyclic
peptide M114hy to APP IP. The proteolytic stability was assessed by incubating the pep
tides in mouse plasma at 37°C and quantifying the remaining peptide by analytical
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Figure 31. (A) The peptides were incubated in mouse plasma and remaining peptide quantified at the indi
cated timepoints. The stability analysis showed that the bicyclic M114hy wasmore stable than the linear APP
IP. (B) Mass spectral analysis showed that M114 was cleaved at the N terminal alanine and at one of the
arginines. (C) A series of peptides was synthesized in which residues non crucial for binding were substi
tuted with D alanine. The binding affinites are indicated. (D) Replacing the Arg6 of the first loop increased
the stability without compromising affinity. (E) A series of D amino acid substituted peptides in position
Gly13 were synthesized since it was found that D Ala improved the binding affinity of M114 when in this
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position. (F) Peptide M238hy combines Arg6 D Ala and Gly13 D Tyr modifications and had a four fold
improved affinity overM114hy. (G) The stability of M238hy was assessed by incubating the peptide in plasma
and quantifying the remaining functional strength of the inhibitor at the indicated time points. The impro
ved inhibitor was found to have a functional half life of 4.4 h. In contrast, no remaining functionality was
detected for M114hy after 1 h.

HPLC area under curve. The experiment showed that APP IP indeed is rapidly de
graded in plasma, having a half life of around 15 min (Figure 31A). The bicyclic peptide
M114hy had a substantially longer half life of 3.00 ± 0.04 h. This results demonstrate that
the bicyclic structure of M114hy improves its stability by making it less accessible to pro
teases present in plasma.

Even though M114hy had a relatively long proteolytic half life of 3 h, an increased stabil
ity would be desirable for its potential use as a research tool or therapeutic. In this work
we therefore aimed to improve the proteolytic stability of M114hy further. We choose an
approach in which we identified the proteolytic cleavage sites in the peptide sequence
and replaced key amino acids by D alanines. We hypothesized that the incorporation of
D amino acids would make the peptide less recognizable by proteases. By mass spectral
analysis of the early degradation products, molecular masses corresponding to the pep
tide without N terminal alanine as well as peptide with one ring opened and missing
one arginine residue had been observed. It was however not clear which arginine had
been cleaved (Figure 31B).

We next wanted to see how modifying these potential cleavage sites would affect the
target affinity of the peptide. A requirement of the stability improving peptide modifi
cations was that they should have only minimal or no impact on target affinity. Peptides
containing only single mutations were compared to the lead peptide M114. In these se
ries, all peptides were synthesized without hydroxamate modifications, to allow a rapid
screening approach. It was assumed that the properties of these peptides would later
translate into hydroxamate modified peptides. In a first series, the C terminal and N
terminal residues were either removed or replaced by D Ala (Figure 31C). These modi
fications had no substantial effect on the affinity of the peptides, and would hence be
allowed for potential stability improvement. However, replacement or removal of the C
terminal Gly residue slightly decreased the affinity.

In the next series we screened peptides where all amino acids inside the two rings, except
those of the important Asp Ala Ile binding motif, were replaced by D Ala. The affinity
was substantially decreased for all peptides with the exception of M208, where Arg6 in
the first ring was replaced and M211 where Gly13 in the second ring was replaced (Fig
ure 31C). Both positions would therefore allow D amino acid incorporation. In order to
identify the previously observed arginine cleavage site, we incubated in mouse plasma
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peptides M205 and M208 where the Arg3 and Arg6 respectively were individually re
placed by D Ala, and analysed the degradation products by MS. Endopeptidic cleavage
was found only for M205 but not for M208, indicating that only Arg6 was prone to pro
teolysis (Figure S5.2). When further analysing the degradation products of M114 and
M114hy, these results were confirmed by the detection of molecular species which could
only be formed by cleavage of the Arg6 (Figure S5.3 and S5.4). We then synthesized the
peptideM208hy, containing the Arg6 D Alamodification as well as the hydroxamic acid
moiety and tested its proteolytic stability. The replacement of Arg6 by D Ala in the first
loop increased the proteolytic stability of the peptide 2.4 fold to 7.2 ± 0.6 h (Figure 31A
and D). No degradation products except loss of hydroxamate and/or N terminal argi
nine were observed (Figure S5.5).

Finally, we synthesized a set of peptides with Arg3 and Arg6 replaced by Ala and D Ala
respectively and with and without C and N terminal residues. By removing the N ter
minal cleavage site as well as replacing both arginines, which are known to be cleaved
by trypsin, with amino acids allowed in terms of affinity we hoped to further improve
the stability. However, when comparing these peptides to each other and to M208 and
M208hy the stability was found to decrease when ends were removed or Arg3 replaced
by alanine (Figure S5.6). Moreover we found that the hydroxamic acid moiety decreases
the half life of the peptides. Based on these results we chose to incorporate only the
Arg6 D Ala modification for stability improvement.

After affinity maturation and hydroxamic acid introduction, the affinity of the bicyclic
peptide MMP 2 inhibitor increased to reach a Ki value below 10 nM. However, in order
to be used as a research tool or therapeutic and to fully block MMP 2, even stronger
target binding is desirable. In parallel with the stability improvement we therefore set
out to further improve the affinity. To identify which amino acids of the affinity matured
peptide were important for target binding we performed an additional alanine scan, but
excluding the previously identified important motif of the second ring (DAI). The results
show that Trp11 but also Tyr4 are important for target binding (Figure S5.7A). With the
hypothesis that the interactions formed by these residues could be improved, we substi
tuted the Trp11 with several unnatural analogues (data not shown) and the Tyr4 with a
panel of natural amino acids (Figure S5.7B). Unfortunately none of the substitutions in
creased the target affinity. Tyr4 could however be substituted with Phe without losing
affinity.

In the D alanine scan described above it was observed that substituting Gly13 in the sec
ond ring with D Ala slightly enhanced the binding affinity of M114 (Figure 31C). This
result is in line with an observation in a previous study where Chen et al. describe that
glycine residues in bicyclic peptide ligands can sometimes be replaced by D amino acids
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for improved target affinity (191). If the dihedral angle of the glycine residue is positive,
incorporation of a D amino acid residue can be favourable at that position since D amino
acids adopt positive dihedral angles. Including a D amino acid could possibly increase
affinity by forming new interactions between the side chain and the target. Furthermore,
the conformational flexibility of the unbound peptide could potentially be decreased,
resulting in a lower entropic penalty upon binding. Since Gly13 benefited from the in
troduction of a D Ala, it is likely that this residue adopts a positive dihedral angle. We
therefore decided to screen a panel of D amino acids in the Gly13 position. Several of the
D amino acids improved the affinity, with the best ones being D Tyr and D Phe, which
improved the affinity 2 fold (Figure 31E). Subsequently we investigated several combi
nations of the above identifiedmodifications in a series of 4 peptides (includingM208hy,).
The modifications included Tyr4 Phe, Arg6 D Ala, and Gly13 D Tyr/D Phe. All pep
tides in this set contained the hydroxamic acid moiety. By analysing this group of pep
tides we found that Tyr was the preferred residue in position 4 and D Phe was slightly
preferred in position 13. The best peptide, M238hy was binding MMP 2 with a Ki of 1.9 ±
0.5 nM (Figure 31F).

