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Chapter 1: Introduction







1.1. Current status of the pharmaceutical field

During the 1950s and the following decades the modern pharmaceutical industry sector
was developed and as a result, the number of approved drugs grew up systematically
reaching and steady average rate of 20-30 New Molecular Entities Entries (NMEs) per
year and with some fruitful exceptions as for example in 1996 which was the most
successful year, ending up with the approval of 53 new entries by the Food and Drug
Administration (FDA).

Although the pharmaceutical industry had experienced a steady rate in the number of
NMEs registered by the FDA, during the 2000s, due to limitations of the small molecules
to interact with new challenging therapeutic targets, such protein-protein interactions,
many diseases still remained untreated.? Fortunately, this tendency has suffered a turning
point with the biological-based drugs boom, leading into an outstanding new record in
registrations during 2018. In the last year, the FDA’s Center for Drug Evaluation and Research
(CDER) approved 59 novel drugs. Meaning a new record for the biopharmaceutical sector and a
culmination of a new 5-year trend if compared with the previous two decades.® From this 59
NMEs, still 64 % were small molecules although a final overcome by biological-based
drugs is expected to happen in the coming years.* Nowadays, these new
biopharmaceutical drugs are mainly antibodies although siRNA and cell-based therapies
are being finally awarded with a FDA approval and therefore opening the door to a new
biotechnology industry era.

40
30
20

0

2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Number of novel drug approvals

Figure 1. Number of new approved drugs by the FDA per year. There has been a considerable increase in the number
of molecules awarded with the FDA’s approval (except for 2016). Figure reproduced from the CDER report “2018
New Drug Therapy Approvals”.

To explain the decay in the number of NCE along the last years, one plausible explanation
is the problems to modulate difficult protein targets, often classified as undruggable by
their topological features, overall represented by a flat and extended binding site protein
surface region with no clefts where a small molecule can properly interact and be
accommodated. This phenomena is more pronounced in protein-protein interactions
(PPIs), that constitute a promising approach to treat unmet diseases but whose
modulations is specially challenging.®
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In this regard, antibodies (with averaged molecular weight of 150 kDa)® which are
considerable larger structures than traditional small molecules, are able to cover larger
protein surface areas and consequently disrupt more efficiently a PPl without the need of
well-defined cavity in the protein surface.” However, the use of antibody based therapies
is highly limited by their possible immunogenicity response (this is particularly relevant
for chronic treatments), and the lack of permeability across biological barriers, such as
the cell membrane, which challenge its delivery to the target location.

Fortunately, these drawbacks can be overcome for example by humanizing the antibody
or by introducing some post-modification to increase their stability.® But, beyond the high
production cost of biologics, the main handicap of antibodies is related with their poor or
null permeability across biological barriers and therefore making practically impossible
their applicability for intracellular targets. This also has an impact on their route of
administration, which must to be parenteral.

One plausible classification of PPIs is done based on their cellular location. If intracellular
(iPPIs), their modulation is considered more challenging and no effective solutions have
been envisaged so far. Normally, iPPIs are involved in complex protein networks in which
a malfunction in its biological activity can trigger an uncontrolled domino effect resulting
in an unwanted health issue®.

Hence, design molecules able to cross biological barriers and disrupt intracellular PPI
constitutes a field of intensive research within drug discovery paradigm, with future
impact in relevant diseases such as cancer,® neuropathies® or cardiopathies.*°

To understand the approach conducted in this PhD dissertation, it is necessary to
introduce the use of peptides and peptidomimetics, whose main properties are defined
below.

1.2. Peptides

In this scenario, the use of peptides have emerged as a promising tool to modulate the
biological activity of PPIs.!! Briefly, peptides are found in the middle of the chemical-
space between traditional small molecules and more sophisticated agents as for example
antibodies.’? Peptides have between 2-50 residues length, and weight that may vary
between 200 Da to 10.000 Da.™® Indeed, although peptide average (=500 A?) solvent-
accessible surface area (SASA) buried is less than half of a protein-protein interaction
surface are, they bind in a more optimized planar shape and also more hydrogen bonds
per interface are involved.!* Usually SASA is used to compute the necessary transfer
energy of a molecule to be transferred from polar solvent to a non-polar solvent or vice
versa. However, SASA is also a good measure of the representative protein surface that
is accessible for a possible ligand and also allows the differentiation between hot spots
on the protein interface from those that are null spots.

The application of peptides for therapeutic purposes was established in the 1920s, when
insulin was the first isolated therapeutic peptide from canine and bovine pancreas, and
was used for the treatment of Diabities.'® Since those early days in drug discovery field,
several peptide drugs have gained market access and the trend keeps growing up (Figure
2)_16
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Figure 2. Cumulative plot of the development of therapeutic peptides in major pharmaceutical markets. It is
considered entering in clinical studies when phase | or pilot human study starts. Image taken from reference 15.

The vast majority of developed peptide drugs are usually derived from natural products
or bigger proteins binding motifs, then limiting the sources to develop de novo peptides
and consequently their historical weight in the drug discovery field. Furthermore,
although peptides generally are non-toxic, they show low stability in front proteolytic
activity and poor permeability across biologic barriers.®

Then, stability and permeability of peptides are the major drawbacks for their use as
therapeutic drugs and therefore limiting their application

1.2.1. Stability

Toxicity and bioavailability are properties straightly linked to the peptide stability.
Compound cleavage could lead in smaller peptides with off-target effects, then having a
possible toxic effect when administered in vivo'®. On the other hand, a low resistance to
enzymatic proteases will be translated into a lower concentration in blood, narrowing the
compound bioavailability, and therefore dropping its potency as a consequence of a lower
concentration in blood.

Hence, improving the drug potency by keeping the therapeutic dose longer time in the
body, plus a reduction of toxic effects, as a consequence of less unwanted cleaved sub-
products of the peptide, will enhance the metabolic profile to progress in the drug pipeline
for a given peptide.t’

In addition to this, oral drug administration remains as the preferred route of
administration for the pharmaceutical industry because of the patient compliance and the
feasibility to administer large amounts of the drug. In this scenario, compound’s
metabolic stability is a key property for an efficient distribution after oral dosage. Upon
oral administration, the compound must remain stable to the strong acidic conditions of
the stomach, which can compromise the peptide integrity. Later, it must be highly stable
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to the first pass of metabolism, and once in blood stream must to be stable against plasma
proteases.

However, peptide proteolytic resistance to the body enzymatic activity and strong acidic
conditions of the stomach is very low, promoting fast degradation rates. Indeed, digestive
track strong conditions prevents most of the therapeutic peptides form be administered
orally, and then have to be administered intravenously.*® Likewise in all situations,
peptides are rapidly cleared from the body system and excreted, thus limiting their
circulation time and as a consequence a possible therapeutic application.®

1.2.2. Permeability

Biological barriers such as, the skin barrier, the gastro intestinal track (GIT) or the blood
brain barrier (BBB) prevent the absorption of xenobiotics by the body. The, drug
absorption relies on a number of factors and drug properties, such compound’s solubility,
physical and metabolic stability, route of administration, status of the biological barrier
in physiological and pathological conditions, and formulation. Permeation across
biological barriers is mandatory for a drug to reach the target location.?® In particular,
when the target is extravascular located and the route of administration of the compound
IS non-parenteral.

Mechanisms of transport can be classified in active and passive transport.

1.2.3. Active transport

Molecules are internalized by membrane transporters in a saturable energy-dependent
process. There are three main active transport mechanism, carrier-mediated transport
(CTM), receptor-mediated transport (RTM) and absorptive-mediated transport (AMT).

In CTM is based in the specific recognition of a substrate by its carrier transporter protein,
which assist the translocation of the substrate through the cell. The molecule to be
transported is bound to endothelial membrane transport protein, which drive the
biological barrier transport.?! Since CTM is a vesicular-based mechanism of transport, its
capacity for transportation is limited to small molecules.

RTM is a vesicle-based transport, rather than a stereoselective carrier, that occurs in three
steps, receptor-meditated endocytosis of the compound present in blood stream,
movement through the endothelial cytoplasm and finally the compound is released by
exocytosis. Then, RTM receptors are characteristic for their function to recognize
particular types of endogenous molecules.?? Therefore, a drug design can be done to play
the role as a RTM ligand in order to cross for example the cell membrane.

AMT, unlike CTM and RTM, is not dependent of any plasma membrane receptor or
transported protein. This mechanism is driven by the cationic or anionic charge of the
transported molecule. The charged molecule interaction with the counterpart lipid
membrane charges and triggers endocytosis, which can lead to transcytosis afterwards.?®
Since AMT is a vesicular mechanism of action, larger cargos can be transported and also
no competition with endogenous compounds present in the blood stream is found.

Although peptides are unlike to cross biological barriers, cell-penetrating peptides
(CPPs), which are peptides type comprising between 5-30 residues have enhanced
permeability. There are more than 100 known CPPs that are divided in three major
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categories; amphipathic, catatonics and hydrophobics.?* The use of CPPs as shuttle to
deliver different cargos as for example DNAS, siRNAS, or proteins, has been
successfully applied and translated from the basic research to clinics.?®

However, CPPs cellular uptake is not fully understood, unspecificity and formation of
membrane pores are factors that can produce toxic effects. Moreover, most of the
currently known CPPs have a low stability and they applicability has to be study almost
case by case. Once internalized, endosomal release remains a challenge nowadays.
Another drawback of the use of shuttles is that the physico-chemical properties of this
one can be altered by the cargo, then losing its transport capacity.

1.2.4. Passive diffusion

Passive diffusion is the most common mechanism for drug transport. This transport
mechanism is mediated by concentration gradient of the transported molecule from both
sides of the corresponding biologic barrier.?

Concretely, passive diffusion is an intrinsic property that relies in the compound
physicochemical features and as opposed to active transport. In this regard, in 1997 it was
reported by Lipinski that the majority of oral administered drugs that have a FDA
approval follow the physicochemical features (MW < 500 g/mol, < 5 hydrogen bond
donors, < 10 hydrogen bond acceptors and logP < 5) described in the Lipinski’s rule-of-
5 (R05).2%2" However, peptides-like compounds usually escape from the chemical-space
comprehended by Ro5 and in general terms are non-permeable. Lipophilicity is the major
determinant of peptide permeability by passive diffusion, although should be balanced
with a moderate or good solubility in aqueous environment. In this regard, medicinal
chemistry approaches aimed to circumvent a permeability limitation of a given molecule
have been focused to increase the overall molecule lipid solubility by blocking hydrogen
bond-forming groups on the parent molecule. However, an excess of lipidization may
enhance binding to plasma protein which could translate into molecule retention on the
lipid membrane.

Fortunately, some natural peptides, such as Cyclosporine A (CSA),?® a 11-amino acid
long cyclic peptide, is a clear example that there is live beyond the Ro5 (bRo5). CSA has
a chameleonic behavior that allows to this cyclic peptide switch its tridimensional
conformation by forming intramolecular hydrogen bonds and then, increasing or
decreasing its Polar Surface Area (PSA)?° depending of the medium polarity, that the
peptide is located in giving moment, e.g. plasma or intestinal fluids versus cell membrane.

Indeed, most of the currently approved drugs are transported across biological barriers
through passive diffusion. Unfortunately, the knowledge about which rules drive the
passive diffusion for those molecules that are bRo5 is limited, hampering the in silico
prediction and its applicability for proper drug discovery development.

1.2.5. Status of peptides as therapeutic agents

In conclusion, natural peptides are often associated to a low proteolytic resistance and
negligible permeability across biological barriers, narrowing their applicability as future
drugs. To overcome poor permeability, CPPs are implemented as cargo carriers, but also
toxicity issues related with the shuttle release or the complex stability can be found.
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However, the above drawbacks are leveraged by the capacity of peptides to target large
and flat areas of a protein surface with high affinity and by their ability to naturally
modulate the biological activity of proteins.

Hence, peptides are the most suitable molecules to unlock those therapeutic targets that
were thought to be undruggable, such as PPIs,3! thus explaining why they have called the
attention in the drug discovery field during the last years. But an optimization of their
intrinsic physco-chemical properties is needed for a successful application of peptides in
the drug discovery field.

1.3. Peptidomimetics

The above disclosed needs of the pharmaceutical industry to develop new drugs to target
those proteins that were thought to be undruggable in the past, especially those that are
intracellular PPIs, along with the progress made in the peptide chemistry, particularly
with the development of the Solid-Phase Peptide Synthesis (SPPS),% has been translated
in an increase of peptide based drug that have reached the market. Indeed between the
years 2011 and 2017, from the 22 new peptide entities approved by FDA 20 had some
chemical modification.®,

Interestingly, new feasible applications of peptides are being published as for example
the before mentioned use of cell penetrating peptides (CPPs) as drug shuttles to delivery
non-permeable drugs to their site of action?*?® or the use of peptides for labeling
techniques.3*%

Furthermore, new strategies devoted to screen de novo peptide-like structures against a
given target have been developed, as for example phage display,*® ribosomal synthesis of
peptides®” and in silico techniques.®® In these compound screening campaigns non-natural
amino acids or chemically modified amino acids and modifications on the peptide
backbone are included in many occasions.

Generally, peptide-like based drugs, peptidomimetics, are characterized by a peptide
structure core, which usually has been tuned in order to overcome the major drawbacks
of natural peptides; poor metabolic stability and low permeability across biological
barriers. Moreover the current synthesis techniques allow the optimization of the peptide
sequence to gain more affinity and specificity for the target protein along with the
improvement of its biological profile.®

Peptidomimetics are based in a peptide sequence modified in order to improve its
biophysical properties along with a potency improvement. Some of the most frequent
modifications are substitution of L-amino acid by their chiral version (D-amino acid) or
non-natural amino acids, selective backbone N-methylation and peptide cyclization are
recurrently found in a peptidomimetic structures.®

1.3.1. Peptide sequence modifications

Amino acid substitution by D-amino acids or non-natural generally improves the ADME
properties of the compound. Meaning, an increase in front proteolytic degradation, as the
points of the peptide sensitive to metabolic cleavage or modifications are replaced or
deleted.**4! Besides, by introducing non-proteinogenic amino acids, as non-a. amino

17



acids, where the amino group has been shifted further from the carboxylic group, or side-
chain modifications, as Lysine derivatives (Citruline, Ornithine and Homo-Arginine), the
affinity of a peptide by its target protein can be optimized. Nowadays, more than 100
Fmoc protected non-natural amino acids are commercially available. Thus, exponentially
increasing the number of possible combinations even for short peptides (3-5 amino acids)
accessible from SPPS synthesis.

Other structure-changing modifications are staple peptides, in which the a-helical
secondary structure is stabilized by intramolecular bonds.*>** Also, disulfide bonds or
derivate as lactams, olefins and thioethers are being used to stabilize the peptide
tridimensional structure®*,

In addition, some other post-modifications are included in the peptide synthesis such as
bond-surrogates (despsipetides, pseudo-peptides or peptoids), N-terminus and C-terminus
capping. Moreover designing a peptide pro-drug, is a well-known technique to increase
the overall peptide ADME properties. A good example of this, is the attachment of
polyethylene glycol (PEG) to a peptide sequence. PEG is an amphiphilic polymer linked
to the active peptide sequence that increases the peptide stability and permeability. Then,
once the coupled peptide is internalized and reaches the target location, PEG gets cleaved
from the peptide sequence. Then, the active peptide can effectivity interact with the
therapeutic target meanwhile PEG is fully excreted after proteolytic degradation,
therefore being non-toxic.?

1.3.2. N-methylation

Selective backbone N-methylation of solvent exposed N-H bonds is a widely used
approach to reduce the polarity and the number of hydrogen bonds donors for a given
peptide in order to improve the peptide permeability.*>*® A complete backbone N-
methylation could be detrimental from a permeability point of view, as normally the
consequent loss of solubility cannot be balanced enough with the lipophilicity gain.*’

Furthermore, selective N-methylation of peptides bonds increases the peptide stability by
reducing the number of sensible proteolytic points along the compound sequence.* Also,
the steric hindrances related with the N-methylation blocks the number of possible
conformations and stabilizes the amide bond cis-trans equilibrium.*®:0

Currently, there are several N-methylated Fmoc protected commercial available amino
acids, but also, selective N-methylation can easily be performed during SPPS process
without the cleave of the growing peptide from the polymeric support, thus allowing site-
selective N-Methylation®?. In addition to this, new approaches include N-alkylation with
longer and more variety of alky chains.>23

1.3.3. Cyclization

Engineering cyclic peptides to target PPI is a hot topic within the drug discovery field.>*
These molecules have the capacity to bind larger protein interfaces and they outperform
linear peptides in terms of proteolytic stability and permeability across biological
barriers.>®

Macrocycles rotation angles are more constrained than their lineal counterparts, meaning
a confined conformational space. When the bioactive conformation is the most favored
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by molecule structural restrains, the energetic entropic penalty cost to adopt it is lowered
if compared with the lineal version and therefore its potency enhanced.>®

Naturally occurring cyclic peptides are present in the drug market, as for example the
before mentioned CSA for the treatment of psoriatic arthritis, another good example is
Romidepsin, an anticancer drug.>” Besides the discovery of cyclic natural products, new
methods to engine de novo cyclic peptides to inhibit PPI have been developed. Aside from
SPPS methods, in 1985 the 2018 Nobel prize in chemistry, George P. Smith develop the
invention of phage-displayed to screen peptide libraries,*® a widely used technique that
has been optimized to code non-proteinogenic building blocks or scaffolds to obtain
bicyclic peptides.>® A similar approach are mRNA display libraries with a library size of
10*2 (in front of 10° of Phage display) and also, a technique optimized by Prof. Suga and
coworkers to add non-natural amino acid or post-modification in the ribosomal synthesis
code.37'6°

Although the constantly increasing interest in macrocyclic structures and after several
successful cyclic compounds have reached the market, their complexities related with
structural prediction have limited in silico screening techniques®'2. Briefly, correct
starting point conformation for a cyclic structure is determining for an accurate prediction,
as different low conformation can be wrongly found as the most stable conformation
biasing all subsequent results. Thus, the design of macrocyclic compounds remains in an
early stage and then, a more spread use of cyclic peptides in drug development programs
IS narrowed.