Finally we set out to validate the stability of the peptide M238hy, having all three modi
fications in place (Arg6 D Ala, Gly13 D Phe and hydroaxamic acid). In order to get
more relevant values, we determined the functional half life of the inhibitors using a new
method recently developed in our laboratory. The method is based on enzymatic activity
assays following the plasma incubation rather than quantification by analytical HPLC.
Bymeasuring the remaining functional strength of the inhibitor both the activity of intact
inhibitor as well as of potentially active metabolites is determined. When analysed in
this assay M238hy shows a functional half life of 4.4 ± 0.4 h (Figure 31G). For the lead
peptide M114hy no remaining functionality could be detected at the earliest sample time
point (1 h).

Next we set out to do a selectivity screen against all other MMPs which would likely be
inhibited byM238hy. The goal was to compare important residues of the enzymes in close
proximity to the binding site (Figure 32A). To identify the enzymes which could likely
be inhibited by a MMP 2 inhibitor, we first performed a BLAST screen of the catalytic
domain of MMP 2 (Table S5.1). For the similarity search the amino acid sequence of the
two parts of the MMP 2 catalytic domain as a single sequence, with fibronectin domains
removed, was used as reported by Hashimoto (306). The BLOSUM62 scoring matrix was
used. For the specificity profiling a kit of 10 MMPs was analysed. The kit containedmost
of the MMPs having the highest similarity to the MMP 2 catalytic domain. A majority of
the MMPs screened, were not inhibited by M238hy and had Ki values exceeding 50 M
(Figure 32B). With the exception of MMP 2, only two proteases were inhibited with Ki



118

values below 1 M (MMP 3 and 12, Ki values of 4.1 ± 1.1 and 600 ± 100 nM respectively).
The strong affinity forMMP 3was surprising given thatmost previously reportedMMP
2 inhibitors only lacked selectivity overMMP 9. This data implicates thatM238hy is form
ing different interaction with the target as compared to most other MMP inhibitors.
Hence potentially also other MMPs could be inhibited.

To gain further insight in the target interaction mechanisms we identified key residues
within the enzymes important for the binding and subsequently aligned the catalytic
domains of the MMPs and compared these residues. The interaction forming residues
were thought to lie within close proximity to the binding motif DAIW of the inhibitor.
Given the fact that M238hy and APP IP share this consensus motif and are both chelating
to the zinc ion through the Asp residue they likely bind to MMP 2 in a very similar way.
We therefore used the published crystal structure (PDB ID 3AYU) to identify key resi
dues of the MMP 2 catalytic domain. Residues within 4 6 Å of the DALMmotif in APP
IP were selected (Fig 32A and B, yellow and blue respectively). By comparing these res
idues of allMMPs in the sequence alignments and cross analysing the affinities ofM238hy

for the MMPs in the kit important key residues for selectivity could be identified. The
most important residue was identified as Ala87 (Hashimoto numbering) in the non
prime side of the substrate binding cleft. Only enzymes containing an alanine or glycine
in this position were inhibited byM238hy (MMP 2, 3, 7 and 12, Figure 32B). If the enzyme
contained any larger residue in this position it fully abolished binding. These results are
well in line with a previously published study in which the selectivity of APP IP for
MMP 2 over MMP 9 was studied (305). Consequently, we tested the affinity of M238hy

for MMP 20, which is the only other MMP, besides the ones already tested, having an
alanine or glycine in this position. Indeed, MMP 20 was also inhibited with a Ki value of
410 ± 50 nM.

While Ala87 is likely the most important residue for selectivity, also other residues have
an impact, which is seen by the different affinities of M238hy for MMPs 2, 3, 7, 12 and 20.
Several studies indicate differences in the S1’ pocket as substrate selectivity determinants
for MMPs (313, 314). We hypothesize that M238hy forms interactions in this pocket via
the Tyr4 residue of the first ring. It is known that the S1’ pocket favours hydrophobic
interactions (315), as utilized by several small molecule inhibitors. Indeed also the Tyr3
residue of APP IP is forming interactions in this pocket (306). Moreover our alanine scan
confirmed that Tyr4 of M238hy is involved in target binding. Mainly two important res
idues have been identified in the S1’ site region, Leu116 and Ile141 (316, 317). BothMMP
20 and MMP 12 differed in this region as compared to MMP 2. MMP 20 has a Thr resi
due in both positions whereas MMP 12 has a Thr residue in 141. It is likely that these
differences contribute to the two orders of magnitude loss in affinity for these enzymes.
However, also other differences seem to have an influence, such as Leu81 Thr in MMP
20 as well as Phe4 Met and Ala87 Gly in MMP 12, which lie close to each other on the
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non prime side. M238hy has even more than 10 fold lower affinity for MMP 7, which is
likely also due to differences in the S1’ pocket. MMP 7 has a Tyr in position 116 and has
been reported to have a particularly shallow S1’ pocket (316).

Figure 32. (A) The residues D10, A11 and I12 are most important for binding to MMP 2 (left). Residues of
MMP 2 within 4 6 Å of DALM in APP IP were selected and are indicated in yellow and blue respectively
(right). (B) Inhibition constants of M238hy are indicated for a panel of MMPs (left). The key interaction resi
dues of these enzymes with the peptide are shown (right). (C) the single rings of M238hy and the linear
peptide were tested for MMP 2 inhibition. The C terminal ring was found to inhibit MMP 2 around 37
fold less than the bicyclic peptide (left). The C terminal ring of M238hy was tested for inhibition of a panel
of MMPs.
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This hypothesis is further supported by Higashi et al. who observed that differences in
the S1’ pocket were the main cause of APP IP selectivity for MMP 2 over MMP 7 (305).
Higashi and co workers further claim that the Gln in position 93 of MMP 9 (Gly93 in
MMP 2) contributes to selectivity. This observation could explain why APP IP does not
inhibit MMP 3 whereas M238hy does, since MMP 3 has an Asn in this position. From the
crystal structure (PDB ID 3AYU) it is evident that Pro10 of APP IP would clash with any
residue pointing towards the solvent in position 93 of the enzymes, which indeed is the
case for MMP 3 and 9 (PDB ID 2D1O and 4H3X) (314, 318). We speculate that M238hy

and APP IP adopt somewhat different conformations in the far part of the non prime
side of the substrate binding cleft.

To understand which parts of M238hy are interacting with theMMPs, we synthesized the
peptide’s first and second ring separately, cyclized with a bivalent linker via the cysteine
residues. In addition, a linear variant of the peptide was made, having replaced the cys
teines by alanines. The hydroxamic acid moiety was included in all constructs. As ex
pected, the N terminal ring did not inhibit any of the enzymes (Figure 32C). This empha
sizes the fact that the interactions in the non prime side of the substrate binding cleft are
crucial for inhibitor activity, despite the presence of the hydroxamate and S1’ binding
residues.

The C terminal ring shows inhibitory activity against MMPs 2, 3, 7 (Ki around 35 M), 12
and 20. This is expected since these proteases have an alanine or glycine residue in posi
tion 87. If compared to the bicyclic peptide, the affinity is always improved by introduc
ing the first ring, but to various degrees. This suggests that the first ring is indeedmaking
interactions with the enzymes, probably in or around the S1’ site. The best interactions
are made with MMP 2 and 3 where introduction of the first ring improves affinity 47
and 26 fold respectively. The effect is less pronounced for MMP 12 and 20 (11 fold and
8 fold respectively) and even less for MMP 7 (5 fold). This is consistent with our previ
ous hypothesis that S1’ interactions are decreasing for these enzymes and thereby selec
tivity is achieved.

The linear peptide was inhibiting MMP 2 with a Ki of 2700 ± 300 nM, but no other MMP
was inhibited. The strong loss in activity indicates the importance of the bicyclic confor
mation for target binding. It is likely that the peptide is locked in its binding confor
mation by the cyclization scaffold.

With the purpose of making a more specific inhibitor and to gain further insight into
which residues of M238hy are important for specificity, we set out to screen a selection of
the previously reported peptides for specificity over MMP 3. Peptides of high diversity
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but with minimal loss of affinity for MMP 2 were chosen for the screen, all without hy
droxamate. Initially, all peptides were analyzed for MMP 3 inhibition using the previ
ously used enzyme, here termed MMP 3 a (MMP 3 catalytic domain, Enzo life sciences,
kit cat # BML AK308 0001). From the initial screen, which was done only once and with
only three data points for each peptide, a subset of peptides was selected, having higher
selectivity than lead peptide M114 (Figure 33A, indicated by arrows). The largest in
crease in selectivity was observed for peptide M222, were S1’ binding Tyr4 residue was
modified into Glu. In addition, the introduction of D Ala either at the N terminus or in
position 6 increased selectivity. Several of the D amino acids in position 13 increased se
lectivity. The selected peptides were then analysed in duplicate, but using a different
enzyme construct, here termed MMP 3 b (MMP 3 catalytic domain, Enzo life sciences,
cat # ALX 201 042 C005). With this enzyme, the affinity of the peptides was generally
lower, hence selectivity increased. This difference in binding affinity is hard to explain,
since according to the supplier the only differences of the enzymes are that MMP 3 a
contains residues Phe100 Thr272 with a C terminal His tag for purification whereas
MMP 3 b instead contains residues Gly98 Pro273. Surprisingly M222 showed a lower
selectivity than M114 in this assay. Instead M221, (Tyr4 Arg) showed high selectivity.
The other selectivity improving modifications were the same as for the first set.

Since M238hy contains the selectivity enhancing modifications Arg6 D Ala (M212 vs
M214) and Gly13 D amino acid, we were surprised that it was not more selective. We
hypothesized that either the hydroxamate or the Gly13 D Phe modifications decreased
selectivity. Peptides M234 andM114hy were tested against MMP 3 b and it was observed
that while the specificity was increased by Gly13 D Phe indeed the hydroxamate de
creased specificity (Figure 33B). Despite the decrease of specificity by the hydroxamate,
M114hy is more selective than M238hy (MMP 3 b assay) even though the latter contains
Gly13 D Phe. We then tested also M208hy which is M238hy without Gly13 D Phe. Un
expectedly, this peptide is less selective thanM114hy indicating that when in combination
with hydroxamate, the Arg6 D Ala modification decreases selectivity. Finally, we syn
thesized four different derivatives of M238hy, each containing one of the identified selec
tivity increasing modifications (Figure 33C). These peptides were again tested with
MMP 3 a. Only one of these peptides showed an improved selectivity as compared to
M238hy namely M240hy in which Tyr4 was replaced by Arg. This modification improved
the selectivity 3 fold, but also decreased the affinity for MMP 2, which however stayed
well below 10 nM.
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Figure 33. (A) A set of previously screened peptides were selected for specificity screen against MMP 3 a.
Peptides without hydroxamate modifications were compared to lead peptide M114. The difference from
M114 is indicated in grey. From the initial screen, peptides having a higher selectivity than M114 were se
lected as indicated by arrows. These peptides were then screened in duplicate against a different enzyme
(MMP 3 b). The Ki values of the peptide for enzymes MMP 2, MMP 3 a and MMP 3 b are indicated. (B)
Hydroxamate modification decreases specificity, especially when in combination with Arg6 D Ala. Modi
fication Gly13 D Phe increases specificity. (C) Four peptides were synthesized containing the identified
modifications beneficial for selectivity. The peptides additionally had modifications Arg6 D Ala and hy
droxamate for direct comparison with M238hy.

Despite the failure of MMP inhibitors in clinical trials, the enzyme class remains im
portant as drug targets. This is highlighted by the recent development of new inhibitors
of different formats than the classic small molecule hydroxamate based compounds. The
lack of selectivity has been stated as one of the main reasons for the failure of the early
MMP inhibitors. However, for the same reason, the biological roles and involvement in
pathologies of the individual MMPs is not yet fully understood. To gain this insight,
highly specific MMP inhibiting tool compounds could be applied, for example in cell
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based assays or disease models. This knowledge could then facilitate drug development
in terms of target validation and/or anti target identification within the class of MMPs.

Herein we utilized phage display of bicyclic peptides, which have been demonstrated to
bind with high affinity and specificity to their targets, to develop a selective MMP 2 (/3)
inhibitor. By using affinity maturation, SAR studies and medicinal chemistry, we could
improve the affinity of the lead peptide isolated in the initial phage display bymore than
three orders of magnitude (M21: Ki = 4 M, M238hy Ki = 1.9 nM). This demonstrates the
power of the bicyclic peptide format when developed by phage display together with
the introduction of unnatural building blocks.

For selective MMP 2 inhibitors, the main challenge has been to prove selective over the
other gelatinase MMP 9. The two enzymes are unique in their structure, having three
fibronectin II type collagen binding domainswhich are required for their ability to cleave
gelatine. The presence of these domains separates the gelatinases from other MMPs. In
addition, the two enzymes share a 64% sequence identity in the catalytic domain.
Achieving selectivity for MMP inhibitors containing a hydroxamic acid moiety has been
particularly challenging. Our initial lead peptide M114hy as well as M238hy show strong
selectivity for MMP 2 over MMP 9. This indicates that the peptides contain selectivity
enhancing groups, not found for most other MMP 2 inhibitors. However, several other
MMPs have high similarity to MMP 2, therefore it is important to screen also those. In
this screenwe found that MMP 3was also inhibited byM238hy. In addition we identified
regions and specific residues of the MMPs, crucial for selectivity of the inhibitor. In con
trast to many other studies we have herein analyzed the sequences of all human MMPs.
In particular selectivity seems to be determined by the S1’ pocket of the enzyme as well
as of residues on the non prime side such as Ala87. We believe that our findings could
be of value when designing inhibitors specific for certain MMPs. However, crystal struc
tures would be a great complement to our activity assay based results in order to gain
in depth knowledge about which interactions control MMP selective inhibition.

Furthermore, we have demonstrated that by introducing unnatural amino acids we
could improve the proteolytic stability and affinity. The stability was improved by iden
tifying proteolytic cleavage sites and subsequently replacing labile residues by D amino
acids. By introducing D amino acids in a glycine position new target interactions could
be formed and thereby increasing binding affinity. These approaches are general and
can be readily applied to peptide binders of any format.