N conformations

Figure 3. Graphic representation of conformational complexity of macrocyclic structures. In silico studies are biased
by the starting point conformation. Although long-term Molecular Dynamics® or Distance Geometry>® can be applied
to overcome this issue, the associated computational cost narrow the screening scope. On left the different low energy
conformations that can be accessible for a given cyclic peptide is represented. On the right, all conformations that from
and energy point of view are accessible for the cyclic peptide c(HomoPhe-Nle-Dip-Gaba-p-Ala).

As final remarks, peptidomimetic solutions are able to overcome the main handicaps of
peptides as drugs. In fact, continuous evolution of the different strategies to obtain tuned
peptides in order to optimize their structures or to improve both, physico-chemical
properties and bioactive function, has lead into a golden-age era of peptides.

However, due to a lack of an extended background in the peptidomimetic field, the
knowledge about how to predict the behavior of different molecules is limited. Meaning,
an expensive trial-and-error process to find novo structures or to improve initial hit
candidates.
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1.4. Iproteos approach

Iproteos was founded in 2012 by Prof. Ernest Giralt and Dr. Terresa Tarrag6 with the idea
to apply peptidomimetic novel structures to target intracellular PPIs of therapeutic
interest. Since its inception, the company contribution in the drug discovery field has been
recognized by public and private institutions with relevant awards or funding campaigns.
Altogether, Iproteos track has allowed the company to expand its initial pipeline from the
initial molecule for the treatment of Cognitive Impairment Associated with Schizophrenia
(CIAS) to the development of new drugs for Epilepsy, Artheroesclerosis and several
projects related with cancer disease. More information about Iproteos can be found in the
company’s website, Www.iproteos.com.

The design of new peptidomimetics molecules is based in an in-house built platform,
IPROTech. This technology lies in a set of computational and experimental tools aimed
to exploit a proprietary in silico library (IPRO Library) to identify, through state-of-the-
art computational approaches, the most promising small peptidomimetic structures able
to bind to the desired target with large affinity and selectivity, but also with high
membrane permeability. By using structure-based approaches, such as peptide docking
and protein-based molecular dynamic simulations, a throughout survey of the desired
target is conducted in a sequential manner identifying and prioritizing the synthesis of the
more promising candidate structures.

A through non-confidential description of IPROTech is done in Chapter 2 of this thesis.
Graphically, IPROTech can be illustrated as depicted in Figure 4.

IPRO Filter IPRO Docking

¥

N |
- \,,‘
—_— 7 L

Experimental IPRO
Validation Permeability

Figure 4. lllustrative representation of the main tools and steps of the Iprotech. A large in-house peptidomimetic virtual
library (IPRO Library) is screened through the peptide based computational tools (IPRO Filter, IPRO Docking and
IPRO Permeability). Afterwards, selected molecules are synthesized and evaluated. Based on the experimental results,
the same process is repeated until obtain a promising drug candidate.
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The main objective of this thesis was to evaluate the capacity of the proprietary
technology platform IPROTech to generate peptidomimetics able to modulate
intracellular protein-protein interactions. Hence, technology validation by its successful
application on high scientific interest cases was a major milestone of this work. For this
purpose, here, four cases of challenging PPI have been studied and evaluated, namely:
Talin-Vinculin, RAD51-BRCA2, K-RAS-Effectors and Retromer-L2 protein. With the
successful results obtained in this thesis, Iproteos had the plans to be positioned as a key
partner for any drug discovery program which aims to target an intracellular protein-
protein interaction.

The constant integration of peptide docking protocol steps, new amino acids and terminal
capping building blocks or other new approaches to improve the compounds
physicochemical properties was fundamental to achieve higher success rates in the
different company’s project.

Hence, the work done during this thesis has been structured around the following
objectives:

1) Synthesis of high purity (>95 %) novel peptidomimetics that had been designed
applying the IPROTech technology in order to disrupt the PPI of interest.

2) The company’s focus is targeting intracellular PPIs, therefore permeability across
biological barriers is a key asset. Meaning an evaluation of the permeability of the
synthesized compounds across biological barriers and/or their capability to be
uptake by cells.

3) In order to have permeable compounds, the increase of hydrophobicity detriment
their solubility. A good solubility is essential for any drug candidate and as a
consequence study new approaches to solve this issue are mandatory to overcome
the solubility bottle neck.

4) Demonstrate the IPROTech efficacy by its application in relevant scientific
projects where therapeutic mechanism of action is related with the disruption of a
PPI.

5) Integration of all generated data into the company know-how in order to optimize
the IPROTech efficacy.

6) Include new business cases in the company’s pipeline to diversify the number of
projects and molecules that can reach clinical phases.
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Chapter 2: IPROTech







2.1. Introduction

IPROTech is the acronym of lIproteos proprietary technology, consisting in a set of
algorithms devoted to design and engineer permeable peptidomimetic structures aimed to
inhibit intracellular PPIs. The computational platform is combined with adjacent
experimental studies to verify prediction results. Once the computational evaluation of a
given PPl is completed, the compounds suggested as more active (from a in silico
viewpoint) are then synthesized and characterized in terms not only of permeability, but
also stability and potential activity versus the desired protein target.

Once the former experimental results are obtained in the first screening, the prediction is
reinforced with wet-lab data. Based on sub-sequent iteration, the predictions are refined
towards an optimal results, both from an in silico and experimental viewpoint. Ideally,
after 3-4 iteration, initial hit compounds are fully optimized to a lead candidate structure
that is immediately subjected to PK/PD in vivo studies.

IPROTech exploits a proprietary in silico library of peptidomimetics, whose size is
currently estimated around 108, This virtual library, coined as IPRO Library differs from
other commercial catalogs that are purchasable in terms of ligand size and physico-
chemical properties. Unlike commercial libraries, whose chemical space can be easily
screened with modern IT infrastructure (10°-10%) in days or weeks, the large size of
IPROTech forces to apply logical steps to reduce the large number of compounds to be
initially screened to an amenable number. To do so, a set of proprietary algorithms were
designed to efficiently navigate and to select from IPRO Library the more promising (in
silico) compounds too be tested. Additional algorithms, named IPRO Filter, IPRO
Docking and IPRO permeability, are approaches to leverage not only the computational
resources, but also guide predictions towards a scenario with the less number of
computational workload and to overpass the known limitations observed when applying
modern Computer Aided Drug Design (CADD) software to peptides and
peptidomimetics. The CADD software accuracy is especially limited in those cases where
peptide size clearly exceeds the size of small molecules. To develop accurate and novel
algorithms, with a keen interest in execution efficiency, three main branches were created,
consisting in the software herein denoted as IPRO Filter, IPRO Docking and IPRO
Permeability. These algorithms are sequentially applied to screen new peptidomimetics
sequences to target a PPI of interest. The development of this technology has been carried
out keeping the focus on the particularities of peptide based-molecules.

After IPROTech identifies the best molecules to be synthesized, we proceed to synthesize
them through solid-phase peptide synthesis (SPPS) following a Fmoc/tBut strategy.
Synthesis are performed manually because of the low length of the compounds, the high
price of some of the non-natural amino acids used and because backbone specific N-
alkylations are added frequently. Therefore, automated synthesis methodologies cannot
be applied in such designs in straightforward and inexpensive way.

Finally, the high purity synthesized compounds (usually > 95 %, HPLC area/area) are
evaluated in vitro to screen positive hits and to validate the computational model, which
is a key point for the further optimization of the peptide-like sequences. Other
experiments related with the compounds biophysiochemical properties, such as
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permeability, solubility and stability are also included as evaluation tools to select the
most promising hit.

To validate the IPROTech platform, the company has settled different collaboration
projects with leading research groups from the academia. These collaborators have a long
track record of the study of a particular iPPI with a possible or validated therapeutic
application.

In the context of this thesis, these groups were responsible for the efficacy (in vitro)
evaluation of each project after the identification of potential peptidomimetics based on
IPROTech. The collaboration agreements were done under win/win scope, with the aim
to first, validate the advantages of IPROTech where other computational approaches
previously failed measured in terms of active molecules for the desired PPI; and secondly,
to provide a compound tool to collaborators to continue their research and demonstrate
the therapeutic utility of targeting the corresponding PPI.

Briefly, the established collaborations were;

1. Cellular and molecular mechanobiology group from the Institute for
Bioengineering of Catalonia (IBEC). The group is led by Dr. Pere Roca-Cusachs
and the collaboration was settled to discover inhibitors of the Talin-Vinculin
protein-protein interaction as possible target to modulate the growth of solid
tumors. The information about this PPI as well as the approach made by Iproteos
is throughout discussed in the chapter 3 of this thesis.

2. The team of Dr. Alessandro Sartori from the Institute of Molecular Cancer
Research (IMCR) from the University of Zurich. The project aimed to disrupt the
interaction between RADS51-BRCA2 through a synergistic treatment with
Olaparib, a poli ADP ribosa polimerasa inhibitor (PARPI), for the treatment of
several types of cancers. The information about this PPI as well as the approach
made by Iproteos is throughout discussed in the chapter 4 of this thesis.

3. Signaling and checkpoints of cell cycle group from the department of Biomedical
Sciences from the University of Barcelona. The group is led by Dr. Neus Agell
and its research interest are related with the role of K-RAS in cancer. Therefore,
the collaboration was carried out to develop inhibitors of the interactions of K-
RAS and its effector proteins. The information about this PPl as well as the
approach made by Iproteos is throughout discussed in the chapter 5 of this thesis.

4. The Membrane and Trafficking Lab from the CICbioGune led by Dr. Aitor Hierro
had published the crystal structure of the Retromer protein, a transmembrane
protein which is used by the Human Papillomavirus to infect the cells. The idea
behind this project was develop peptides that can compete with the virus for the
recognition of the Retromer protein. The information about this PPI as well as the
approach made by Iproteos is throughout discussed in the chapter 6 of this thesis.
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2.2. IPRO Library

IPRO Library constitutes a database in which allocated compounds are a product of
virtual combination of different amino acid (natural and non-natural). The selection of
building block that compose the peptidomimetic sequence were selected on basis of the
know-how of Iproteo’s team on cell permeability and SPPS synthesis. By combinatory
methods, the sequences are encoded into suitable IT format to yield at the end a number
of unique compounds around 108 structures.
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Figure 5. Commercially available Fmoc-Aa-OH natural, non-natural, N-alkylated and D-amino acids are found in the
virtual library.

The library building blocks are continuously subjected to evaluation. Mainly those
structures that show SPPS limitations or undesired properties (e.g. short half-life) are
replaced by a backup building block with similar physicochemical properties (Figure 6).
Furthermore, the library is continuously updated with the most recent commercially

available building-blocks.
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Figure 6. L-Arginine is a natural amino acid, whereas L-Citruline, L-HomoArginine and L-B-Arginine are analogous
derivatives from the original one. Switching from one to the others allows the optimization of a peptidomimetic
sequence.

Because the number of virtual structures that define the boundaries of IPRO Library
chemical exceeds computationally amenable resources of the most advanced IT
infrastructure, a clustering distribution approach was conducted to retain chemical space
representation while reducing the number of linear sequence structures, usually by
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applying a virtual library not exceeding 250000 molecules. This reduction was done
taking into account that the peptide sequence diversity is preserved in terms of building
block occurrence and peptide size (N=2, 3, 4 and 5). Then, forming building blocks of
top ranked IPRO Docking solutions can be permuted by other amino acids analogs from
the same cluster family and screened again for refinement.

All comprehended building blocks of the IPRO Library have been parametrized by
applying AMBERTools package® and converted to a suitable format (PBQT) by using
Open Babel,® which is the standard format required for AMBER to carry out molecular
dynamics analysis.

2.3. IPRO Filter

This tool allows the navigation along IPRO Library; it explores the target protein surface
in order to identify potential binding sites and describes the desired physicochemical
properties that contribute to the binding process, also termed druggability analysis.
Therefore, an approximated 100-fold library reduction can be performed efficiently,
which is regularly translated in a pull of 100000 compounds that will be evaluated in
silico.

Figure 7. A solvent box over the protein structure with volume/volume proportion of 20 % (organic/water molecules)
is constructed. Then, the number of interactions and the stability of these interactions between the organic probes and
the protein surface area reveals the potential hotspots. Left, density representation of probe analyzed along the
simulation (PDB: 1H2W). Right, coordinate representation of main region where probe is concentrated represented as
green sphere. The physico-chemical properties of probe demand a comparable amino acid in the peptide sequence (in
this case a Serine or Threonine) in order to achieve desired potency.

Normally, this type of target evaluation is carried out by analyzing simple geometric and
energetic metrics, such as the curvature of the protein surface and degree of
hydrophobicity.®°5®

However, PPI are typically flat and can undergo through conformational changes when a
small molecule ligand binds to them. Therefore, Molecular Dynamics (MD) based
approaches are applied to understand the existence of hotspots at PPI interfaces.
Particularly, Mixed-Solvent Molecular Dynamics (MSMD) simulations allow the protein
under study to reorganize its tridimensional structure, and therefore new binding sites that
are not present in the apo or protein-bound conformation can be found.5”¢8
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Figure 8. An octahedral solvent box is replicated around the protein surface according to an expanding factor of 7-10
A. The solvent box represents aromatic, hydrophobic, small-polar, negatively-charged and positively-charged moieties.
To avoid aggregation of organic probes, heating and cooling effect steps are performed to sparse organic molecules
homogenously around the protein.

In all the cases, MSMD were limited to one or two organic probes immersed in the solvent
box, running alternative MD replicas. For example, isopropanol was a probe used to
quantify the maximal affinity achievable at different patches on the protein surface. In the
case of IPRO Filter, multiple organic probes are tested simultaneously, yielding not only
preferences in terms of probe affinity, but also probe competition, that is particularly
useful when optimizing hit structures to lead structure.

In conclusion, IPRO Filter is in-house developed MSMD protocol which has been
focused to evaluate the suitability of peptide sequences by studying the tendency of
organic probes to be allocated in a protein surface region that normally is from biological
relevance.

2.4. IPRO Docking

In the last decades, large amounts of structural data of small molecules have been the
fundamental benchmark to develop and train docking algorithms. These algorithms are
based in a Monte Carlo approach (MC)® to estimates the potential binding energy
(kcal/mol) between a ligand and a protein. Theoretically, the obtained score value
correlates with the experimentally biophysical data, allowing a low cost and
straightforward screening of large virtual libraries. As a result, a large plethora of docking
software has emerged in terms of commercial package’®"3 (Glide, MOE, Gold and ICM)
or open/source initiatives’>”™ (rDock, AutoDock or AutoDock Vina), with similar
performance and accuracy.

The current state-of-the-art algorithms are subtle modifications of the above methods,
where in some cases more computationally demanding but sophisticated post-filtering
approaches are coupled at the end of the docking workflow with the aim to further refine
results and reject solutions that are known to be responsible of false positives
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predictions.”® Another critical point is the exploration of the molecule conformational
landscape, which is given by its rotatable bonds 10-15 Nrot. A larger number of rotable
bonds will imply a larger number of conformations that the molecule can adopt. Then,
this number of possible rotations can be translated in a search of 10000-20000
conformations per molecule. Larger and more flexible small molecules require longer
execution times to obtain the desired accuracy, meaning a high extra computational cost.

When comparing a peptide to a small molecule, the former is primary characterized by
the larger flexibility not only of the backbone, but also of the side-chains of the amino
acids. In average, every amino acid of the peptide sequences contributes with a minimum
of 3 and a maximum of 7 Nrt. Thus, a small natural peptide sequence of 3 amino acids,
overpass the flexibility of any small molecule. While increasing the peptide size to larger
number of amino acids (4-7), the averaged Nrot is exceeding the capabilities of modern
docking software. To mitigate this effect, a plausible approach consisting in expand the
MC search to millions of conformations would imply longer time computing time, a non-
amenable number even for modern IT resources.

Thus, the application of current docking techniques to peptides delimits the high
throughput scale to evaluate libraries of only some hundreds or thousands of peptides due
to the exponential increase of possible tridimensional conformations. However, most of
these conformations are artefactual, as they consider angles bonds that are not accessible
for peptides backbone bonds according to the Ramachandran plot.”” Ramachandran plot
determines which are the dihedral angles v against ¢ of that each amino can have and the
frequency of each combination.

By using LEAD-PEPS benchmark’® as a recent published training set composed of crystal
structures of peptide bound to its target protein, it was found that more than 80 % of the
explored conformations along the MC simulations were not feasible from a geometric
point of view.

In this scenario, a proprietary docking platform, IPRO Docking has been designed and
set based on the core of AutoDock Vina (AD Vina) and Smina (a fork of AD Vina)’
taking into consideration Ramachandran informatioin. In the IPRO Docking a biasing
function has been successfully incorporated in the code to predict bioactive
conformations of linear peptides, with correct pose prediction accuracy larger than 80 %
(for 4-residues sequences). The algorithm discriminates between true and false
conformations by restricting their flexibility of all backbone amide bonds to each amino
acid Ramachandran plot.
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Figure 9. Left, in pink color the docking prediction of penta-peptide (PDB: 3NFK) based on AutoDock Vina (RMSD:
7.7 A). Right, in blue color theprediction of same peptide using IPRO Docking (RMSD: 2.4 A). Minor differences are
found in the IPRO Docking prediction affecting to the arginine sidechain, whose orientation differ when comparing
X-ray and docking prediction (but in both cases, solvent-exposed oriented)

The technology described here was trained using a benchmark of 22 peptides ranging
from 3 to 7 amino acids (LEADS-PEP benchmark). Those peptides of the benchmark that
performed a covalent bond or where the crystallographic resolution was lower than 3A
were not taken into account for IPRO Docking evaluation. IPRO Docking was compared
to AD Vina (gold-standard docking software), and same parameters were used (identical
box parameters, exhaustiveness set to 32 and a predefined random number for
reproducibility issues (docking softwares use a random number to start calculations,
therefore predefining this number, allows the proper reproduction under the same
conditions of the docking results). In both cases, the root-mean square deviation (RMSD)
values when comparing the first docked conformation (AD Vina / IPRO Docking) with
the bioactive conformation found in the X-ray structure, was extracted and compared.

The benchmarking results demonstrated that IPRO Docking consistently yields
crystallographic-like predictions when compared to original AD Vina regardless of the
peptide size.

IPRO Docking %  AutoDockVina %

< 3-residue 100 67
4-residue 80 30
5-residue 63 36

> 6-residue 77 44

Figure 10. IPRO Docking is a peptide focused docking which also includes non- natural and D-aminoacids screening.
The obtained results are post-processed through an in-house software which relies in Ramachandran dihedrals angles
plot to discard false positives. Comparative data have been obtained from re-docking of active peptides (RMSD<3.5
A). The results of the percentage of reproduced structures applying each docking technology to the LEADs Database.
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Summarizing, for a screen set of peptidomimetic sequences, IPRO Docking returns
numerical score (i.e. the higher in absolute value, the better) which is associated to each
peptidomimetic conformation proposed by the software. Peptides with a score larger than
predefined threshold (often set to -7.0 kcal/mol) are sub-selected for further
computational evaluation. The selection of this threshold is supported by the empirical
rule-of-thumb where compounds around -7.5 kcal/mol should exhibit (if perfectly
translated the score to the experimental evaluation) to a potency of 10 to 100 uM.% The
selected threshold constitutes an acceptable value of potency for an initial hit.

2.5. IPRO permeability

Passive diffusion through biological barriers can be translated into a physics-based
process where desolvation, diffusion and re-solvation mechanisms take place
sequentially. The solvation/de-solvation mechanisms requires that the molecule must
have a balanced equilibrium between fundamental molecule size and lipophilicity but
also, polarity and conformational dynamics.8! Chameleonic molecules, which usually are
have a large cyclic structures, with the ability to hide and expose polar groups by forming
intramolecular interactions.®? Due this flexibility, these type of molecules can transit
between aqueous medium to a more organic/hydrophobic one.?® However, the
mechanisms that drive this amphiphilic behavior is not well understood and therefore its
application in the design of new molecules limited.

For polar molecules, the cost of desolvation and later entering a hydrophobic environment
(e.g. lipid bilayer of cell membranes) is too high. Hence, this case the permeability of the
polar molecule through a biological barrier by means of passive diffusion is null or very
low. On the other hand, the opposite can be assumed for highly lipophilic compounds that
could be retained into biological membrane after desolvatation, and for which the re-
solvation process is forbidden from an energetically point of view.

For that reason, descriptors accounting for structure flexibility and polarity were
introduced into permeability and oral absorption estimations. These structural descriptors
are described by Veber rule-of-thumb,?® which considers the number of rotatable bonds
(Nrot < 10-20) and polarity derived from topological polar surface area (TPSA)®! as the
main descriptors for positive membrane permeability and not only molecular size and
lipophilicity.

Static descriptors, such as MW, HBD, HBA, Nyt and LogP are intrinsic properties of a
particular molecule, are not influenced or modified along the transport mechanism.
However, the TPSA is constituted by dynamic descriptor whose value is dependent of the
environment and the conformation adopted by the molecule in such environment. Then,
TPSA calculation is made on tabulated atomic contributions in seconds of computation,
but transferability between tabulated values and molecule of interest is only applicable if
chemical spaces are similar.®® Under this scenario, complex molecules, such as the ones
needed to modulate iPPI’s, clearly exceed the limitations of TPSA descriptor. A clear
TPSA limitation is described by Lokey et al. by comparing different regio-isomers with
identical polarity estimation but different experimental permeability.2* Consequently,
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description of TPSA for complex molecules may lead to incorrect biological membrane
permeability prediction with a negative impact along the drug development process.

A more appropriate polar surface area (PSA) representation can be explained by exploring
the conformational landscape of a given molecule to identify low-energy conformation
and their associated PSA in an aqueous environment.® However, correlation between
ensemble of low-energy conformations and PSA representation can be a misleading
criterion. Assuming conformational selection is commonly followed by clustering
techniques, reducing the permeability classification to few conformations is a potential
source of errors. For example, ligand (1-(3,4-dimethoxyphenyl)-3-(3-imidazol-1-
ylpropyDthiourea, with 9 rotatable bonds and whose crystallographic structure has been
reported in two different PDB entries (4f9v and 3pb7) features a difference in RMSD
lower than 0.25 units, but their polar surface representation are 129 and 135 A2
respectively.

To circumvent these aforementioned limitations, IPRO Permeability is a ligand-based
algorithm that renders a binary permeability profile based on the input of the structure
that was virtually created by the software. The predictions done with IPRO Permeability
were compared with manually curated and in-house permeability data obtained through
PAMPA assays to validate the algorithm approach. More than 200 peptidomietic
structures, with different topological composition (e.g. linear and cyclic peptides) and
composition (e.g. natural and non-natural amino acids) were used to validate the narrow
window where predictions agree with experimentally determined permeability.

Ideally, once the whole in silico process is completed, and al post-docking filtering tools
are applied, about 10-20 de novo peptidomimetics structures are obtained. From that final
pull, the more interesting sequences are selected by visual inspection and synthesized by
means of SPPS.

2.6. Experimental section

SPPS is a straightforward and well established method for the synthesis of short
peptides.t® However, the yield of synthesis drops dramatically when non-natural amino
acids N-alkylations or post-modifications after peptide-resin cleavage are included in the
peptide synthesis process.®’

On average, peptidomimetics developed by Iproteos contain a large percentage of non-
natural amino acids. The high diversity in non-natural amino acids allows the design of
more potent peptides. During virtual screening of a pharmacophoric point of the target
protein surface, a largest number of amino acid-like family members can be accessed.
Moreover, a superior metabolic stability for peptides that incorporated non-natural amino
acids is expected, as these challenge enzymatic recognition.®

Frequently, at least one N-H from the peptide backbone, which in the docking model is
predicted to not be interacting with the target protein, is N-alkylated in order to decrease
the PSA and increase permeability.
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Amide terminus motif at the C-terminal or hydrophobic cappings for both N-terminal and
C-terminal parts of the compound are common modifications in Iproteos’s
peptidomimetics that also differ from lineal natural peptides. These ending modifications
aim to reduce the molecule polarity by hiding exposed polar hydrogens, but also are
devoted to increase the Van der Waals contacts with the protein surface.
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2.6.1. General protocol for peptide synthesis

Final Product
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Scheme 1. Decision tree of the general SPPS protocol followed to obtain the peptidomimetics that are reported in this thesis. First, resin selection determined the lineal peptide C-terminal
motif. 2-Chlorotrytil chloride resin allowed to obtain the acid motif (R-COOH), whereas Rink-Amide from ChemMatrix allowed to obtain an amide motif (R-CONH2). Next, amino acids
were added following a Fmoc/tBu strategy. The peptide attached to the resin was elongated until the desired sequence length. After that, the cleavage cocktail was chosen in order to preserve
or not the possible protecting groups that were remained on the lineal molecule. For those lineal peptidomimtics with an R-COOH on the C-terminal position, it was possible to change the

acid for a secondary amine prior side-chain protecting groups, thus, obtaining the final product. On the other hand if the peptidomimetic contained a free amine on the N-terminal along with
the R-COOH motif on the C-terminal, a cyclization could be carry out, to obtain a cyclic final product.



First, the resin was selected based on the final product. For all those lineal peptides that
contain an amide motif in the C-terminal, the Rink-Amide ChemMatrix resin was selected
for the synthesis. On the other hand, 2-Chlorotrytil chloride resin was selected for those
compounds containing a carboxylic acid at the C-terminal peptides, lineal peptides with
a secondary amine capping and head-to-tail cyclic peptides.

Once, the first Fmoc-protected amino acid (step 1) is added, the Fmoc-protecting group
of this one is removed with a mixture of 20 % of piperidine in DMF. This step is followed
by a colorimetric test to assess the removal of the protecting group. Next amino acids
were coupled consecutively over the peptide sequence. TBTU and DIEA were used for
couplings onto a primary amine, while Oxyma pure and DIC were used for coupling over
secondary amines or re-couplings. Both, the amino acid couplings and the removal of the
Fmoc group was monitored by means of Kaiser test®® (primary amines) or the chloranil
test®® (secondary amines) depending on the type of amine which should be detected (step
2) to assess the extent of the coupling reactions. N-alkylation was performed on-resin
allowing selective peptide backbone N-alkylation. Once the lineal peptide sequence was
completed, the molecule was cleaved from the resin using an acidic treatment. When the
desired product did not contain post-modifications a treatment with a mixture of TFA 95
%,; TIS 2,5 %; H20 2,5 % for 90 min, was performed in order to remove amino acid later
side-chain protecting groups and obtain the crude of the compound (step 3 and 4). When
a head-to-tail cyclization or C-terminal capping were required a mild acidic mixture
(DCM 95 %; TFA 5 %) was used to preserve the side-chain protecting groups (step 5).

For cyclization, lineal sequences containing a carboxylic acid group at the C-terminal
were dissolved in DMF with NaHCOs and DPPA to obtain its cyclization (step 6).
Contrarily, to obtain a lineal peptide with a C-terminal capping, the desired secondary
amine (typically a piperidine) to be coupled is dissolved with the peptide in DCM, HOAt
and EDC (step 7). Afterwards, for both scenarios, lateral side-chain groups were removed
by adding acid mxiture of TFA 95 %; TIS 2,5 %; H20 2,5 % for 90 min in order to obtain
the desired final product.

The crude of the desired product was analyzed by reverse phase high-performance liquid
chromatography (RP-HPLC), coupled either to a diode-array or mass spectrometry (MS)
detector, or by matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF) characterization. Peptidomimetics were purified by RP-
HPLC at semi-preparative scale and the pure product was fully characterized by RP-
HPLC, RP-HPLC-MS, MALDI-TOF and amino acids analysis.

2.7. Physicochemical and ADME evaluation

Biophysical based experiments, typically, permeability across biological barrier, stability
in human serum or rat plasma, solubility and biological activity evaluation against the
protein of interest, are endorsed experiments for pure compounds. After evaluation, all
generated data is collected and introduced in the IPROTech software, where deeper and
long-term analyses are implemented to refine the in silico predictions. After analysis, a
new subset of predicted candidates is synthesized and evaluated following the protocol
mentioned before.
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2.7.1. Solubility experiments

High solubility in aqueous medium is desired for any new drug candidate.®® However, in
order to achieve a permeable bRo5 molecule, the lipophilicity and hydrophobicity of these
compounds is exponentially increased in to the detriment of aqueous solubility.®

Particularly, poor soluble compounds can drastically affect the preliminary studies
results. For example, the peptidomimetic real compound concentration in solution during
the assay could diverge from the nominal concentration, therefore underestimating its
potency as the real concentration would be lower than the applied. Another scenario
would be the formation of aggregates that can precipitate in aqueous buffer (Figure 11)
and could produce cell death in in vitro assays.

R i

Figure 11. IPR-474 is a peptidomimetic designed to inhibit the interaction with K-Ras and its effectors (chapter 3). Although
the molecule was fully soluble at 10 mM in DMSO, when was incubated at 50 uM for 2 h in cell medium precipitated. This
precipitation could explain the effect of cell death observed under the microscopy. Arrows are pointing out IPR-474
aggregates whereas death cells are enclosed in circles.

On this basis, the solubility of the synthesized compounds was evaluated in the same
conditions as the planned experiments. These studies allowed to calculate the real
maximum compound concentration when the experiment is performed and therefore
preventing from a biased result.

DMSO is the most common and well-established solvent agent for in vitro experiments.
DMSO is a colorless polar aprotic solvent that can solve both polar and nonpolar
molecules. However, its use can be detrimental for NMR or Surface Plasmon Resonance
experiments as could mask the N-H signal, not to talk about the cytotoxicity of the
solvent.®8 Furthermore, DMSO solvating capacity for very hydrophobic and none soluble
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molecules is limited, which represents a major concern when these molecules are need to
be solved at high concentrations (>1 mg/mL) to be administered in vivo.

In this regard, exploring other excipients that can increase the peptidomimetics solubility
and are suitable for both in vitro and in vivo was a key point for the proper drug
development process.™

Cyclodextrins (CDs) are cylindrical oligosaccharides complexes that can cage
hydrophobic molecules in their inner cavity. CDs hydroxyl groups are exposed to the
aqueous medium forming hydrogen bonds with water molecules, then playing as shell
around the CD-molecule complex.*
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Figure 12. Graphic representation of common cyclodextrins family structure, shielding a peptide molecule in its inner
cavity from water molecules.

From cyclodextrin family, hydrophilic cyclodextrins, particularly hydroxypropyl (-
cyclodextrin (HB-CD) is considered safe and well-tolerated in humans when
administrated orally or intravenous,®? being eliminated through the kidneys via
glomerular filtration. Certainly, HB-CD safety application is translated into a frequently
use in marketed drug formulations.*®

In conclusion, HB-CD is a suitable solving excipient by its capacity to potentially increase
the solubility of highly lipophilic and hydrophobic molecules in aqueous mediums.
Moreover, broadening possible in vivo studies for not soluble compounds. Here, HB-CD
was successfully applied as excipient in different projects allowing higher solubilization
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of peptidomimetics under study, if compared with the use of DMSO. As expected, no
toxic effect related with the use of HB-CD was found neither on cells nor in mice studies.

2.7.2. Parallel Artificial Membrane Permeability Assay (PAMPA)

PAMPA is a lipid-based transport assay method that measures the effective constant
permeability (Pe) of compounds across an artificial lipid membrane. It is used to
determine whether a compound can potentially cross a biological barrier by passive
diffusion. Usually, the assay is done in a sandwich-like 96-well plate comprising an
acceptor and donor well-plate that are separated by a porous PDVF membrane coated
with a mixture of phospholipids that mimics cell membrane lipid layer composition.
Compounds under study are loaded into the donor compartments (basal plate), whereas
acceptor compartments (apical plate) are loaded with the assay buffer (Figure 13). After
incubation time, the compound amount in each compartment is quantified by HPLC-MS.
This information is use for the calculation of Pe, percentage of transport and percentage
of compound retained in the lipid membrane after the transport assay.

Several factors can influence PAMPA permeability, such as membrane composition,
incubation time, unstirred water layer or DMSO concentration. Another critical point is
that PAMPA was intentionally designed to screen small molecule libraries, and
underestimation due to membrane retention can be found for highly hydrophobic
molecules.®® However, PAMPA still represents a robust and valid tool that allows rapid
high-throughput screening of large number of compounds if it is compared to other tissue-
based transport systems or cell-based assays (e.g. Caco-2, and MDCK transport assays).
PAMPA is a non-cell-based assay which does not provide information regarding active
transport or efflux transporters.