Finally, we made an effort in order to improve the selectivity of the inhibitor for MMP
2 over MMP 3 by SAR studies. It was somewhat unclear how selectivity was affected,
but as expected the hydroxamate decreased selectivity. The selectivity could be in
creased by substitutions in the Tyr4 position as well as in the Gly13 position. We believe
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that it is likely that further modifications in these two positions could influence affinity
and specificity of the inhibitor by interactions at the S1’ site and non prime side of the
substrate binding pocket. In summary, M238hy provides a useful research tool for the
investigation of the physiological and pathological roles of MMP 2 and 3. In contrast to
other selective inhibitors, the proteolytic stability of M238hy allows for application in cell
based assays or in vivo. The inhibitor is readily available through ordinary peptide syn
thesis followed by hydroxamate modification and cyclization, simple reactions which
have been optimized in our lab. Following the potential target validation, the bicyclic
peptide could possibly even be developed into a therapeutic.

Expression and purification of pro MMP 2:Human pro MMP 2 was expressed in tran
siently transfected human embryonic kidney cells as follows. Suspension adapted HEK
293 cells were grown in 1 L serum free ExCell 293 medium (SAFC Biosciences) in the
presence of 4 mM glutamine and 3.75 mM histone deacetylase inhibitor valproic acid in
an orbitally shaken five liter glass bottle at 180 rpm at 37°C in the presence of 5% CO2.
Cells at a density of 20x106 cells/ml were transfected with the vector pcDNA3 MMP2 (a
kind gift from Prof. Dr. Eric Howard, University of Oklahoma, USA) using linear poly
ethylenimine. After 7 days, cells were harvested by centrifugation at 2,500 rpm for 15
min at 4°C. Cell debris was removed from themedium by filtration through 0.45 m PES
membranes. The recombinant protein was purified from the conditioned medium by
size exclusion chromatography on a HiPrep 26/60 Sephacryl S 200 high resolution col
umn (GE Healthcare) using PBS pH 7.4 as buffer. The purity of the proMMP 2 was
greater than 95% judging by SDS PAGE.

Biotinylation of human proMMP 2: The recombinant proMMP 2 (4.5 M) in PBS (pH
7.4) was incubated with 5 fold excess of EZ link Sulfo NHS LC Biotin (22.5 M, Pierce)
for 1 h at 25°C. The excess of biotin was subsequently reduced by repetitive concentra
tion and dilution steps with TNC buffer (50 mM Tris HCl (pH 7.5), 150 mM NaCl, 10
mM CaCl2, 0.02% (w/v) NaN3 and 0.05% (w/v) Brij 35) in a Vivaspin 20 filter (MWCO of
10’000, Sartorius Stedim Biotech GmbH). The ability of the biotinylated MMP 2 to bind
to either streptavidin or neutravidin was verified by incubating the protein with mag
netic streptavidin and neutravidin beads respectively and analysing the bound and un
bound protein fractions by SDS PAGE.

Activation of human pro MMP 2: Purified pro MMP 2 (1 to 5 M) in TNC buffer was
incubated 1 h at 37°C with freshly prepared 4 aminophenylmercuric acetate (APMA,
stock solution: 50 mM dissolved in 200 mM NaOH) at a final concentration of 2 mM.
Activated MMP 2 was purified by size exclusion chromatography on a Superdex 75
10/300 GL high resolution column (GE Healthcare) using TNC buffer.
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Phage selection of bicyclic peptides: Bacterial cells of the library glycerol stock were
inoculated in 500 mL of 2YT/chloramphenicol (30 g/ml) medium to obtain an OD600 of
0.1. The culture was shaken (200 rpm) for 16 h at 30°C. After 30 min of centrifugation at
8500 rpm and 4°C, the phage were purified by precipitation with 0.2 volumes of 20%
(w/v) polyethylene glycol 6000 (PEG6000), 2.5 M NaCl on ice and centrifugation at 4000
rpm for 30 min. PEG purified phage, typically 1011 1012 t.u. (transducing units), were
reduced in 20 ml of 20 mMNH4HCO3, 5 mM EDTA, pH 8.0 with 1 mM TCEP at 42 C for
1 h. The concentration of TCEP was subsequently reduced by repetitive concentration
and dilution steps with reaction buffer (20 mM NH4HCO3, 5 mM EDTA, pH 8.0, de
gased) in a Vivaspin 20 filter (MWCO of 10’000, Sartorius Stedim Biotech GmbH) as de
scribed previously. The volume of the phage solution was adjusted to 32 ml with reac
tion buffer and 8 ml of 50 M tris (bromomethyl)benzene (TBMB) in MeCNwere added
to obtain a final TBMB concentration of 10 M. The reaction was incubated at 30 C for 1
h before non reacted TBMBwas removed by precipitation of the phage with 0.2 volumes
of 20% (w/v) PEG6000, 2.5 M NaCl on ice and centrifugation at 4000 rpm for 30 minutes.
The phage pellet was then dissolved in 3 ml washing buffer (10 mM Tris Cl, pH 7.4, 150
mM NaCl, 10 mM MgCl2, 1 mM CaCl2). Biotinylated active MMP 2 (180 g) was added
to 50 l magnetic streptavidin beads (Dynabeads M 280 from Invitrogen Dynal Biotech
AS) in washing buffer and incubated on a rotating wheel for 10 min at room RT. The
magnetic beads were then washed with 0.5 ml washing buffer and incubated for 30 min
at RT with 0.5 ml washing buffer containing 1% (w/v) BSA and 0.1% (v/v) Tween 20. At
the same time the chemically modified phage (typically 1010 1011 t.u. dissolved in 3 ml
washing buffer) were blocked by addition of 1.5 ml of washing buffer containing 3%
(w/v) BSA and 0.3% (v/v) Tween 20 for 30 minutes. The blocked beads/antigen mixture
(0.5 ml) and phage (4.5 ml) were mixed together and incubated for 30 minutes on a ro
tating wheel at room temperature. The beads (and antigen/phage bound to them) were
washed eight times with washing buffer containing 0.1% (v/v) Tween 20 and twice with
washing buffer. The phage were eluted either by incubation with 100 l of 50 mM gly
cine, pH 2.2 for 5 minutes (pH dependent elution), and then transferred to 50 l of 1 M
Tris Cl, pH 8.0 for neutralisation or by incubation with 100 l of 250 M of the compet
itive hydroxamate inhibitor GM6001 (Enzo Life Sciences, Inc.) in washing buffer (pH 7.4)
for 30 minutes (competitive elution). The eluted phage were incubated with 30 ml TG1
cells at OD600 of 0.4 for 90 minutes at 37 C and the cells were plated on large 2YT/chlo
ramphenicol (30 g/ml chloramphenicol) plates. Second and third round of panning
were performed following the same procedure but using in the second round neu
travidin coated magnetic beads instead of streptavidin in order to prevent the enrich
ment of streptavidin specific peptide binders. Neutravidin beads were prepared by re
acting 0.8 mg neutravidin (Pierce) with 0.5 ml tosyl activated magnetic beads (2 x 109
beads/ml; Dynabeads M 280, Invitrogen Dynal Biotech AS) according to the supplier s
instructions.
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Peptide Synthesis: Solid phase peptide synthesis was performed on an Advanced
ChemTech 348 peptide synthesizer (AAPPTec) using standard Fmoc procedures. Rink
Amide AM resin was used as solid support and DMF as solvent. Peptide variants were
synthesized at a 0.03 mmol scale to obtain around 10 20 mg of pure peptide. Peptide
couplings were performed twice for each natural amino acid by reacting amino acid (4
equiv, 600 l of 0.2 M in DMF), HBTU/HOBt (4 equiv each, 267 l 0.45 M in DMF) and
DIPEA (6 equiv, 360 l 0.5 M in DMF) at RT for 30 min at 400 rpm. The coupling of
unnatural amino acids (2 equiv, 600 l 0.1 M in DMF) was performed once using HATU
(2 equiv, 650 l 0.1 M in DMF) and DIPEA (4 equiv, 250 l 0.5 M in DMF). The resin was
washed four times with DMF after the coupling reaction. The N terminal Fmoc protect
ing group was removed with piperidine (20% v/v) in DMF (RT, 2 × 5 min, 400 rpm). The
resin was washed five times with DMF after Fmoc removal. Fmoc L amino acids,
HBTU, HOBt and Rink Amide AM resin were purchased from GL Biochem. Non canon
ical Fmoc amino acids were purchased from Bachem, Chem Impex, PolyPeptide and
TCI. Peptides were cleaved from the solid support and protecting groups removed by
incubation in 5 ml cleavage cocktail (90% TFA, 2.5% ethane 1,2 dithiol, 2.5% phenol,
2.5% thioanisole, 2.5% H2O) for 2 h with shaking. The resin was removed by vacuum
filtration, and the peptides were precipitated with ice cold diethyl ether (50 ml), incu
bated for 30 min at 20°C, and pelleted by centrifugation (2700 g, 5 min). The diethyl
ether was discarded, the precipitate washed twice with diethyl ether and the remaining
solvent evaporated at RT.

Hydroxamate modification: All peptides which were hydroxamate modified were syn
thesizedwith using Fmoc Asp (2 phenylisopropyl ester) OH (Bachem, cat # B 2475). The
procedure reported above for peptide synthesis was followed until the cleavage from
the solid support. The 2 phenylisopropyl ester protecting group was selectively re
moved by the addition of 5 ml TFA (2% (v/v)) in dichloromethane and left shaking for 2
min. The mixture was removed by filtration and the procedure repeated five times. The
solid support was then washed five times with DMF. For introducing the hydroxamic
acid moiety a peptide coupling was performed by adding NH2OH•HCl (2 equiv, 1 ml,
0.06 M in DMF added to equimolar amount of KOH), pyBOP (1.2 equiv, 1 ml, 0.036 M
in DMF) and DIPEA (6 equiv, 1 ml, 0.18 M in DMF). The reaction was performed twice
and was run at RT, shaking at 400 rpm for 5 min. After the coupling reaction the resin
was washed four times with DMF and peptides were subsequently cleaved from the
solid support as reported above.

Peptide cyclization and purification: Crude peptide at a concentration of 1 mM was
reacted with 1.4 mM 1,3,5 Tris(bromomethyl)benzene (TBMB) in 70% NH4HCO3 buffer
(60 mM, pH 8.0) and 30% MeCN for 1 h at 30°C. The peptide and TBMB were prepared
and mixed using the solvents, concentrations and volumes exemplified for the cycliza
tion of ~ 50 mg crude peptide. To 6 ml 4.2 mM peptide in MeCN/H2O (1:2), 3.5 ml 10 mM
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TBMB in MeCN and 2 ml MeCN were added and the reaction started by addition of 14
mlNH4HCO3 buffer (60mM, pH 8.0). The cyclized peptides synthesized on a 50mg scale
were purified by reversed phase HPLC (Waters Prep LC 4000 system) using a prepara
tive C18 RP column (Vydac C18 TP1022 column, 250 × 22 mm, 10 m, 300 Å) and a linear
gradient of 20 45% solvent B (MeCN, 0.1% (v/v) TFA) in solvent A (H2O, 0.1% (v/v) TFA)
in 25 min at a flow of 20 ml/min. Absorbance was detected at 220 nm. The cyclized pep
tides were injected after lyophilization of the reaction and dissolving the peptide in 10
ml H2O containing 10% (v/v) DMSO, 10% (v/v) MeCN and 0.1% (v/) TFA. Fractions con
taining the desired peptide were lyophilized.

HPLC and mass spectrometric analysis: The molecular mass of purified peptides was
determined on a single quadrupole mass spectrometer in positive ion mode using elec
trospray ionization (LCMS 2020, Shimadzu). The purity of the peptides was determined
by analytical RP HPLC (Agilent 1260 HPLC system) using an analytical C18 column
(Agilent Zorbax 300SB C18, 4.6 mm × 250 mm, 5 m) and a linear gradient of 0 50%
solvent B (MeCN, 0.1% (v/v) TFA) in solvent A (H2O, 5% (v/v) MeCN, 0.1% (v/v) TFA)
in 15 min at a flow of 1 ml/min. Absorbance was detected at 220 nm.

Peptide concentration determination: Lyophilized peptide was weighed and dissolved
in DMSO (3% (v/v)) in water by sequential addition to obtain peptide stocks of 2 mM by
weight. The concentrations of the peptides were determined by measuring the absorp
tion at 280 nm. The stock solution was then diluted based on the absorbance to a final
concentration of 1 mM.

MMP inhibition assays: The inhibitory activity of bicyclic peptides was determined by
measuring residual protease activity with a fluorogenic substrate. The assay was per
formed in buffer containing 50 mM Tris Cl, pH 7.5, 150 mM NaCl, 10 mM CaCl2 and
0.1% w/v BSA, in a volume of 150 l. For all MMPs, with the exception of MMP 19, ac
tivity was measured with the FRET substrate Mca Lys Pro Leu Gly Leu Dap(DnP) Ala
Arg NH2 (FS 6, GL Biochem) at final concentrations of 5 20 M. For MMP 19 the sub
strate OMNIMMP® RED: TQ3 GABA Pro Cha Abu Smc His Ala Dab(6’ TAMRA)
Ala Lys NH2 (Enzo life sciences) was used at a final concentration of 0.75 M. The fol
lowing enzymes and concentrations were used: MMP 1 (Enzo life sciences kit, cat #
BML AK308 0001) 10 mU/ l, substrate 20 M, MMP 2 (expressed in house) 0.5 nM, sub
strate 10 M, MMP 3 a (Enzo life sciences kit) 7.5 mU/ l, substrate 20 M, MMP 3 b
(Enzo life sciences, cat # ALX 201 042 C005) 3 nM, substrate 20 M, MMP 7 (Enzo life
sciences kit) 0.25 mU/ l, substrate 20 M, MMP 8 (Enzo life sciences kit) 3 mU/ l, sub
strate 20 M, MMP 9 (Enzo life sciences kit) 4 mU/ l, substrate 10 M, MMP 12 (Enzo
life sciences kit) 2.5 mU/ l, substrate 10 M, MMP 13 (Enzo life sciences kit) 0.1875
mU/ l, substrate 5 M, MMP 14 (Enzo life sciences kit) 2.5 mU/ l, substrate 10 M,
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MMP 19 (Enzo life sciences kit) 0.75 mU/ l, substrate 0.75 M, MMP 20 (Enzo life sci
ences, cat # BML SE540 0010) 7.5 mU/ l, substrate 5 M. The reaction was pipetted as
follows: 50 l bicyclic peptide in assay buffer was added to 50 l of enzyme in assay
buffer and incubated for 15 minutes at 37°C before 50 l of 15 60 M fluorogenic sub
strate in assay buffer was added tomeasure the residual protease activitywith an Infinite
M200Pro fluorescence plate reader (FS 6: excitation at 325 nm, emission at 400 nm; OM
NIMMP® RED: excitation at 545 nm, emission at 576 nm, Tecan) for a period of 30 min
with a read every minute at 37°C. The bicyclic peptides were serially diluted from the 1
mM stock solutions 2 fold using assay buffer. Sigmoidal curves were fitted to the data
using the following dose response equation wherein x = peptide concentration, y = %
protease activity, p = Hill slope. IC50 values were derived from the fitted curve.