Acceptor well

< Lipid membrane

PVDF porous membrane

Donorwell ——p

Figure 13. PAMPA, an artificial phospholipid membrane immobilized on a filter is placed between a donor and acceptor
compartments. At the start of the test, a drug is introduced in the donor compartment. After the permeation period has
finalized (16 h), the concentration of drug is evaluated in both compartments by HPLC-MS.
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2.7.3. Rat plasma stability

Drug metabolic stability in plasma is critical factor for a proper drug development
planning. With the exception of prodrugs, plasma labile structural compounds are
removed by pharmaceutical companies from preclinical studies®® due to the rapid
degradation in the blood stream which limits they potency and also can lead to a toxic
byproducts.

In order to evaluate the stability of drugs in front metabolic activity, fast and inexpensive
experimental techniques have been developed. In this regard, a commonly used in vitro
technique is the determination of drug stability. The proteolytic activity of rat plasma
enzymes is more aggressive than human plasma enzymes which compromise the integrity
of the molecule under study.®® Moreover, rodents are a preferred animal to start in vivo
studies. Thus, representing a well-established go-no-go decision for those compounds that
are rapidly degraded in very few minutes.®” Moreover, in terms of preclinical studies,
mice/rat studies are frequently conducted, as are the most popular rodent specie to study
the pharmacokinetic, efficacy and toxicological profile of drug candidates. On this basis,
a compound which exhibits a rapid clearance and short half-lives will be removed from
further experiments, even if it could be more stable in human based experiments.

Therefore, rat plasma stability studies can be used to understand the half-life of a
compound and the clearance process prior the drug is administered in vivo for preclinical
studies.

Rat plasma stability experiment is a technique in which the molecules of interest are
diluted in a mixture of PBS pH 7.4 and rat plasma 1:1. The stability of the compound is
analyzed at several time points, usually between to min and tio0 min and samples are
analyzed by a HPLC-MS. The incubation time of the experiment is 2 h as is considered
that after this time the rat plasma is no longer active.%

43



Chapter 3: Disruption of the mechanical clutch Talin-
Vinculin







3.1 Introduction: Talin-Vinculin

Cells are permanently exposed to mechanical forces, which directly affects their
biological functions such as migration, differentiation, proliferation, and others®®. These
forces are transmitted to cell neighbors or towards the cytoplasm and nucleus
compartments by linkage of different proteins that can pull or unfold themselves, playing
as a mechanical engine, known as mechanical clutch.

One of the key players in the mechanically sensitive process, so-called mechanosensing,
is Talin. Talin is a 2541 residue cytoskeletal a-helix bundle protein which is made of a
large C-terminal rod domain and a N-terminal FERM.% Then, applied forces to cell
surface are transmitted from the cell membrane to the inner compartments by acting
protein filaments. Acting filaments produce Talin a-helix bundles unfolding, this process
stretches Talin which also led exposed Vinculin binding sites. Talin interacts with
Vinculin to form a stable protein-protein interaction complex. The PPI formation requires
structural unfolding of Talin into separated helical elements. Some of these helices,
particularly helix 3 (H3) and helix 4 (H4) of the R3 domain (res. 787-911), when
unfolded, can form stable interactions with binding site of Vinculin. Talin unfolding and
sub-sequent Talin-Vinculin PPI formation promotes a signaling cascade that ultimately
impacts in nucleus flattening and pore formation.

On the C-terminal rod is found a mechanosensitive switch domain R3, which is force-
dependent and comprehends 4-a-helixes. Under mechanical stress, over 5 pN force
gradient,’® R3 a-helixes unfold and consequently exposing the Vinculin binding sites
that are buried when Talin is in a folded state.’®* This process of R3 unfolding and the
following Vinculin binding initiates the whole Talin’s unfolding process and furthermore
inhibits Talin’s refolding.%

'
Figure 14. Under mechanical stress, the 4 a-helix of the R3 domain starts the unfolding process gradually, as the

mechanical forces over the protein are incremented. Finally, the complete unfolding of R3 domain exposes the vinculin
binding sites, allowing Vinculin to interact with the R3 domain which triggers the full unfolding of Talin.

Summarizing, force transmission is mediated by Talin, a mechanosensitive cytoskeletal
protein, that unfolds above a threshold force in tissue stiffness and binds to Vinculin,
resulting in nuclear flattening and the opening of nuclear pores, thereby increasing Yes-
associated protein (YAP) nuclear import.%®

Then, Talin unfolding and the subsequently Vinculin binding leads to YAP’s nuclear
translocation. YAP’s nuclear translocation promotes the activation of TEAD transcription
factors, which induces cell proliferation.!® YAP plays a major role in the progression of
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cancer diseases'® when it is located in the cell nucleus, and the Talin-Vinculin are

necessary enhancers.

In this regard, cancer cells present higher cell membrane rigidity, meaning increased
tissue stiffness and as a consequence a displacement of Talin equilibrium towards
unfolded conformations leading to an increase of Vinculin binding. Then, this equilibrium
displacement ends up with higher levels of YAP inside the nucleus and as a final effect
an increase in cancer cell proliferation.

Consequently, this intracellular PPI, Talin-Vinculin, represents a new challenging
therapeutic target in the cancer field, so far unexplored. In a similar approach, Goult et
al., designed a R3 mutant, R3-1VVI, which has a more hydrophobic buried core and
consequently is more resistant to unfold and less prone to bind to Vinculin.1%197 Thus,
validating R3 domain as a potential target to disrupt the Vinculin binding to Talin.

On this basis, targeting the R3 domain that binds to Vinculin should inhibit the PPI and
therefore block the unfolding cascade,'®® which hypothetically would provoke solid
tumors cell death by preventing YAP translocation. For this purpose, the use of
peptidomimetics, which can bind more efficiently to flat and undruggable areas related
with PPIs than small molecules, could disrupt the Talin recognition by Vinculin. This
approach emerged as a feasible challenge for the Iproteos technology platform.

To demonstrate the advantages of using IPROTech when targeting a challenging
intracellular PPI, such as Talin-Vinculin, a research collaboration between Iproteos and
the Institute for Bioengineering of Catalonia (IBEC, group of Cellular and molecular
mechanobiology, led ICREA researcher Pere Roca-Cusachs, a Key Opinion Leader in the
field of mechanosensing) was set.

Dr. Roca-Cusachs has track-record on cell mechanosensing and the complex Talin-
Vinculin, publishing during last years in high-peer reviewed journals!® and having the
infrastructure and partners to evaluate the activity of the molecules designed, synthesized,
and characterized by Iproteos.

At the present writing moment of this thesis, this was an ongoing project which aimed to
obtain a lead candidate, and a family of derivative that could be protected for a patent and
be studied for the treatment of solid tumors.

3.2. IPROTech hit identification

After a preliminary evaluation of Talin structure and the mechanism of action that initiates
the mechanosensing process, it was decided to target the R3 domain of Talin in its folded
state, as targeting an isolated a-helix motif would require a longer peptide sequence to
increase the number of interactions with the receptor protein.*'° The rationale behind this
approach was to block the folded conformation of Talin preventing its unfolding and
ultimately the binding of Vinculin to R3. Then, if this PPI is inhibited YAP will not be
uptake by the nucleus.
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3.2.1. Proof-of-concept of peptidomimetic approach

First, the IPRO Filter was applied to Talin, identifying the critical hotspots of R3 a-helix
folded bundle for drug design, special attention was payed to the presence of hydrophobic
and aromatic groups. The protein target (PDB: 1u89) was downloaded from Protein Data
Bank. From the NMR conformation ensemble, the first tridimensional structure was
select.

Figure 15. Pharmacophore protein surface representation of Talin after IPRO Filter evaluation. The presence of aromatic,
polar and hydrophobic/aromatic features are highlighted as cyan, red and green spheres respectively. Talin helixes are
highlighted in colors (H3 in green, H4 in yellow).

Initial design identified 4 a-helical peptides (2016/1P-12-01, 2016/1P-12-02, 2016/I1P-12-
03, 2016/1P-12-04) able to interact with different faces of the Talin R3 domain (this work
was carried out previously to the present thesis). Design was inspired in the structural
evidences by which a-bundles favorably interact with complimentary a-helices. This
approach was complimented by the design of a smaller fifth non-helical peptidomimetic
(2016/1P-12-05), engineered to interact and be accommodated within a hydrophobic cleft
allocated between helices 3 and 4 (H3 and H4).

After a first efficacy assay in which it was evaluated the peptidomimetics capacity to
prevent YAPs nuclear translocation when incubated with Mouse Embryonic Friboblast
cells (MEFs). 2016/1P-12-05, the only linear peptidomimetic of the 5 compounds (Figure
16, drug 5), was selected by its favorable activity and because is more feasible to base a
screening campaign in a linear short peptidomimetic (5 amino acids sequence length)
rather than in a a-helix peptidomimetic with >10 amino acid sequence length (drugs 1-
4). Importantly, 2016/1P-12-05 represented the first proof-of-concept of a peptidomimetic
approach that inhibits the interaction between Talin and Vinculin and consequently
reducing YAP’s nucleus uptake.
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Figure 16. Drugs were incubated with MEFs (Mouse Embryonic Fibroblasts Talin 1-/-), for 1 hour at 60 pM. Drug 5
(2016/1P-12-05) showed the most promising results. Drug 5 was also tested on 0.5 kPa gels and it was found that there is
no effect on a soft substrate. No significant differences between the control and DMSO control or treated cells on the soft

substrate were found.

3.2.2. First generation of Talin/Vinculin inhibitors

The identification of 2016/IP-12-5 was a proof-of-concept approach to determine the
suitability of IPROTech to identify active compounds. Based on experimental evidences,
a second iteration was conducted, screening from IPRO Library other potential candidates
with similar binding mode and compatibility with previously reported pharmacophoric
representation of the binding site (obtained through IPRO Filter). For this reason, the new
screened structures were enriched accordingly to IPRO Filter results, yielding a library of
more than 100000 structures to be evaluated by IPRO Docking and IPRO Permeability
as detailed in Materials and Methods chapter of this thesis.

To escape from linear peptide proposals derived from the IPROTech, and because
impossibility to conduct directly docking of cyclic structures, in cases where a in silico
compound, yielding a good potency and suitable orientation between N- and C- terminus
regions, we proceed to manually generated cyclic analogs.

Once docking and permeability analysis were completed, top-ranked structures were
visually inspected to identify the more promising structures, measured in terms of
balanced properties (docking score, in silico permeability, non-redundant amino acid
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composition). As a result, a total of 25 peptidomimetics were proposed for synthesis.
Synthesis and purification of peptidomimetics is detailed in Material and Methods chapter
of this thesis and required a total time of 8 weeks. Compounds were synthesized with
high purity and underwent to experimental evaluation. Initial hits were considered if they
displayed a cytotoxic effect larger than 50 % at 50 uM in 2 h incubation time, in at least
in one of the cell lines relevant to the mechanism of action.

3.3. Experimental evaluation

In vitro efficacy evaluation was done by cell proliferation assay by the colorimetric assay
MTT. From the first generation, 25 evaluated compounds, a total of 3 hits were identified,
2017/1P18-06, 2017/1P-18-22 and 2017/1P-18-32.

The hit-rate of first IPROTech evaluation was of 12 % (3 out of 25 compounds were
active) with the presence of non-redundant (unique) scaffold structures (linear and cyclic,
different capping groups), thus, allowing us to expand the family variability in eventual
hit-to-lead optimization process. Moreover, the optimal peptide length was found to be 3
amino acids (cyclic version required additional amino acids to cyclize the active motif).

2017/1P-18-06 2017/1P-18-22 2017/1P-18-32
[
n Ny
Y Al
Cell viability mTalin = Panc

Assay conditions 0,6
+ Incubation time : 2 h 0
+ 60pM '

2017/IP-18-06  2017/IP-18-22  2017/IP-18-32

Figure 17. Drugs were incubated with MEFs (Mouse Embryonic Fibroblasts Talin 1-/-), and pancreatic cancer cell line,
Panc-1 for 1 hour at 60 uM. Next, cell death was measured by MTT colorimetric assay. DMSO at 5 % in cell medium was
used as control for both cell lines (same proportion was applied when incubated with the peptides).

3.3.1. Hit optimization

2017/1P-18-06 and 2017/1P18-32 were the most active hits in the cell viability
measurement. Then, by analyzing the peptide conformation obtained by IPRO Docking
(representative of the bioactive conformation), a common structural re-arrangement in
terms of protein-ligand interactions and structure-activity relationship (SAR) analysis
was derived from both hits.
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The biphenyl motif of 2017/1P-18-06 was promoting a more stable hydrophobic and
aromatic interaction than single phenyl of 2017/1P-18-32, the presence of Arginine and
three aromatic rings capping group of 2017/IP-18-32 were also identified as positive
contributors to the binding energy.

3.3.2. Second generation of Talin/Vinculin inhibitors

By structurally deconvolution and human-based analysis of initial hits, the optimization
was led by the introduction of the amino acids (or family derivatives of each amino acid)
identified in SAR analysis. Combination of building blocks of desired peptide length (3
amino acids) ended up in the generation of multiple structural mimetics of initial hits that
were evaluated by docking methods.

Additionally, the hit-optimization design included structural modifications supported by
the replacement of carboxamide by piperidine at the C-terminal part of the compounds.
This replacement had the advantage of introducing a new hydrophobic sub-unit into the
peptide design with the aim to enhance through hydrophobic interactions (protein-
peptidomimetic) while reducing polarity by removal of highly polar carboxamide moiety.

Hence, constitutive elements (9-anthracenic N-terminus group; one positively charged
amino acid; biaryl sidechain, and piperidine C-terminus capping) were combined into a
3-amino acid length peptide sequence, which showed highest docking score and positive
in silico predicted permeability. Moreover, N-methylated derivatives were also included
in the design. These elements were used to create ad hoc a custom-made library. The
structures generated in the combinatorial process (200 structures) were subjected to IPRO
Docking protocol. Top docking ranked structures were visually inspected. Structures with
additional number of protein-peptidomimetic contacts and their ability to match
pharmacophores revealed by IPRO Filter were submitted to permeability profiling
through IPRO Permeability. Finally, a total of 12 molecules were selected for synthesis
and purified as described in the Materials and methods chapter of this thesis.
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Figure 18. Cell proliferation assay evaluation of optimized-hit molecules. Increase in inhibitory activity was observed in
a range of cell survival from 1-to near 40 %. The results of the initial hit (2017/1P-18-06) are showed in the figure as
reference.

Experimental evaluation confirmed 4 optimized hit structures (2017/1P-18-38, 2017/IP-
18-40, 2017/1P-18-55 and 2017/1P-18-56), with a hit-rate of 33 % (4 out of 12 structures)
of active compounds. From these 4 molecules, a lead candidate (2017/1P-18-55) was
selected for further experimental evaluation (solubility, rat plasma stability and
mechanism of action validation).

In this regard, the activity of the 2 more potent candidates (2017/1P-18-55 and 2017/1P-
18-56) was evaluated in a different cancer cell type, SH-SY5Y cells (Figure 19). This cell
line is derived form a neuroblastoma cancer and are widely used for the evaluation of
drug candidates in neurodegenerative diseases.!! This cell line has a less stiff tissue and
therefore is expected a loss of activity for a given compound that is producing cell death
by direct inhibition of the mechanosensing mechanism.
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Cell viability % in different cell lines
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Figure 19. 2017/1P-18-55 and 2017/IP-18-56 were incubated for 1 h with SH-SY5Y cells in the same conditions of
evaluation in Talin -/- and PANC-1 cells. In this figure the results obtained for both peptides when incubated in SH-SY5Y
cells (grey bars) was compared with the previous results obtain when the peptides were incubated with Talin -/- (blue bars)
and PANC-1 (orange bars).

Thus, showing a specificity of the compounds for stiff cancer cells and therefore
corroborating the mechanism of action. Actually, both peptidomimetics were less
effective in SH-SY5Y cell line than in the other two cell lines, for which Talin is
speculated to have a larger impact. Hence, pointing that its killing effect over cancer cells
is related with the mechanosensing cell process.

3.3.3. Lead Characterization

In order to properly evaluate of the effect of the compounds in cells cultures, 2017/IP-18-
55 solubility in cell culture medium (DMEM) supplemented with 5 % DMSO at 37° C
was studied. The, the solubility concentration found for this compound was over the half
maximal inhibitory concentration (ICso), ~5 UM in cells, being 28 uM. Then, not having
a limiting impact in the MTT assay results, because the peptidomimetic would always be
soluble in higher concentration than its 1Cso. However, such poor solubility limited the
applicability of the compound in other in vitro experiments or even more importantly for
its in vivo evaluation.

Moreover, to carry out Surface Plasmon Resonance (SPR) experiments (experiments in
progress) and Nuclear Magnetic Resonance (NMR) experiments (also in progress), an
alternative excipient to DMSO was a crucial step in order to avoid possible signal
interferences. Tween20 at low concentration is well tolerated in NMR experiments and
can increase the solubility of a given compound. On this basis, 2018/I1P-18-55 was found
to be soluble at final concentration of 45 uM in NMR buffer at 0.025 % Tween20 at RT.