The inhibition constants (Ki) were calculated according to the equation of Cheng and
Prusoff Ki = IC50/(1+([S]0/Km) wherein IC50 is the functional strength of the inhibitor, [S]0
is the total substrate concentration, and Km is the Michaelis Menten constant. Km values
were determined for the enzymes which were inhibited with IC50 values below 50 M
and were as follows: MMP 2: 30 ± 2 M, MMP 3: 90 ± 7 M, MMP 7: 42 ± 5 M, MMP
12: 58 ± 1 M,MMP 14: 10.1 ± 0.1 M,MMP 20: 37 ± 4 M. These values are in accordance
of what has been previously reported for this substrate (319).

Inhibition of MMP 2 autoproteolysis: 100 nM MMP 2 in TNC buffer was incubated
with and without 0.1, 0.5 and 1 M M114hy for 1 h at 37°C. 20 l of the reaction was
analyzed by SDS PAGE using a 10% acrylamide gel (CBS Scientific cat # FK01012 10)
and Tris Tricine ClearPAGE SDS running buffer, and silver staining (Pierce Silver Stain
Kit, Thermo Fisher Scientific).

Inhibition of MMP 2 in cell culture:HT1080 cells were cultured in 10 ml DMEMmedia
supplementedwith 10% fetal bovine serum (FBS) and non essential amino acids (NEAA,
final conc. 0.1 mM or 100 L of 100X stock (Thermo Fisher Scientific) in 75 cm2 flasks.
Cells at 80 90% confluency were washed with serum free (SF) media thrice (DMEMwith
NEAA), incubated in SF media for 2 hours and again washed with SF media thrice.
M114hy or batimastat dissolved in 10% DMSO + 90% Milli Q water were added (10 M
final conc.) and incubated for 48 hours at 37°C, 5% CO2. 10 ml of cell culture condition
media was collected, filtered through 0.2 m membrane and concentrated to 2 ml using
5 kDa cut off Vivaspin 20 (Sartorius) and centrifugation at 4,000 rpm, for around 240 min
at 4°C. Aliquots of 20 l were separated by SDS PAGE using on a 10% acrylamide gel
(CBS Scientific cat # FK01012 10) using ClearPAGE SDS running buffer (Tris Tricine).
Proteins were transferred to a PVDFmembrane and detectedwith rabbit polyclonal anti
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MMP 2 antibody (Novus Biologicals; 1000 fold dilution), anti rabbit IgG HRP (Novus
Biologicals; 5000 dilution) and CN/DAB substrate (Thermo Fisher Scientific).

Plasma stability assays (HPLC): To 720 l mouse plasma (Innovative research) 80 l (1
mM in H2O) of peptide solution was added to obtain a final peptide concentration in
plasma of 100 M. Peptide was incubated in mouse plasma at 37°C in a water bath. Sam
ples of 90 l were collected at different time points (0, 0.5, 1, 2, 4, 8, 16 and 32 h) and
mixed with 60 l of 6 M guanidinium hydrochloride. The samples were then stored at
20°C. After collection of all time points, the samples were centrifuged (11000 g, 5 min)
prior to analysis. The stability and degradation of the peptides was analysed by analyt
ical RP HPLC (Agilent 1260 HPLC system) using an analytical C8 column (Waters,
Xbridge C8, 4.6 mm × 250 mm, 5 m, 130 A) and a linear gradient of 15 65% solvent B
(MeCN, 0.1% (v/v) TFA) in solvent A (H2O, 5% (v/v) MeCN, 0.1% (v/v) TFA) in 30 min
at a flow of 1 ml/min. Absorbance was detected at 220 and 280 nm. Peaks corresponding
to intact peptide or degradation products were identified by mass spectrometry analysis
of the collected fractions using the LCMS 2020 system described above. For the quanti
fication of the intact peptide, area under the curve was calculated for peaks correspond
ing to intact peptide or with only the N terminal alanine cleaved. Average values of 220
and 280 nm chromatograms were used.

Plasma stability assays (Functional): Peptide (100 l of 1 mM in H2O) was added to 900
l mouse plasma (Innovative Research) to obtain a final peptide concentration of 100
M. The mixture was incubated in a water bath at 37°C. At different time points (0, 0.5,

1, 2, 4, 8, 16, and 32 h), samples of 30 l were removed, diluted to 200 l with aqueous
buffer (50 mM Tris HCl, pH 7.4, 150 mM NaCl, 10 mM CaCl2) and incubated for 20 min
at 65°C to inactivate plasma proteases. The peptide/plasma samples were stored at 20°C
until the residual inhibitory activity of the peptides wasmeasured in aMMP 2 inhibition
assay. For the activity assay, the peptide/plasma samples were centrifuged for 5 min at
16,000 g, serial 2 fold dilutions of the supernatant prepared (peptide concentration
ranges from 0.78 nM to 0.8 M) and the residual activity of 0.5 nM MMP 2 measured
using 10 M Mca Lys Pro Leu Gly Leu Dap(DnP) Ala Arg NH2 substrate. IC50 values
were derived from the fitted curve using the equation indicated above. Residual inhibi
tion in % was calculated using the equation IC50,0h/IC50,xh*100 wherein IC50,0h is the func
tional strength of the inhibitor at time point 0 and IC50,xh the functional strength of inhib
itor after one of the different plasma incubation periods mentioned above.



130

Table S5.1. Sequence identity and similarity of catalytic domains of all human MMP

Figure S5.1. Affinity maturation of M21

Figure S5.2. Degradation products of M205 and M208

Figure S5.3. Plasma stability and degradation of M114

Figure S5.4. Plasma stability and degradation of M114hy

Figure S5.5. Plasma stability and degradation of M208hy

Figure S5.6. Stability analysis of end removal and Arg3 Ala modified peptides

Figure S5.7. M114 alanine scan and Tyr4 modifications
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Table S5.1. Sequence identity, similarity and BLOSUM62 score of catalytic domains of all
human MMPs.