Solvent Conc. (uM)
DMEM at 5 % DMSO 28 +2
NMR buffer at 0.025 % Tween20 45+ 1
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Finally, HB-CD was the excipient used by safety track record in in vivo studies. Then,
solubility of 2017/1P-18-55 was evaluated at 15 % and 5 % of HB-CD in phosphate buffer
pH=7.4. All data were expressed as the mean = SD.

Solvent Conc. (mM)
PBS at 15 % HB-CD 5,055 £ 0.047
PBS at 5 % HB-CD 2,446 + 0.034

On the other hand, high drug stability in front proteolytic activity of plasma enzymes is a
key feature for its successful therapeutic application. For this reason, 2017/I1P-18-55 was
incubated with rat plasma, which presents higher proteolytic activity than human plasma.
The peptide was fully stable after being incubated 2 h in rat plasma. Rat plasma
proteolytic activity is considered inactive after 2 h, Benfluorex is a small molecule used
as positive control to corroborate rat plasma proteolytic activity.

Benfluorex IP-18-55
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Figure 20. Benfluorex, a small molecule was used as a positive control, and 2017/IP-18-55 were incubated at 10 uM at
2,5 % DMSO with Rat Plasma/ PBS 1:1 for 2 h. For Blenfluorex samples were harvested at 0, 5, 15 and t30 min.
Meanwhile, For 2017/1P-18-55 time points were 0, 60 and 120 min. The final concentration of 2017/IP-18-55 did not
decrease after 2h incubation time, meaning an extraordinary stability in front rat plasma proteolytic activity. Error bars
represent £ SD (n=2).

Next, to validate if the compound was being internalized by cells, 2018/1P-18-55 was
incubated at 60 uM with SH-SY5Y cells for standard incubation time, 2 h. After
incubation and following the described protocol in the Materials and methods chapter of
this thesis, the quantity of the peptide internalized by seeded cells was calculated. 3.5 %
of it was internalized by cells.

Finally, by applying Traction Force Microscopy (TFM) technique, the rational design of
the compound mechanism of action to inhibit Talin’s unfolding was studied (Figure 21).
Under force stress, R3 domain of Talin is the first a-helix bundle to unfold over a rigidity
threshold (~ 5 kPa, blue dots). When Talin is incubated with 2018/1P-18-55 this unfolding
process is inhibited (orange dots), even at high gel stiffness. Therefore, validating peptide
mechanism of action, which prevents Talin unfolding under force stress. However, the
therapeutic effect of the stabilization of the folded conformation of R3 is not proved in
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this biophysical experiment as neither the straight interaction with Vinculin nor the
Y AP’s nuclear translocation were evaluated.

Traction Force Microscopy Assay
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Figure 21. Talin sets a rigidity threshold that triggers increased force transmission. Average forces exerted by cells plated
on fibronection-coated polyacrylamide gels of increasing rigidity. Difference between control cells (blue) and cells
incubated with compound 2017/IP-18-55 (orange) show that the peptide prevents Talin’s unfolding

3.4. Conclusions

Talin-Vinculin PPl was subjected to IPROTech evaluation. Disruption of the complex
interface was conducted via stabilization of one of the protein partners (Talin), whose
unfolding was tagged as key role in the activation of the cell proliferation cascade.

By studying Talin folded conformation (PDB code: 1U89), IPRO Filter revealed the
importance of hydrophobic and aromatic sub-units to be inserted into the peptidomimetic
design. Accordingly, a sub-set library from proprietary IPRO Library (100000) was used
in an exploratory study to identify by IPRO Docking, the most active molecules. From
this analysis, and sub-sequent IPRO permeability study, 25 peptidomimetic sequences
were synthesized and experimentally evaluated. In the first screening, a total of 3 hits
were identified, with different composition and topology, paving the way for hit
optimization.

After careful analysis between activities and structures of active hits (SAR analysis), and
later deconvolution of its primary active residues or building blocks, a new battery of
structural mimetics was designed by applying IPROTech. A total of 12 potentially active
inhibitors were synthesized, identifying 4 new structures with larger in vitro affinity.

From hit optimization procedure, a lead candidate, 2017/IP-18-55, was selected and
profiled in terms of solubility and rat plasma stability. The lead candidate, with an 1Cso
lower than 3 uM when evaluated in cells plus a good solubility profile in different
excipients (HB-CD and Tween20) and remarkable rat plasma stability profile (> 2 h).
Moreover, it was proven to be internalized in cells by passive diffusion mechanism and
to effectively induce the desired pharmacological effect (e. g. prevent the unfolding and
inactive the YAP translocation as speculated by initial design hypothesis).
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These results encouraged Dr. Pere Roca’s team to carry out exhaustive in vitro
experiments as NMR and SPR. Additionally, in vivo experiments in pancreatic cancer-
induced mice were carried out with 2017/1P-18-55 (data not shown). Unfortunately, both
biophysical experiments only showed some binding effect signal over the R3 domain at
concentrations >100 uM. Furthermore, experiments in pancreatic cancer mice models did
not shown any therapeutic activity when administered with the peptidomimetic.

Hence, although initially TFMs experiments validated the stabilization of R3 by 2017/IP-
18-55, these results were not consistent with NMR and SPR data. the lack of any
determining evidence that can validated the mechanism of action of the peptidomimetic
along with no significant efficacy in tumor size reduction frustrated the possible
applications of 2017/1P-18-55 for the treatment of solid tumors. Thus, emphasizing how
important is to have a valid technique beyond simple proliferation assay to discern
between hits and false positives. A false positive peptidomimetic could provoke cell death
by a different mechanism and then compromise a second-round screening campaign.

In this scenario, Dr. Pere Roca’s Lab has planned to introduce a new screening technique
by incubating candidate compounds with Talin knockout cell line and pancreatic cancer
cell line PANC-1. Thus, allowing straightforward screening of those compounds that
directly target the desired mechanism. Therefore, a positive compound should selectively
kill cells were Talin is expressed (PANC-1) and not the Talin knockout cell line.
Meanwhile a false positive theoretically will kill cells from both cell lines.

In this regard, it has been planned to screen back all positive compounds in order to find
some that could be able to produce this effect, and also to evaluate any future drug. This
process will determine the perspectives of this Talin/Vinculin project.
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Chapter 4: Targeting the RAD51-BRCAZ?2 interaction in
the DNA repair mechanism







4.1. Introduction: RAD51-BRCAZ2

Environmental factors!'? or DNA replication!? during cell division can promote damage
in the DNA integrity. The result of DNA damage can produce single strand-breaks
(SBBs) or double strand-breaks (DSBs), which can induce cell death or even worst,
deletions, translation or other mutations that can evolve in a health issue.

To overcome sequence errors and facilitate proper cell-cycle machinery, DNA presents
several partly overlapping repair mechanisms.'** Nucleotide-Excision Repair (NER) and
Base-Excision Repair (BER) are devoted to solve SSBs meanwhile Homologous
Recombination (HR) and Non-Homologous End Joining (NHEJ) are focused in DBSs.!t°

In this regard, some types of cancer are featured by a quick proliferation compared to
normal cells, and therefore their dependency of DNA repair mechanisms is more critical.
Poly(ADP-ribose) polymerases (PARPSs) play a key role in DNA repair mechanisms,
particularly in BER. Then, for those types of cancer with a pronounced cell proliferation,
inhibition of PARPs could drastically stop cancer growth and eventually reduce tumor
size. Exploiting this idea appeared PARPs inhibitors.

The idea behind PARP inhibitors is synthetic lethality, which consist in the use of PARP
inhibitors (PARPIs) in cancer cells that are already deficient in another DNA-Repair
mechanism, as for example BRCA-deficient tumor cells.*®* BRCA1 and BRCA2 genes
are known to have a great impact in DNA repair mechanism, particularly in HR.
Therefore if only one gene is working properly, PARP1, and it gets inhibit, this action
will induce cell death, meanwhile normal cells will revert the situation by activating
another compensatory pathway.!’

In 2014 the FDA approved the first PARP inhibitor from AstaZenca, a small molecule
called Olaparib. Other compounds like Niraparib, Veliparib, Rucaparib have been
approved more recently.!!8 This, shows the high pharmaceutical interest behind this novel
approach.''® However, the application of PARP inhibitors is limited by the capacity of
DNA repair mechanism recovery.

Indeed, fast mutation of cancer cells can lead spontaneously to DNA repair activities
reactivation or also tumor cells can survive to PARPIs by activating other DNA repair
mechanism paths. Examples of acquired resistance is the case of BRCA1- and BRCA2-
deficient carcinoma cells, or myeloid chronic leukemia cancer and some types of Breast
Cancer.*?°

Homologous Recombination is one of the main causes of cancer resistance, and the
interaction between BRCA2 and RAD51 (Bacterial RecA homolog DNA recombinase)
is a central step in the HR activation cascade. Briefly, BRCA2 sequesters RAD51,
facilitating the formation of RAD51-single stranded DNA filaments complex which starts
HR.12L122 Moreover, exploration of different types of PARPi-resistant tumors pointed out
an inverse relationship between RAD51 presence in the nucleus and clinical efficacy of
Olaparib.'?® More interestingly from a therapeutic point view, it is the synergistic effect
of Olaparib and RAD51/BRCA?2 inhibitors,23124
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BRCAZ2, a 3418-amino acids protein, binds RAD51 by an evolutionary conserved BRC
motif, which is present in the protein as series of 8 short-peptides with a total of 35
involved residues and a common binding motif “FxxA”, it can also bind by the C-
terminal domain of BRCAZ2, although this last is only able to bind RAD51 nucleoprotein

filaments.*?®
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Figure 22. After DNA damage single strand break or double strand break mechanism repairs are activated. BER is the
main mechanism of SSB and PARPs protein play a key role in this process. On the other hand, HR is the most relevant
repair mechanism of DSB and the RAD51-BRCA2 PPI switches on the downstream protein cascade. If one mechanism is
inhibit, for example by using Olaparib (a PARPi small molecule) the other can overcome the situation in order to repair
the DNA. However, if both mechanisms are inhibited simultaneously, cells will die automatically. This is the rationality
behind the Synthetic lethality approach.

More recently, it was published a set of small molecules disruptors of RAD51-BRCA2
that in combination with Olaparib lead to cell death in a Pancreatic Cancer cell line.!?
However, after a virtually screen 1.5 million compounds and develop a chemical library
(41 analog compounds) from the initial hit (ECso = 53 + 3 uM), the best candidate showed
an ECso= 8 + 2 uM. Another example of small molecules targeting BRCA2-RAD51 was
published by Scott et al. They published a fragments hits library, evaluated with
isothermal titration assay calorimetry assay (ITC)'?” with a milimolar potency ( 570 uM)
to low-micromolar potency (18 puM). This work was guided by the binding site of a
tetrapeptide derived from a BRC repeat, the Ac-FHTA-NH: peptide.

Altogether, it is worth to highlight again how challenging is disrupt a PPI with small
molecules, even applying if an extensive effort is done by using fragment derived libraries
or high demanding computational resources.

On the other hand, A Trenner et al.,*?® as a proof-of-concept, applied the use of peptides
to inhibit the BRCA2-RADS51 PPI. To do that, the BRCA2 BRC repeat able to inhibit
BRCA2-RAD51 interaction was fused to the CPP nona-arginine (R9). Peptide
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coincubation with Olaparib at 1uM concentration lead to reduction in cellular viability in
HeLa cells with an ICso value around 10 puM. However, the low peptide metabolic
stability when incubated with cells (ty2 < 1 h) along with a low potency challenges the
future therapeutic application of this strategy. Nevertheless, this work opened the door to
optimize the peptide sequence in order to improve both stability and activity.

Guided by the interesting work done by Prof. Alexander Sartori’s group, from the Institute
of Molecular Cancer Research (University of Zurich), about the DNA repair mechanism,
and particularly about the BRCA-RAD51 inhibition with a BCR-CPP, Iproteos’s team
decided to study this PPI and the applicability of its technology to obtain peptidomimetics
able to modulate this interaction.

After an extensive bibliographic search and a visual inspection of the RAD51 surface
area, it was decided that IPROTech could be successfully applied in this PPI. For the
success of the project, a collaboration with Sartori’s group was established. In this
collaboration Sartori’s team will carried out the efficacy evaluation of the compounds
designed and synthetized by Iproteos.

4.2. IPROTech hit identification

The reported PDB structure (PDB; 4B3B) of a short peptide Ac-FHTA-NH2 derived from
the BCR4 repeat that binds to RAD51 was used as a template for the in silico studies.
Here, IPRO Filter application step over the RAD51 protein surface was circumvented as
the docking studies were directly focused on the same Ac-FHTA-NH: binding site.

Likewise, IPRO Docking was applied on the acetylate tetrapeptide in order to establish a
relationship between the Docking results and the possible experimental binding, as the
peptide Kq = 250 = 50 uM, measured by ITC.

Next, a 80000 tri- and tetrapeptidomimetics library was virtually screened against the
binding site of the short peptide mentioned before. Top 10000 ranked structures were
docked again but increasing the exhaustivity of the computational process, were the time
of calculation for each molecule was duplicated. Then, 100 best docked peptides were
studied by applying the IPRO Permeability tool in order to discard those molecules that
were predicted to be not permeable across biological barriers.

Finally, visual inspection was conducted to select a total of 5 peptidomimetics with
different binding mode, stable binding and good protein-ligand contacts. These structures
were proposed for synthesis (see Table 1).
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Figure 23. Image obtained from the PDB structure 4B3B. IPRO Docking was applied to see if the in silico tool was able
to reproduce the Ac-FHTA-NH: peptide pose when re-docked. Moreover, it was expected that all those peptidomimetics
with a better docking score than -6.6 kcal will improve binding potency when evaluated experimentally.
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Iproteos
Code

Sequence

Formula

Structure

Docking score
(Kcal/mol)

IPRO Permeability
(A%

IP-15-01

Butyryl-Ornithine-
Homophenylalanine-
Diphenylalanine-
Diphenylalanine-Piperidide

Cs4HesN6Os

145

IP-15-02

Butyryl-Isoleucine-
Cyclohexylalanine-
Phenylalanine-Diaminopropionic
acid-Piperidide

Ca6HsgNeOs

134
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Butyryl-Isoleucine-Isoleucine- - I 138
IP-15-03 Diphenylalalnine- Ca0Hs0N6Os ; i -9,2
Diaminobutyric acid-Piperidide ° //rkﬁ O
P
Butyryl-Tryptophan- -9,2 141
IP-15-04 Diphenylalanine-Serine- CssHasN505

Piperidide
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Diphenylyl-Phenylalanine-
IP-15-05 Ornithine-Cyclohexylalanine- C41H53Ns504
Pyrrolidide

vl -7,1 145

=
a

Table 1. After a final visual inspection, 5 peptidomimetic sequences were selected for synthesized. The batch includes tri- and tetra-peptidomimetics. All sequences have a secondary amine
capping for the C-terminal and a hydrophobic group as N-terminal capping. Based in the benchmarked data, IPRO Permeability threshold was set at 170 and therefore for all peptides were
predicted as permeable. It was decided to not extend to more than 5 molecules the first batch instead of 10 as the resources available at that moment were limited.
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4.3. Experimental evaluation

A clonogenic survival assay was the used technique'?® to perform a first in vitro screening
of the compounds efficacy in cells, in which the cell death is measured a different
compound concentration with the presence or absence of Olaparib. Compounds were
evaluated by co-incubating them at different concentrations (10, 20 and 50 uM) in 1 uM
of Olaparib with HelLa cells for 10 days. Furthermore, same peptide concentrations were
incubated with Hela cells without the presence of Olaparib.

A positive hit should be inactive or have a low potency when cells are not treated with
Olparib at the same time, as cancer cells could survive by activating the repair mechanism
that is not inhibit. On the other hand, co-treatment with the peptidomimetic and Olaparib
should be translated in a synergistic effect which eventually will cause cell death.
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Figure 24. Peptidomimetics (IP-15-01; IPR-01, IP-15-02; IPR-02, IP-15-03; IPR-03, IP-15-04; IPR-04 and IP-15-05;
IPR-05) were incubated with HeLa cells for 10 days at 0.25 % DMSO and 10 % Fetal Calf Serum (FCS) at 10, 20 and
50 uM. Cell medium was replaced by fresh cell medium, which contained the same compound concentration, on daily
basis. In parallel, the same experiment was performed co-incubating the compound under study with Olaparib (1 pM).
All compounds were compared at 20 uM by establishing a relationship with no drug treated cells. In these conditioins,
IP-15-04 was the compound with higher potency.

From the 5 synthesized peptidomimetics, IP-15-01, 1P-15-03 and IP-15-04 showed the
desired synergistic effect when co-incubated with Olaparib. More interestingly, IP-15-03
was inactive without the presence of Olaparib, but when the PARPi was applied in the
cell culture there was a significant cell death. However, the most potent compound was
IP-15-04, when the effect of all peptidomimetics at 20 uM with 1 uM of Olaparib is
compared.

DMEM at
Iproteos H20at 5 0,25 % Transport Retention Internalization in
% DM e P
Code | % ( M?O DMSO + 10 e (cm/s) % % cells %
" % FCS (uM)

IP-15-01 193+8 463 1,0E-08 + 8,0E-09 0,1+0,01 25,7+0,9 0,1+0,07
IP-15-03 3492 50+6 2,6E-08 + 1,0E-09 0,2+0,03 16,5+4,1 0
IP-15-04 82+16 48+2 0 0 66,6 + 2,5 0,4 £0,06

Table 2. All experiments were carried out as is described in Materials and Methods chapter. Solubility in H20 at 5 %
DMSO was performed as a control to discard any possible issue related with a low solubility. However, due the low
solubility of the three peptidomimetics, their solubility in the same assay conditions was evaluated. PAMPA assay
(Pe, Transport % and Retention %) along with cell internalization % were done as evaluation of peptidomimetics
permeability. Data are expressed as the mean + SD.
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For the 3 positive hits, their physicochemical properties were studied. The three
peptidomimetics had a very low solubility in 5 % DMSO in water, and therefore their
solubility in the in vitro assay conditions was also evaluated to discard any lack of efficacy
due to low solubility. The maximum solubility of IP-15-01, IP-15-03 and IP-15-04 in cell
culture medium was calculated to be 46 uM, 50 uM and 48 puM respectively. As the
maximum concentration studied in cells was 50 uM no significant issues related with
compounds solubility was expected. On the other hand, PAMPA evaluation showed a
very low or null permeability across the artificial lipid membrane, of the assay, this
permeability data is in good agreement with the internalization assay in SH-SY5Y cells
results.

At this point we hypothesized that the hydrophobic features of the three identified
compounds scape form the evaluation capacity of the PAMPA assay. Hence, this
technique could underestimate the compounds permeability. Furthermore, we were not
able to obtain a positive result neither by evaluating its permeability by studying their
internalization when incubated in cells. This could be explained for a very low
internalization of the compounds when incubated with cells, with an internalized quantity
which would be out of the limit of the detection but that at same time could be potent
enough to block the RAD51-BRCAZ2 interaction once located inside the cell.

Fortunately, the disappointing permeability results were balanced by the outstanding
results obtained in cells and therefore, motivated us for a second iterative cycle of the
technology in order to optimize the potency of the final candidates. For this purpose, IP-
14-04 which showed the higher activity structure was used as structure template.

4.4. Hit optimization

IP-15-04 structure has two natural amino acids, threonine and serine, and one non-natural
amino acid, diphenylalaine. In addition, a piperidide group and a butryl moiety had been
coupled in the C-terminal and N-terminal of the lineal peptide, respectively.

Figure 25. Docking result of IP-15-04 bind to RAD51 (PDB 4B3B). The lateral side-chain of the threonine and
diphenylalanine were selected for their interaction in two surface pockets of RAD51 for further optimization.
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The same IPROTech Protocol was applied over a library of peptidomimetics derived from
the IP-15-04. This library was targeted against the same binding site of the parent
compound, with a distance margin of 5 A from the center of the protein surface pockets
(Figure 27). From this second campaign, three lineal tripeptidomimetics with slight
modifications of their lateral side-chain groups were selected. These optimized molecules
were obtained after applying the same filters, which had been previously applied for the
first batch. Moreover one peptidomimetic more was added to the pull in order to
investigate and validate the docking model (IPR-465). IRP-465 contained the exact same
structure as the parent compound. However, the design included N-alkylation of the
nitrogen group of the tryptophan, as this nitrogen was predicted by the docking model as
a key interaction for the recognition of RAD51.

Figure 27. 1-Napthylalanine lateral side-chain (yellow circle) and benzyl from the C-terminal capping (green circle) of
IPR-469 perfectly fit in the two pockets in the RAD51 surface. All compounds of the second generation were designed
following this binding mode, where two aromatic groups were pointing to this two pockets.
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Docking

IPRO Permeability

Ipcr:cc))t;é)s Sequence Formula Structure score (A2
(Kcal/mol)
IPR-465 Butyryl-N-Metyl- C39H47N505 -8,6 123
tryptophan-
Diphenylalanine-
Serine-Piperidide
1-Napthyl-1- -10,1 148
IPR-467 Napthylalanine- Ca9Hs51N504

Diphenylalanine-
Ornithine-Piperidide

71




IPR-468 Diphenylyl- CaHs6N6Os
Tryptophan-
Diphenylalanine-
Threonine-Piperazine

-8,1 169

Benzyoloxyl-2,4-
IPR-469 | diaminobutyric acid- Ca4H47N504
Diphenylalanine-1-
Napthylalanine-
Piperidide

-9,6 157

Table 3. Three new peptidomimetics that respected the binding mode of the parent compound, IP-15-04, were selected after visual inspection. The docking score were similar to parent peptide
(-9.2 kcal/mol), but the high stability of the docking poses after run short-MD was determinant to their selection for in vitro validation. Furthermore, IPR-465 was added as a negative control

in order to validate the docking model. The peptidomimetic only has modified a N-methylation in the nitrogen from the tryptophan later side-chain. It was expected a loss of potency for this
compound.
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All compounds contained the piperidide capping in the C-terminal except IPR-468 which
had a piperazine group instead the piperidide motif. This means a second nitrogen which
can play as a hydrogen bond donor. On the N-terminal position, only IPR-465 preserved
the butryl capping. For the other compounds butyril moiety was substituted by one
benzoic acid (IPR-469), naphtyoic acid (IPR-467), or 2,2-diphenylacetic acid (IPR-468)
to increase the hydrophobicity of the compound.

Interestingly, all docking models pointed the nitrogen of the tryptophan latera side-chain
group straight to the surface pocket. To evaluate the contribution of this nitrogen in the
binding, IPR-465 decorated with an N-methylation in this position, expecting a loss of
activity when evaluated experimentally.

The non-natural amino acid, diphenylalanine was maintained in all sequence, whereas the
serine was replaced for other amino acids containing a lateral-chain proton donor group;
ornithine for IPR-467, threonine for IPR-468 and diaminobutyric acid for IPR-4609.

After compound synthesis, purification and quantification, these were sent to Sartori’s
lab for the in vitro efficacy evaluation. The protocol used for the evaluation of the second
set of compounds was the same one applied for the first batch.

120 Compound IPR-465 120— Compound IPR-468
100 100 —— 468
—&— 468 + 1 uyM Olaparib
e 80 < 80—
S 60+ S 60
c c
- 3
40 D 40
20| -e- 465 20+
—©— 465+ 1 yM Olaparib
0 T | T T | 0 R A I
0 10 20 30 40 50 0 10 20 30 40 50
Peptidomimetic Conc. (uM) Peptidomimetic Conc. (uM)

73



120— Compound IPR-467 120~  Compound IPR-469
- 467
1008 -8 467 + 1 uM Olaparib 100
— | < 80
§S 80 ®
= ®
g 60 E: 60
B 404 B 404
- 469
20 20 —— 469 +1 uM Olaparib
0 7 7 % 0-
0 10 20 30 40 50 0 10 20 30 40 50
Peptidomimetic Conc. (uM) Peptidomimetic Conc. (uM)
Compound IPR-469
120 v 469
1003 - 469 + 1 M Olaparib

OIIII‘r
o 1 2 3 4 5

Peptidomimetic Conc. (uM)

Figure 26. Second generation of compounds inspired in the IP-15-04 structure evaluated in the same conditions as the
parent peptidomimetic in a clonogenic proliferation assay with HelLa cells for 10 days at 0.25 % DMSO and 10 % FCS
at 10, 20 and 50 pM. As it was expected IPR-465 showed a loss of activity when compared with 1P-15-04. IPR-468
slightly improved the performance of the original compound, and IPR-467 and IPR-469 killed the cells at concentration
> 10 uM with or without Olparib. For IPR-469 it was confirmed that at 1-5 pM concentration range there was a
synergistic effect with Olaparib.

After the in vitro evaluation of the second set of molecules, results showed a highly potent
peptidomimetic, IPR-469 that when co-incubated with Olparib reduced the proliferation
of cancer cells with an ICs around 1,5 pM. IPR-468 also showed some activity, with a
ICso between 10-20 uM, IPR-467 and IPR-469 killed tumor cells at concentration range
of 1-10 uM. For these two compounds, in order to optimize recourse, the efficacy range
between 0-10 UM was evaluated in depth for IPR-469. It could be expected that IPR-467
could show the same synergistic effect at narrow concentration window as IPR-469. Both
compounds have a very similar structure, since were designed based on the same parent
compound.
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IPR-465 showed a loss of potency if compared with its parent peptide, IP-15-04, therefore
validating the docking model.

Due the oustanding synergic effect of IPR-469 with Olaparib additional experiments were
decided to be conducted to evaluate the feasibility to use this compound in animal models.
In this regard, the stability of selected compound in rat plasma was studied (Figure 28).

IPR-469 stability in RAT PLASMA
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Figure 28. IPR-469 was incubated in rat plasma for 2 h, the estimated maximum time of enzymatic activity. Sample
point were taken at different times (x axis in min), and after applied the protocol described in the Materials and
Methods chapter, were injected in HPLC to calculate the percentage of degradation (y axis). It was concluded that
after 2h the peptide was completely stable. Error bars represent + SD (n=2).

4.5. Conclusions

The use of published the crystallographic structure of RAD51 (PDB: 4B3B) bind to a
short-peptide (Ac-FHTA-NH>), has facilitated to build a solid docking model to run the
IPROTech. This process allowed us to obtain five structures that were selected for
synthesis and in vitro evaluation. After evaluation, three peptidomimetics were found to
be active. For this evaluation compound 2015/IP-15-04 was selected for further
optimization in a second round of the technology.

After the second cycle of the technology four compounds were selected for synthesis and
evaluation. From these, IPR-469 showed a synergistic effect with Olaparib with an 1Cso
< 2 uM. This compound was also found to have a high stability in rat plasma, has been
obtained. Moreover, the parent peptidomimetic (IP-15-04) also show a promising efficacy
with an ICsp < 30 pM. Indeed, future experiments could let into another positive
candidate, as a narrow window of concentrations will be studied for IPR-467.

These peptidomimetics outperform all previous published molecules and therefore can
represent and interesting project for those pharmaceutical companies with PARPI drugs
in their pipeline.

Future experiments will be conducted to validate the mechanism of action validation of
the generated molecules.
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Chapter 5: Targerting the protein downstream of K-RAS







5.1. Introduction: KRAS-Effectors

RAS genes are an oncogene family (HRAS, NRAS and KRAS) related with cell
proliferation processes which have been found to be highly mutated in human cancer.
Indeed, RAS genes were the first discovered oncogenes, in 1982.1%° From the three RAS
isoforms, KRAS is the most frequently mutated in RAS-driven cancers, 86 % times, in
front of N-RAS 11 % and HRAS 3 %. Interestingly, RAS mutated genes are present in
the most deadly cancer types, 90 % of pancreas cancer, 45 % colon cancer and 25 % lung
cancer.'3!

However despite the prevalence of RAS mutation in the most deadly types of cancer and
after over 30 years of intensively research, still no RAS inhibitor has gained the approval
of drug regulatory authorities.?

RAS plays a central role in the switch on/off of cell growth process. Catalyzed by guanine
nucleotide exchange factors (GEFs), Guanosine 5'-Triphosphate (GTP) bounds to RAS
at picomolar range, which activates the protein downstream signals by binding GTP-K-
RAS to its effectors (RAS-binding proteins, mainly RAF, PI3K and RAL). When RAS is
mutated, the inactivation process whereby GTPase-activating proteins (GAPS) promote
GTP hydrolyzation to form the RAS-GDP complex, is inhibit.!%

Strategies that attempt the direct inhibition of the GTP binding to RAS have been proved
an unsuccessful approach, due the picomolar potency of GTP to recognize RAS. Only
few low-micromolar compounds have been reported until date,**!% therefore
discouraging further studies that following this strategy.

Another unsuccessful approach was to prevent the immobilization of RAS to the cell
membrane which is mandatory for RAS signaling activation.*® RAS has a C-terminal
CAAX farnesyl moiety. Then, farnelysation of the C-terminal allows RAS to be
recognized by farnesyltransferases and then traffic through the cell cytosol to cell
membrane. Farnesyltransferase inhibitors (FTIs) have been published**"® to be able of
block the localization of RAS in the lipid bilayer. Unfortunately, from the three isoforms
of RAS only HRAS driven-cancers have shown anti-cancer activity when treated with
FTIs in clinical trials'®°, This fact could be explained as K-RAS and N-RAS are also
substrates of other enzymes that can play as compensatory pathway and then apply post-
translational modifications in the protein C-terminals as well.}* Hence, although
targeting other trafficking enzymatic activities of RAS could be of therapeutic relevance,
so far no successful advances have been obtained on this line. 42

In this scenario, the most promising approach is target the RAS signaling protein
cascades, which are initiated after the binding of GTP activated RAS with its effectors.
Respectively, there are three major RAS-Effector proteins that trigger different signal
downstream, RAF, PI3K and RAL. RAF activates the RAF-MEK-ERK cascade,
therefore targeting these proteins has led to the development of new approved drugs for
specific cancers. For example, Vemurafenib®** is a B-RAF enzyme inhibitor approved for
the treatment of V600E melanoma. Cobimetinib!*® is a MEK1 inhibitor that stabilizes the
RAF-MEK complex and has gained FDA approval for combinatory treatment with
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Vemurafenib in B-RAF-mutated melanoma resistance cancer. Ulixertinib!*® is a first-in-
class ATP-competitive ERK1/2 inhibitor for the treatment of solid tumors in in patients
with NRAS-, BRAF V600—, and non—-V600 BRAF-mutant cancers.

Although for different protein nodes, promising inhibitors are reaching from bench to
patients, resistance to direct inhibition of downstream proteins of the K-RAS-driven
cancers as a factor of upregulation or compensatory effects of other signaling pathways
could limit its future therapeutic application.

In conclusion, unsuccessful approaches to target the GTP binding site of RAS or
modulation of its bioactive function through inhibition of RAS traffic across the cell
cytosol and the limits of targeting downstream proteins has move the focus in RAS
research to design inhibitors that bind straightly to RAS-effectors binding site of RAS
surface protein.
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However, RAS surface lacks well-defined pockets and few binders have been described
so far.}4’
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Figure 29. Activation of RASinto a RAS GTP-bound conformation by guanine nucleotide exchange factors (GEFs)
proteins state, allows RAS to associate with its protein effectors and start the downstream protein cascade. Moreover,
activated RAS can be recruited by the Farnesyl transferase enzymes (FTs) and traffic through the cytosol until reach the
cell membrane.

Iproteos’s team selected RAS-effector PPI as very challenging and relevant therapeutic
target. A preliminary evaluation of the effectors binding site in the surface of RAS shed
the possibility to modulate the interaction with the use of peptidomimetics. As a partner of
the project, the group Signaling and checkpoints of cell cycle group from the department of
Biomedical Sciences from the University of Barcelona led by the Dr. Neus Agell with a high
expertise in the RAS field, was in charge of the evaluation of the biological activity of
the designed and synthesized compounds.

5.2. IPROTech hit identification

IPROTech was applied to afford potent and permeable peptidomimetics as drug
candidates. Our approach was to design peptidomimetics that will bind to Ras-effector
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binding site, blocking the possibility to interact with effectors proteins, thus, reducing its
oncological activity.

The identification of RAS pharmacophoric sites was performed by the structural
comparison of the GTPase-RAS in complex with several effector proteins (such as
phosphoinositide 3-kinase (PI3K), Bry2RBD, RalGDS, Phospholipase C, NORE1A and
RAF) and applying the IPRO Filter standard protocol.

A total of one aromatic and three negatively charged residues (i.e. Asp33, Glu37, Asp38
and Tyr64) were identified on the RAS interface. Interestingly, these residues are
conserved in the interactions with virtually all the effector proteins. Interestingly, it can
be found a high positively charged propensity between Asp33 and Asp38 (Figure 30,
Table 4) which favors the interaction with a possible binder.

Figure 30. GPTase-RAS protein pharmacophoric sites (PDB: 5P21): (A) GTPase-RAS in complex with IPROfilter proves.
Highly conserved residues among RAS effectors proteins are underlined in yellow sticks. RAS protein surface colored in
gray, residues involved in intermolecular contacts with highly conserved residues among effector proteins are underlined
in red (Asp33, Glu37, Asp38) and green (Tyr64). (B) IPROTech IPROfilter prediction of more relevant residues for the
design of a new set of peptidomimetics.

Afterwards, an initial library of more than 80,000 tri- and tetra-peptides, formed by both
natural and non-natural amino acids, and containing at least one positive charged residue
per sequence, was generated. The peptidomimetic screening was performed by SMINA
docking program, using the K-RAS GTPase crystal structure as receptor (PDB 5P21) and
setting the binding site around the negatively charged hotspots residues.

An extended computational survey of the RAS interface resulted in a set of
peptidomimetics able to bind to the target binding site with a theoretical potency larger
than -8.0 kcal/mol (UM-nM expected experimental inhibitory potency range scale) while
exhibiting good in silico permeability profile, whose averaged Polar Accessible Surface
Area (PASA\) is lower than 150 A%, Those parameters are representative of the potential
activity and permeability of the designed peptidomimetics.