Enzyme % Identity % Similarity BLOSUM62 Score

MMP 13 65 76 592
MMP 9 64 77 557
MMP 3 58 70 521
MMP 20 58 67 517
MMP 12 59 71 506
MMP 10 56 68 493
MMP 1 56 72 486
MMP 8 55 68 482
MMP 7 53 64 469
MMP 24 54 64 441
MMP 11 52 65 430
MMP 27 54 64 427
MMP 26 48 67 425
MMP 14 49 63 425
MMP 16 54 64 424
MMP 15 48 62 405
MMP 25 44 56 348
MMP 17 40 43 331
MMP 19 46 58 327
MMP 28 44 57 320
MMP 23 39 50 278
MMP 21 38 49 230
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Figure S5.1. (A) Consensus sequences of affinity maturation libraries. (B) Synthesized peptides with QAR
motif in first loop. (C) Synthesized peptide for first loop optimization with constant second loop.
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Figure S5.2. Observed degradation products after incubation in mouse plasma.
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Figure S5.3. Plasma stability analysis of M114
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Figure S5.4. Plasma stability analysis of M114hy
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Figure S5.5. Plasma stability analysis of M208hy
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Figure S5.6. Stability analysis of end removal and Arg3 Ala modified peptides
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Figure S5.7. Alanine scan and replacement of Tyr4
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Peptides are a promising class of therapeutic molecules, which combine properties of
small molecules with those of the larger biologicals. However, due to intrinsic limita
tions of the molecular format, peptide lead compounds often have to undergo extensive
medicinal chemistry in order to be optimized into more drug like compounds. With this
PhD thesis, my general objective has been to develop bicyclic peptide hit compounds
intomolecules that aremore likely to be used as therapeutics or research tools. This work
has aimed at improving properties such as target affinity, specificity and stability. With
a successfully improved FXII inhibitor in hand, my next goal was to characterize the
inhibitor in various animal models, in order to evaluate its properties in a therapeutic
setting.

In this thesis, I have shown that even though bicyclic peptides isolated directly from
phage display are often not optimal compounds for use as therapeutics or research tools,
they can be optimized using various approaches. Strategies including D amino acids in
corporation, unnatural amino acid incorporation and macrocycle backbone extension
yielded peptides having high affinity and stability. These strategies are now routinely
used in our laboratory for the improvement of phage selected peptides. My PhD work
has been divided into three parts, and in this last chapter I will summarize the general
conclusions for each of them.

In a first project, I investigated if insertion of one or two carbon atoms in the macrocyclic
backbone of a bicyclic peptide FXII inhibitor can improve the binding affinity. The strat
egy of inserting atoms into naturally derived peptides has been applied previously, but
has not been used systematically to improve properties of in vitro evolved cyclic pep
tides. When using libraries composed of canonical amino acids, the atoms in the peptide
backbone can only be varied in blocks of three. I therefore used other strategies to insert
one or two atoms carbon in the macrocyclic backbone. The first approach was to use
amino acids, which contribute one extra atom as compared to normal amino acids.
The second approach was to replace the cysteine residues used for cyclization by single
or double homologated analogues, hence adding one or two extra carbon atoms in the
backbone. We hypothesized that extending the backbone by single or double atom in
sertion could lead to small conformational changes, and that this in turn could
strengthen existing molecular interactions or allow the formation of new noncovalent
contacts with the target.

To identify positions that could benefit from atom insertion we applied a scanning strat
egy in which we synthesized two series of peptides, one where each amino acid was
replaced by glycine and a second where each amino acid was replaced by alanine. In
this scan, we were able to identify two positions, occupied by Pro6 and Arg11, in which
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the affinity loss was similar in both series and hence would potentially allow for atom
insertion. We then synthesized peptides with analogues in these positions and identi
fied a peptide with 4.7 fold improved affinity upon changing an arginine residue into
one of the arginine residues. The homologation of cysteine also resulted in affinity
improvement in certain positions.

This work shows that by introducing small changes in the backbone of cyclic peptides,
the binding affinity can be increased substantially. Since this chemical space is not sam
pled in libraries using only canonical amino acids, this strategy offers a source for im
provement of hit compounds from such libraries. The scanning approach with replace
ment of amino acids first with glycine and alanine provides a method for the identifi
cation of positions likely to benefit from atom insertion. Using this approach can save
time and money since every residue does not have to be immediately replaced with a set
of amino acids (there are four amino acids for each alpha amino acid). In a second
step, we inserted then amino acids containing side chains into the promising positions.
It has to be noted, that we did not test all the possible four amino acids for each of the
two positions, due to the lack of commercial availability. It is therefore possible that
other analogues than the here applied (S) 3 homoarginine could affect the properties
of the peptide differently, with potentially even further increased affinity and/or stabil
ity.

From our results it is not entirely clear how the atom insertion in position Arg11 contrib
utes to the affinity improvement. Since the glycine and alanine replaced peptides have
similar affinity, we hypothesize that the target interactions of the arginine side chain in
this position are more favored for the analogue. However, the backbone extension
could possibly also introduce more flexibility to the macrocycle and thus affect the in
teractions of other side chains. Finally, we later discovered that the substitution of Arg11
to a amino acid largely contributed to the increased stability of the bicyclic peptide.
The approach of macrocycle backbone extension facilitated by a alanine scan can likely
be generally applied to in vitro evolved peptides with the purpose of improving affinity
and proteolytic stability.



143

FXII represents a novel target for the development of safe, bleeding free anticoagulants.
The development of such anticoagulants has been challenging. FXII has been found to
be involved in experimental thrombosis but not in hemostasis and can thus be targeted
for this purpose. Several protein based inhibitors have recently been developed and
evaluated, but no high affinity small molecule has been reported. In the second project
of my PhD thesis, I have continued the work of the first project with the objective to
optimize a phage display selected peptide macrocycle FXII inhibitor for in vivo evalua
tion of selective FXII inhibition by a synthetic molecule. Subsequently I have demon
strated in vivo the peptide’s potential of providing safe anticoagulation.

In the phage display selections that were performed to identify the FXII inhibitor
FXII618, only the side chains of the 20 canonical amino acids were sampled. In this part
of my work, I have used unnatural amino acids containing different side chains to im
prove the FXII inhibitor lead. I combined i) a substitution to an unnatural amino acid
that was identified by a colleague, ii) a substitution to the arginine amino acid that I
identified in the first project, and iii) two substitutions that I found additionally. An ap
proach in which peptides were synthesized with a coumarin tag allowed me to screen
chemically cyclized peptides in unpurified reaction mixtures. This method offers a way
to facilitate the screening of larger libraries of chemically modified peptides containing
unnatural building blocks, or other synthetic combinatorial libraries, without precedent
purification. The peptide combining a total of four amino acid substitutions inhibited
the intrinsic coagulation much more efficiently than the lead compound FXII618 in
plasma from several species, highlighting the need for strong affinities for inhibitors of
FXII.