To reject potential docking false negatives, short implicit peptide-binding site MD
simulations was conducted to identify peptidomimetics with stable binding mode (RMSD
along simulation smaller than 3 A). The idea was to enrich the selection with compounds
able to bind, from a thermodynamic point of view, but preserving the binding target area,
in silico properties and peptides structure.
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After a final visual inspection, 9 sequences were decided to be synthesized, quantified
and by following the protocol described in the Materials and Methods chapter of this
thesis. To evaluate the synthetized compounds, cell based experiments were carried out
by Debora Cabot a PhD student at the Dr. Neus Agell group at that time.

For the most potent candidates, if they are finally proved to be specifically targeting those
cells that dependent of K-RAS, further experiments will carried out in order to investigate
the possible compounds application for the treatment of K-RAS dependent cancers, and
therefore intellectual property of the compound will be seek.
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Docking

Iproteos IPRO Permeability
Code Formula Structure score (A?)
(Kcal/mol)
IP-14-01 Ca3Hs1N6Os -10,2 128
IP-14-02 CazHs2NsO4 9,7 93
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IP-14-09 C44He2NsOs -8,0 104

Table 4. After a final visual inspection, 9 peptidomimetic sequences were selected for synthesis. The batch includes tri- and tetra-peptidomimetics. All sequences have a secondary amine
capping at the C-terminal and a hydrophobic group as N-terminal capping. Based in the benchmarked data, IPRO Permeability threshold was set at 170 A and therefore for all peptidomimetics
below this threshold were predicted as permeable.
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5.3. Experimental evaluation

RAS-GTP signaling protein was activated and the inhibitory effect of the synthesized
peptidomimetics was evaluated in retinal pigment epithelium (RPE) cells. RPE cells were
seed in culture plate for 48 h. After that period, a first treatment of 10 min with Epidermal
Growth Factor (EGF), 50 ng/mL, was performed to active the RAS signaling pathways.'4®
Next, GTPase activating protein (GAP120), a positive control,**® and peptidomimetics
(50 uM) were incubated for 2 h with cells. Finally, Western Blotting (WB) detection of
effector proteins was obtained through immunoprecipitation (IP).
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Figure 31. RAS Western Blot of the evaluation of the synthesized compounds IP-14-01 (P1), IP-14-02 (P2) 1P-14-03
(P3), IP-14-04 (P4), IP-14-07 (P7), IP-14-08 (P8) and IP-14-09 (P9). GTPase activating protein (GAP120) is an inhibitor
of RAS activity. DMSO was the solvating agent to dilute the peptides and then after dilution with cell medium the final
percentage was 0.5 %.

Positive compounds should inhibit signaling RAS pathways that are activated when RAS-
binds with its effectors. As has been mentioned there are three major pathways, and their
inhibition was directly, RAF phosphorylation, or indirectly, AKT and ERK
phosphorylation, evaluated by Western Blot. RAF protein binds to RAS, AKT is in the
PI3K pathway and ERK in the RAL pathway. Therefore, to consider a peptidomimetic as
a positive hit, it should inhibit the activity of the three protein cascades, and as a
consequence the phosphorylation of the RAF (P-RAF), AKT (P-AKT) and ERK (P-ERK)
not be observed.

Unfortunately, compounds IP-14-05 and IP-14-06 were not soluble when diluted in cell
medium and it was found that peptide IP-14-04 formed aggregates and precipitated
(Figure 31) over the cells causing cell death, therefore discarding its read out as well.
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Figure 32. Once IP-14-04 was diluted in cell culture medium with RPE cells, formed aggregates (black dots pointed by
the red arrow), which end up causing cell death.

Hence, from the initial batch, only 6 compounds were properly evaluated in cells and 4
peptidomimetics were discarded as a consequence of their low solubility. From these 6
evaluated molecules, IP-14-01, IP-14-03 and IP-14-08 were able to inhibit three RAS-
effectors protein cascades. Being IP-14-01 the most potent of them when the WB was
analyzed (figure 31).

Once the most promising candidates were selected, it was evaluated their biophysical
properties by studying solubility in 5 % DMSO in water, permeability through biological
barriers (PAMPA assay) and internalization in cells.

Iproteos Solubility Pe (cm/s) Transport Retention % Cell internalization %
Code (mM) %

IP-14-01 1,333+0,013 5,6E-10 £ 3,1E-10 0 55,7+7,1 135+

IP-14-03 0,549 +£0,090 | 1,6E-09 * 3,6E-10 0 779+2,4 0

IP-14-08 1,317 £ 0,022 0 0 97,6 £5,0 0

Table 5. PAMPA assay (Pe, Transport % and Retention %) along with cell internalization % were to evaluate
peptidomimetic permeability. All experiments were carried out as is described in Materials and Methods chapter.
Solubility in H20 at 5 % DMSO was performed as a control to discard any possible issue related with a low solubility.
Data are expressed as the mean + SD.
Solubility was measured in H20 at 5 % DMSO and the three compounds showed a good
solubility that assured that experiments at > 100 uM concentrations could be done without
the risk of compound precipitation. The PAMPA assay showed a high retention %,
negligible transport and null permeability Pe for the three peptidomimetics. Oppositely,
when IP-14-01 was incubated with SH-SY5Y cells for 2 h at 60 uM, 13,5 % of the
peptideomimetic quantity was uptake by cells. However, this result cannot be reproduced
when IP-14-03 and 1P-14-08 were incubated with cells.

Based on in vitro results, we assumed that peptidomimetics were retained in the lipid
membrane of the PAMPA assay as a consequence of high and bulky hydrophobic groups.
Therefore, being their permeability capacity underestimated by PAMPA assay.

Due to the inhibitory effect on RAS-effector signaling cascades of IP-14-01 along its high
cell internalization value, compound IP-14-01 was further optimized through a second
round of the IPROTech.
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5.4. Hit optimization

A second generation of peptidomimetics was designed following the same in silico
protocol applied previously but basing the new compounds design in IP-14-01 structure.
In this regard, 4 new peptidomimetics were eluted once the computational studies were
complete.

IPR-471 was intentionally designed to increase the number of amino acids on the
peptidomimetic backbone. On this basis, the C-terminal was extended by removing the
secondary amine that had been used as capping for a proline plus a carboxamide.

IPR-472 had almost the same structure than 1P-14-01 but the N-methyl alkylation of the
B-Alanine was substituted by longer carbon chain attached to an aromatic group,
propylbenzene. The idea behind this was to increase the overall compound
hydrophobicity along with an increase of the n-alkyl shielding capacity. A 4-carbon chain,
instead a methyl, would present a certain degree of flexibility allowing the 6-carbon
aromatic ring wrap the molecule, thus reducing its polarity in an aqueous environment.
Moreover, it could be expected that the number of contacts with the protein surface would
be favored as well.

IPR-473 was the most conservative proposal as only an alanine was substituted by an
isoleucine and a N-methylation was added in one amide bond of the sequence backbone.
This new molecule was expected to completely preserve the binding mode of the parent
compound but adding a few more contacts in order to slightly optimize the potency.

IPR-474 had two substitutions, an alanine by a cyclohexylglicine and the substitution of
the acid with a polar group for another amino acid with a polar group, a threonine.

Finally, all peptidomimetics preserved the same sequence ending by keeping the three
same amino acids following the same order and the diphenyl N-terminal (table 6).
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Iproteos

Docking score

Code Formula Structure (Kcal/mol)
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-9,6

Table 6. Applying the same docking methodology previously used for the screening of the 1 round of peptidomimetics, a second generation was generated, four new molecules, by basing
the screening of new molecules in the structure of IP-14-01.
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Furthermore, an additional effort was done to reevaluate those peptidomimetics from the
first generation that were not soluble on the in vitro assay conditions or formed aggregates
when incubated with cells. For those compounds, their solubility was studied in PBS with
15 % B-cyclodextrin (table 7).

Iproteos Code Conc. in PBS B-cyclodextrin 15 % (uM)
IP-14-04 780 %30
IP-14-05 849 +43
IP-14-06 844 + 4
IP-14-07 766 £ 19
IP-14-09 949 + 8

Table 7. All peptidomimetics were dilute at 1 mM in phosphatase with at 15 % B-cyclodextrin. Then were let under
constant agitation for 24 h, centrifuged and finally, the supernatant of each one was injected in the HPLC and compared
with a ImM solution of each compound in ACN/H20. This control that was used to determine the real solubility in PBS
at 15 % B-cyclodextrin. Data are expressed as the mean + SD.

Hence, the four IP-14-01 (P1) derivatives (IPR-471; P1.1, IPR-472; P2.2, IPR-473; P3.3
and IPR-474; P4.4) along with peptidomimetics dissolved in PBS with 15 % of -
cyclodextrin (IP-04; P4, IP-14-05; P5, IP-14-06; P6, IP-14-07; P7 and IP-14-09; P9) were
evaluated in vitro. In order to have a clear read out, the experiments were ran in HA-
KRAS-G12V (mutant K-RAS) transfected HeLa cells'*® applying the same conditions
used for RPE cells.
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Figure 33. RAS western blot was repeated in the same conditions except for the use of B-cyclodextrin at 0.5 % instead of
DMSO used in the evaluation of compounds IP-14-01 (P1), IP-14-02 (P2) IP-14-03 (P3), IP-14-04 (P4), IP-14-07 (P7), IP-
14-08 (P8) and 1P-14-09 (P9). GTPase activating protein (GAP120) is an inhibitor of RAS activity. DMSO was the solvating
agent to dilute the peptides and then after dilution with cell medium the final percentage was 0.5 %.
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After the incubation time (2 h), from the first generation of peptidomimetics diluted in -
cyclodextrin, only 1P-14-07 (P7) almost resembled the potency of IP-14-01 (P1) (Figure
33). On the other hand, 1P-14-04 (P4) and IP-14-06 started killing cells. Therefore,
although the use of B-cyclodextrin allowed the proper dissolution of the poorly soluble
compounds in the in aqueous media, i.e. cell media, any of them outperformed IP-14-01.

The new generation of peptidomimetics based in IP-14-01 structure, was as well
evaluated. It was found that IPR-471 (P1.1) and IPR-474 (P1.4) were considered inactive,
whereas IP-14-02 (P1.2) was able to inhibit the RAF and AKT but not ERK. Interestingly,
IPR-473 (P1.3) was found to be able to inhibit the three different protein cascades more
efficiently even than the parent peptidomimetic.
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+ o+ o+ o+ o+
Treatment25u)M - - P1 P11 3P1.3 P14
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Table 34. RAS Western Blot of the evaluation of 2018/I1P-14-01 (P1) and its derived peptidomimetics, IPR-471 (P1.1.),
IPR-472(P1.2), IPR-473 (P1.3) and IPR-474 (P1.4). For this experiment same protocol conditions of previous WB assay
for the first generation of peptidomimetics was applied. Compounds were incubated in RPE cells at 50 uM at 0.5 % DMSO
for 2h. Not solubility issues were observed.
In this scenario, a potential therapeutic application of IPR-473 would be determined by
its capacity to discriminate between normal cells and cancer cell lines, in which its
inhibitory activity should produce cell death. The obtained information would be

determinant prior to any effort to reach preclinical phases.

Hence, IPR-473 was incubated at several concentrations with cancer cell lines and normal
cell line (RPE). Cell viability was measured by a MTS cell proliferation assay**°. The
same experiment was performed for the parent peptidomimetic, but not difference
between normal cells and cancer cell lines was observed at any incubated concentrations,
I. . the parent compound did not show cell-line specificity (data not shown).
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Figure 35. MTS viability assay was the technique used to measure the cell viability of 7 different cell lines. Cells were
placed in an adequate volume of 10 % FBS-containing medium to get 200 cells / mL. Next, cells were cultured for 24
hours and then treated with the drugs (10 uM, 15 pM, 20 uM and 25 puM) for a further 24 hours incubation.

Human pancreatic cancer cells MPANC-96, Human pancreatic adenocarcinoma cells
HPAF-II, Human pancreatic grade Il adenocarcinoma PA-TU, Human pancreatic ductal
adenocarcinoma SW1990, Human pancreas adenocarcinoma 8988-T and Human
pancreatic ductal carcinoma PANC-1 are pancreatic tumor cell lines, meanwhile RPE are
retinal pigment epithelium cells and therefore non cancerigenous.

The results obtained in the cell viability assay confirmed the potential therapeutic activity
of IPR-473, which has a cytotoxic behavior for cancerigenous cells at concentrations
higher than 15 uM whereas there is no effect for normal cells.

5.5. Conclusions

After a first inspection of the binding site area of RAS with its effectors and the
application of the IPROTech computational tools, a set of 9 peptidomimetic sequences
were selected for their predicted capacity to inhibit the oncogenic activity of RAS in its
activate form.

From the initial pull, 3 compounds show an inhibitory activity in cells in the three more
relevant effector signaling pathways. Not soluble compounds were incubated with cells
with the presence of B-cyclodextrin instead of DMSO, which allowed a proper compound
solubilization. These conditions allowed also to evaluate IP-14-07 which was able to
inhibit the phosphorylation of RAF, AKT and ERK.
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IP-14-01 showed the higher potency according the western blot analysis from the first 4
hits found, and therefore was used for hit optimization. Its structures and binding site
were used to design 4 new peptidomimetics.

When the second peptidomimetcs generation was evaluated in cells only IPR-473
outperformed the parent compound. Interestingly, IPR-473 differs from IP-14-01 in
alanine for a leucine and in an extra N-methylation in the peptidomimetic backbone. This
small difference in the molecule structure could help to improve its permeability through
the cell membrane, but the improvement in the potency could be possible effect of a most
favorable bioactive adoption due the N-methylation of the amide bond and increase of
the number of contacts with the receptor protein.

Particularly, this increase of the IPR-473 potency respect from IP-14-01 was translated
into a high specificity for pancreatic cancer cell lines in front of normal cells, when the
peptidomimetic was evaluated in cell proliferation assay. Thus, opening the opportunity
to carry out further experiments to evaluate the possible application of IPR-473 for the
treatment of pancreatic cancer. Indeed, at the moment of writing of this thesis, the
protection of the IP of IPR-473 is seek, as well a publication in a high impact journal.
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Chapter 6: Inhibition of the Retromer-L2 interaction to
prevent Human Papillomavirus endosomal release







6.1. Introduction: Retromer-L2

Human Papillomaviruses (HPVSs) is the most common sexually transmitted virus.
Although HPVs are associated with a wide range of pathologies, the most frequently
health issues related with HPVs are genital warts and cervical cancer. Indeed, cervical
cancer is the 4" most common type of cancer in women. %

Viruses have two main systems of virus content delivery into the host cytoplasm.
Enveloped virus cross the lipid bilayer by a glycoprotein cover that fusion with the cell
membrane.'®> On the other hand, non-enveloped virus disrupt the lipid bilayer to gain
access, normally by means of a peptide or capsid protein that generates a pore into the
cell membrane. >

However, HPVs have developed their own system to cross the cell membrane by the
association of the viral material with the retrograde transport vesicles.’®* Retrograde
transport is the mechanism used by cells to secrete proteins from the endoplasmic
reticulum to the trans-Golgi network (TGN) for reuse. Within this mechanism, Retromer
is an intracellular multi-protein complex that binds to the cytoplasmic domain of cellular
transmembrane proteins and whose function is sequester those macromolecules that can
be recycled for the cell body®>1%°

Thereby, HPVs are internalized by cells membranes by endocytosis®>” and once uptakes,
these are released from the endosomal envelop by binding to Retromer. Then, HPVs
works as Retromer cargo. In fact, it was in 2015 when Popa et al.™® demonstrated that
the virus was not being released from the endosomal vesicle by itself, if not due the
interaction with the Retromer protein. In the endosomal release mechanism, the C-
terminal part of L2 protein, which is composed for 32 amino acids, HPV16 L2441.473, from
the virus capsid bulges and acts as a cell penetrating peptide to escape from the lipid
capsule and bind to the Retromer (Figure 36). This C-terminal motif contains a cationic
sequence (RKRRKR) that resembles the TAT peptide motif. DiMaio et al.l*®
demonstrated that permutation of the HPV16L2 cationic motif by TAT do not reduce the
HPV transfection capacity whereas elimination of this amino acids from the HPV16 L2
protein is translated in a total deletion of the virus transfection. In the same direction,
knockdown of the Retromer protein drastically decreases the HPVs infection rate, then
validating the interaction within the virus and the cytosolic protein. This finding opened
the door to a novel therapeutic approach for the treatment of the HPV based in the
disruption of the interaction between Retromer and L2 protein, which should block the
transfection of the HPVs through the cells.
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Figure 36. HPVs capsid internalization is carry out by endocytosis mediated mechanism. To escape from the endosomal
envelop, the L2 protein which contain a C-terminal motif that plays the role of a cell penetrating peptide, exits form the
lipid capsule and binds to the Retromer protein, which is present in the cytosol. The interaction with the Retromer allows
the virus to be released from the endosomal capsule and infect the cell.