The pharmacokinetic study in mice, rabbits and pigs showed that FXII900 can be applied
intravenously or sub cutaneously and that it inhibits coagulation in vivo in a concentra
tion dependent manner, without any observed side effects such as general toxicity or
prolonged bleeding. The half life of the peptide is around three times longer in pigs as
compared to rabbits, which lies within the expected range when taking into considera
tion allometric scaling of pharmacokinetic parameters. This indicates that an even longer
half life can be expected in humans. From the study in pigs, a tendency was observed
that FXII900 affected aPTT stronger than heparin. The FXII inhibitor could thus poten
tially be more efficient than the currently used heparin in inhibiting undesired blood
coagulation initiated by artificial surfaces present in various medical devices. At the
same time, the side effects of bleeding could be reduced.
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Thrombus formation was efficiently inhibited in a FeCl3 model in mice, which clearly
demonstrates the potent anticoagulation properties of FXII900. The peptide could likely
be administered subcutaneously in order to provide immediate anticoagulation. The re
duced device resistance in artificial lungs when applying FXII900 shows that intrinsic
coagulation contributes to the clogging of the apparatus. The peptide did not affect
bleeding in rabbits which further emphasizes its selectivity towards the intrinsic coagu
lation pathway. Somewhat surprising, the bleeding times are instead increased in the
group receiving no anticoagulants. We speculate that this may be due to the consump
tion of coagulation factors related to the clot formation in the device. These results show
that FXII inhibition by a peptide macrocycle provides safe anticoagulation when used in
an artificial lung system and is likely to prolong the functionality of the device in a clin
ical situation.

The field of anticoagulation drugs has traditionally been relatively conservative, with
drugs such as heparin or warfarin being used for decades. However, there has been an
unmet medical need for anticoagulants with reduced bleeding risk. During the last dec
ade this has been targeted, for example, by the development of the novel oral anticoag
ulants (NOAC). These drugs were introduced with the purpose of providing safer alter
natives to the widely used vitamin K antagonists, mainly by having reduced intra and
interpatient variability, requiring less frequent monitoring and having insignificant
food drug interactions (320, 321). The NOACs differ from vitamin K antagonists mech
anistically by directly inhibiting coagulation factors (FX or thrombin) instead of their
biosynthesis. While providing some benefits, the new anticoagulants still induce an in
creased bleeding risk, which can have severe consequences for patients (322–324).

Several recent studies have been evaluating new strategies for safer anticoagulation in
various clinical situations, suggesting a new, open minded way of thinking in the field.
One such study analyzed whether bivalirudin, a direct thrombin inhibitor approved in
2000, could reduce major bleeding events undergoing percutaneous coronary interven
tion (PCI) (325). Despite previous studies indicating reduced bleeding with the use of
bivalirudin, no significant difference could be detected among these parameters between
the two groups. In another study the direct thrombin inhibitor Dabigatran was found to
significantly lower the bleeding risk when replacing warfarin and aspirin in a combina
tion therapy with a P2Y12 inhibitor (326). The NOAC rivaroxaban was evaluated either
alone or as dual therapy with aspirin vs aspirin alone. It was found that rivaroxaban was
more effective than aspirin for the prevention of recurrent venous thromboembolism
with a similar bleeding risk (327). Rivaroxaban was also more effective in combination
with aspirin, than aspirin alone in preventingmajor adverse cardiovascular events, how
ever with a significantly increased bleeding risk (328). Several efforts have also been
done to combat the bleeding side effects of the NOACs, such as development of FX de
coy proteins or drug targeting antibodies (322, 329). Given the willingness of testing new
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anticoagulant strategies and the concerns about bleeding, we believe that a selective FXII
inhibitor such as FXII900 is a strong candidate for clinical evaluation with the potential
of providing great benefits, especially in situations where rapid and relatively short an
ticoagulation is required such as in PCI or CPB.

Another indication where the benefits of anticoagulation is somewhat more unclear is
acute ischemic stroke (AIS). The gold standard treatment involves thrombolysis via the
administration of recombinant tissue plasminogen activator (330). In a systematic review
a correlation was found between early anticoagulant administration and a reduced re
currence of ischemic stroke (331). However, anticoagulation is in general contraindicated
due to the very high risk of fatal hemorrhage. Taken together this indicates that bleeding
free anticoagulants, such as FXII inhibitors could provide advantages in the treatment of
AIS.

Our study has however several limitations. Even though we have found that FXII900
inhibits thrombosis in two different animal models, these situations are to various extent
artificial. Although the FeCl3 model is widely applied to investigate the effect of antico
agulation and/or coagulation factors, its mechanism of action is not well understood.
Therefore, it is difficult to determine howwell this model represents pathological throm
bus formation. As a consequence, it is hard to estimate the thrombus preventing prop
erties of a compound solely evaluated with this model. The artificial lung study repre
sents well the clinical setting of this device. However, in order to better predict the po
tential of FXII900 a longer study would have been desired, since the devices will be used
for longer time periods. In addition, it is not clear how well the rabbits and small size
artificial lungs resemble the larger device when actually used in humans.

The work in this project has further demonstrated the extent of improvements that are
possible to achieve when unnatural amino acids are applied to bicyclic peptide isolated
by phage display. Several of the strategies applied here are now used in our laboratory
for the improvement of peptides. Many of the characterization assays and models have
been established by me in our laboratory and are now used also for other projects. Fi
nally, FXII900 was patented and an option to a license was recently negotiated with a
pharmaceutical company who aims to develop the inhibitor into a drug.
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In the third project of my PhD thesis, my objective was to improve the affinity and sta
bility of a phage selected bicyclic peptide MMP 2 inhibitor. With the main objective be
ing stability improvement, I had performed a D alanine scan in order to identify sites for
possible stability enhancing modifications. A proteolytic cleavage site could be identi
fied and replaced by a D amino acid, resulting in an improved stability. At the same
time, a glycine residue could also be replaced by a D amino acid for affinity improve
ment. Replacing glycine with a D amino acidwas found to before in our lab to be a prom
ising strategy to improve binding affinity (191). In the case of the MMP 2 inhibitor, no
crystal structure was obtained, but it is tempting to assume that also the glycine in this
peptide has a positive dihedral angle and therefore benefits from the introduction of a
D amino acid.

Given the challenge of achieving high selectivity for MMP inhibitors, I performed an
extensive analysis and specificity screening of the bicyclic peptide MMP 2 inhibitor. The
experiments showed that in addition to MMP 2, also MMP 3 was inhibited by the pep
tide. This is somewhat surprising, since previous MMP 2 inhibitors have been specific
for MMP 2 over MMP 3 but have also been inhibiting MMP 9. The specificity could
however be increased by a limited number of amino acid substitutions. It is therefore
likely that a fully specific inhibitor can be developed by further utilizing this strategy.
Another approach in order to yield a more specific inhibitor could be to change the ring
sizes of the bicyclic peptide or by adding exocyclic residues at either terminus of the
peptide.

The use of MMP inhibitors as anti cancer therapeutics remains controversial. Inhibitors
of MMPs were extensively developed and evaluated in clinical studies in the 1990s and
2000s, but all compounds failed in clinical trials. The failures are often explained by a
lack of specificity of the inhibitors, but in addition the role of MMPs in various diseases
is not fully understood. It has been postulated that some MMPs are in fact targets in
some diseases but anti targets in others. The multifaceted roles of MMPs together with
their high similarity and substrate overlaps make them very challenging therapeutic tar
gets. A high affinity, stable and specific MMP inhibitor, such as the peptide developed
in this study, could help to shine light on the functions of the different MMPs in various
diseases. A better understanding of the role of individual MMPs may trigger new MMP
inhibitor programs in the future.
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