Virus release

In 2016 Dr. Aitor Hierro group solved the crystallographic structure of the retromer which
allowed the understanding of how the protein is recruited by transmembrane protein along
with the recognition mechanism of the protein to sequester proteins or other
macromolecules to be recycled.’®® As contination this work, Hierro’s lab crystalized
HPV16 L2 motif bound to the retromer protein (unpublished structure).

Hence, guided by the results obtained by DiMaio et al. which suggest a possible
therapeutic application for the infection of the HPV and the crystallized structure of
Hierro’s group it was hypothesized a possible design of peptidomimetics that can compete
against L2 protein and therefore disrupt the interaction between L2-Retromer.

In this regard, a collaboration agreement with Dr. Aitor Hierro’s group, Membrane
Trafficking Lab of the CIC bioGune institute, was established. Iproteos was in charge to
apply its technology platform to design peptidomimetics able to bind to the L2 retromer
binding site and disrupt the L2-Retromer interaction in order to prevent the HPV
infection. The compounds obtained in this project are under an intellectual protection
process.

6.2. IPROTech hit identification

The crystallographic structure of the retromer protein bound to Ac-DFYLH-NH: peptide
was used in this project to carry out the computational studies (crystal structure
unpublished). This short-peptide was derived from the L2 motif that binds to the retromer
protein.

441ADAGDFYLHPSYYMLRKRRKRLPYFFSDVSLAA73.
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First, and following the same methodology applied for the PPI RAD51-BRCAZ2 (Chapter
4), the bound peptide was re-docked to assess the feasibility of the IPROTech technology
to be applied over the Retromer protein (Figure 37).

Figure 37. The bound Ac-DFYLH-NH2 peptide to the Retromer protein (X-ray crystallographic structure unpublished)
was re-docked by applying the IPRO Docking technology. Docking was performed at low (brown) and high (purple)
exhaustively. The pose of the original peptide (green) was reproduce with a RMSD of 2.0 and 1.9 A,

IPRO docking reproduced with good accuracy (RMSD = 2.0 A at low exhaustiveness and
docking score = -11.4 kcal/mol) the pose of the natural derived bound peptide (Figure
37). On basis to this preliminary result, a 13000 tetra- and penta-peptidomimetics library
was screened against the same binding site of Ac-DFYLH-NH2. All compounds
contained a butiryl moiety at the N-terminal part and piperidide group at the C-terminal
part. In an initial step, docking step was performed at low exhaustiveness reducing the
size of the library to a final pull of 600 molecules. For this set of molecules, a second
docking analysis was performed increasing the exhaustiveness of the protocol. From this
second docking analysis, top scored 200 structures were selected and evaluated using the
IPRO Permeability filter, obtaining only 20 structures predicted to be permeable (polASA
< 170). Finally, for this reduced number of molecules the stability of the Retromer-
peptidomimetic was evaluated by short-MD simulations. After this analysis, 5 hit
candidates were obtained.

From the 5 hit candidates, and taking into account the high success-rates obtained in the
previous projects along with the resources limitations at that time, tipped the scale to
select only the best top-ranked 2 compounds following the docking score, to be
synthesized (Figure 38).
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Iproteos Formula Structure Docking score IPRO Permeability
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Table 8. Once applied the IPRO Docking over a penta- and tetra-peptidomimetic virtual library, and after post-docking filtering, two penta-peptidomimetics were selected for synthesis and
experimental evaluation. Although any of both structures had a better score (-11.4 kcal/mol) than the binding motif of L2 (Ac-DFYLH-NH>), good docking scores (< -8.0 kcal/mol) and the same
binding mode of the natural occurring peptide were determining factors for their selection.
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Interestingly, both peptidomimetics reproduced the same binding mode of the original
peptide. Then, even not being superior in terms of docking scores, positive hits could
validate the docking model, and the chances to optimize the potency of the structure in a
second round.

A) B)

C)

Figure 38. a) Zoom in the binding site of Ac-DFYLH-NH: to retromer B) Docking model of IPR-463 C) Docking model
of IPR-464. The two de novo designed peptides mimic perfectly the binding mode of the crystalized short-peptide.

6.3. Experimental evaluation

As a first screening approach, Isothermal Titration Calorimetry (ITC) was the
experimental technique applied to evaluate the binding of the compounds. ITC is a
biophysical technique in which fluctuations of the temperature due the binding of a
protein in solution to a possible binder is measured. These variations are translated into
the binding potency based on reference cell.®* ITC is binding evaluation technique that
is independent from permeability or other parameters that are present in cell environment.
Meaning a straight measure of the binding potency.

Unfortunately, IPR-463 was not soluble when it was dissolved in the ITC buffer (25 mM
Hepes, NaCl 300 mM and TCEP 0,5 mM) even at micromolar concentration range. For
this reason, and guided by other previous experiences, the solubility of IPR-463 was
studied in the buffer assay at 15 % CDex.

Maximum Solubility in ITC buffer with 15 %
HB-cyclodextrin (uM)
IPR-463 345+0,3

Iproteos Code
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Retromer + HPV IPR-463 IPR-464
Kg (LM) 49,2 32,3 7,7
AH (Kcal/mol) -22,5 -3,6 -80
TAS (Kcal/mol) 16,6 -2,5 73
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Figure 39. ITC experiment results; HPV is the short peptide Ac-ADAGDFYLHPSYYMLRKRRK-NH: that corresponds
to the C-terminal of the L2 protein of HPV, which binds to retromer protein. IPR-463, Kd = 32.3 uM, and IPR-464, Kq =
7.7 uM respectively, present a higher potency than the natural peptide. IPR-463 was evaluated in ITC bufter at 15 % B-
cyclodextrin, and in order to discard any issue related with B-cyclodextrin, a control in these conditions without the
presences of any molecule under study was carry out (data not shown). In this regard, no issue with f-cyclodextrin was
found.

For ITC experiments, the molar extinction coefficient was measured in ACN/H;0 to
allow Dr. Aitor Hierro’s team to calculate the real concentration when the biophysics
assay was performed. Calibration curves were determined at 100, 50, 20 and 10 uM
points. The molar coefficient was calculated according the protocol described in Materials
and Methods Chapter.

Iproteos Code Molar extinction coefficient;
€ (L- mol.y - cm.y)

IPR-463 8601,7
IPR-464 3397,3

105



C-terminal derived peptide from the HPV’s L2 protein that binds to the Retromer was
used as a positive control during the ITC evaluation. As the main approach of this project
was design a peptidomimetc that could compete against L2 for the binding to Retromer,
then the peptides should have a higher potency than the natural peptide. The 20 amino
acids peptide showed a Kq = 49.2 uM whereas both designed compounds bounded to the
retromer at a lower concentration, IPR-463, K¢ = 32.3 uM, and IPR-464, Kq = 7.7 uM.
These positive results encouraged Dr. Aitor Hierro’s team to attempt the crystallization
IPR-464, the most potent of the two tested compounds with retromer protein and pursued
future experiments focused to validate the docking model and the binding to the retromer.

6.4. Conclusions

ITC experiment results demonstrated the capacity of IPROTech to generate
peptidomimetics able to bind to the Retromer protein with a higher potency than the
naturally occurring peptide, which is the responsible of HPV endosomal release into
cytosol. This result validates, validating the docking model used, which has efficiently
reproduced the binding motif of the Ac-DFYLH-NH: peptide and delivered two
peptidomimetics with a superior potency than this peptide. For this project, the
permeability of both molecules remains to be studied, a property that is considered to be
a key factor for any possible therapeutic treatment as the target protein has an intracellular
localization.

This ongoing project will further be investigated if IPR-464, the most potent of the two
peptidomimetics evaluated, is able to compete for Retromer with the HPV L2 protein in
cell based experiments. Also, the crystallization of IPR-464 and the Retromer protein will
be carry out in order to validate the binding site of the compound and its mechanism of
action.

Moreover, if all experiments succeed, it was agreed along with Dr. DiMaio’s group,
which has a strong background in therapeutic research in the field of HPV,%? to
investigate the use of IPR-464 in HPV relevant mouse model.
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Chapter 7: Discussion







7.1. IPROTech

Many major diseases, neurodegenerative diseases and rare diseases remain untreatable,
as a consequence of a high complex mechanism that usually involve the interaction
between proteins. Moreover, some of these therapeutic targets are located inside the cell
which accounts for an increased difficulty for an increased difficulty to obtain successful
drug candidate. Indeed, most challenging therapeutic targets are intracellular protein-
protein interactions. PPIs are known for the lack of surface cavities, on the protein
interaction areas, not being amenable for a small molecule approach and also their
intracellular location that limits the application of antibodies or other macromolecular
approaches that could bind the interface area with high affinity.

These complexities explain the pharmaceutical needs for new molecules than can cover
different biochemical properties compared to traditional small molecules. Peptides-based
molecules represent a solution to disrupt PPIs that cannot otherwise be targeted for small
molecules as are able cover larger surface on the receptor protein and therefore establish
more interactions.

At Iproteos an in-house technology platform (IPROTech) was developed to generate
permeable peptidomimetics able tackle PPIs. This proprietary technology has been built
to design new privilege peptidomimetic structures that are able to bind the protein of
interest and are predicted to be permeable across biological barriers by passive diffusion.
Despite there is a wide variety spectrum of computational tools to be applied for small
molecules, few benchmark and computational work related with the application of
peptides in the field of drug discovery has been published.

Furthermore, inclusion of non-natural amino acids and post modifications on the designed
peptide sequences represents a key step to obtain optimized and potent candidates.
Finally, for those compounds with a promising activity when evaluated in vitro, good
solubility in aqueous environments is a physicochemical property require, also for the
most successful molecules, prior to their evaluated in vivo.

On this basis, IPROTech was experimentally validated by it successfully application in
the 4 projects that are detailed in this thesis. The technology was implemented to design
potent PPI inhibitors in a high success-rate. More interestingly, the generated data has
allowed to optimize the docking protocol and the post-docking results filtering to improve
the accuracy of the in silico prediction.

Project Synthesized compounds Hits Succes-rate %
Talin/vinculin 37 7 19
Rad51/BRCA2 10 5 50

Ras/Effectors 13 5 38
Retromer/L2 2 2 100
All 62 19 31
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SPPS was proved as solid and straightforward technique for peptidomimetic synthesis.
During this thesis new methodologies were included in the company know-how, such as
the introduction of several secondary amines as C-terminal cappings or the introduction
of N-alkylations with longer carbon chains. Furthermore, the use of a high variety of non-
natural amino acids was included in the compounds design.

Small molecules

Macrocycles

Target complexity

Ligang complerspy

Figure 40. Peptidomimetics are in the chemical space between traditional small molecules and biological macromolecules.
Thus, allowing them to target challenging therapeutic proteins that are considered undruggable for small molecules and
saving all the complexity of new biologic approaches. Moreover, the high number of different commercially available
Fmoc protected amino acids along with the post modifications over the peptide sequence allow a high number of possible
variations even for short sequences (3-4 amino acids).

PAMPA was determined to not be the most appropriate biophysical technique to evaluate
the permeability by passive diffusion of high hydrophobic and bulky peptidomimetics.
We speculate that the material of the PAMPA filter (PVDF) could be underestimating the
Pe values. Indeed, obtained PAMPA data are not aligned with the experimental results
when peptides were incubated with cells, and demonstrated that most of them were able
to be internalized by cells, as was predicted in silico. This argument was also supported
when 2017/IP-18-55, the best candidate from the Talin-Vinculin project, was evaluated
in PAMPA assay without applying a lipidic barrier. In this terms, the only barrier
separating the donor an acceptor compartments was the PDFV plastic filter. Therefore, it
was expected a high transport % and almost a null retention % as in this conditions.
However, it was found that the compound was highly retained by the plastic filter and as
a consequence showed a low transport.

Iproteos Code Pe (cm/s) Transport % Retention %
2017/1P-18-55 2,4E-07 = 1,02E-7 2,0+08 831+04

On the other hand, evaluation of the permeability of the generated compounds by studying
their cellular uptake after incubation with SH-SY5Y cells was found to be time
consuming and expensive approach. Its scalable application as permeability screening
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tool was limited, moreover the protocol was developed in-house, and the information
should be validated by other means if a publication was seek.

On the other hand, balance solubility and permeability for those compounds that are bRo5
Is a challenging task that can end up in a bottle neck situation. For this reason, the use of
cyclodextrins as a solvating excipient was a successful approach that has allowed the
evaluation of compounds with low solubility. Hence, allowing the evaluation of the
compounds in all the performed projects.

Finally, the use of non-natural amino acids along with selective N-alkylations on the
compound backbones has led to obtain molecules with a high proteolytic resistance, a
pivotal feature for the successful evaluation of drug candidates.

7.2. Talin-Vinculin

This mechanosensing based project was the most challenging from all the projects. The
lack of any previous reported inhibitor along with the cell viability assay as the only
experimental screening technique, at least for the first year of project, challenged the
development of this business case. Furthermore, although the role of YAP translocation
has been recently demonstrated by Dr. Pere Roca-Cusachs group, the therapeutic
application of the PPI disruption has not been validated so far.

Big efforts were done to obtain a potent inhibitor that produced cell death in two relevant
cell lines for the target PPI, namely PANC-1 and Talin -/-. It was found three hits that
showed a cytotoxic effect in cells when were incubated at 60 uM. The combination of the
most relevant structural motif of the compounds was used to design a second generation
of peptidomimetics. This second generation evaluation lead highlighted the compound
2017/1P-18-55, which showed and ICso ~5 pM in the same cell conditions. This potency
was considered valid to start biophysical and in vivo experiments and validate the
mechanism of action of the peptidomimetic and its possible therapeutic application.

Traction forces microscopy read out reinforced the predicted mechanism of 2017/1P-18-
55 for which the compound was bound to folded Talin and therefore preventing the
protein unfolding when forces that normally unfold Talin when are >10 Kpa over the
protein®. Also, the high stability of the peptide in rat plasma (totally stable after 2 h
incubation) and its good solubility (5,1 mM and 2,4 mM in PBS at 15 % and 5 % HB-CD
respectively) in the presence of cyclodextrins were determinant factors to start SPR,
NMR and in vivo experiments. Inhibition of YAP’s translocation by blocking the
mechanosensing clucth as a possible therapeutic solution for solid cancers would open a
new complete scenario in the cancer research. Meaning, that 2017/1P-18-55 or a possible
more potent derivate from it would be a first-in-class product.

Unfortunately, recently performed SPR and NMR experiments did not find a direct
binding of 2017/1P-18-55 to the R3 domain of Talin, which did not allow us to validate
the mechanism of action of the compound. In addition, studies in pancreatic cancer mice
models did not show a therapeutic activity when the animals were administered with the
peptide at different doses.
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Altogether, generated results highlight how important is to have a screening technique
that can validate the mechanism of action as soon as a hit is found in order to develop a
solid optimization process. Furthermore, if reach preclinical phases is seek, the existence
of reported inhibitors or a molecule that validates the mechanism of action is highly
desirable and additionally can be used as a positive control.

7.3. RAD51-BRCA2

This work was done based on the proof-of-concept experiment published by Prof.
Sartori’s group,'?8 in which a BRC4 repeat attached to a cell penetrating peptide is able
to disrupt the PPI. This knowledge was included in the computational analysis and
allowed to obtain a high success rate, 60 %, from the very beginning. From the 5
synthesized molecules, 3 showed a therapeutic window in which cells were killed only in
the presence of Olaparib, a PARP inhibitor.!® This synergistic effect with Olaparib was
the expected effect for a compound able to inhibit the Double Strand Repair mechanism
in a clonogenic cell assay. From these 3 molecules, based on the structure of the most
potent compound, IP-15-04 (ICsp of 10-20 uM), an optimization process was carried out.

From this optimization process, 4 new candidates were synthesized and 1 of them was
found to be active with an approximate 1Cso of 1-2 uM in cells. This 1Cso outperforms the
best hit of another recent work published by Dr. A. Cavalli’s 1ab.X% In this work they
identified a triazole family and based the design and synthesis of 42 small molecules in
this scaffold. The most potent molecule showed an ICsg up to 10-20 uM in cell viability
experiment with BXPC3 cells.

This ongoing project has resulted in a very promising work and future experiments will
determine the scope of its applicability. As final remarks, it can be extracted that a good
structural model is determinant for the high accuracy in silico studies. Furthermore, the
substitution of a natural peptide for a specifically designed peptidomimetcs allows an
increase in the binding potency. As the natural peptide had a potency of UM meanwhile
the second generation of peptidomimetics showed an ICso of 1-2 pM.

7.4. RAS-Effectors

RAS is well-known therapeutic target involved in many cancer diseases. As a
consequence, there is much public information about the protein function and structure
that can be downloaded from bibliographic sources and the Protein Database Bank.

Public data allowed us to build an accurate docking model and the design of potent
inhibitors that can disrupt the interactions of RAS with their effectors. The evaluation of
the RAS/effector signaling protein cascades inhibition was carried out by Prof. Neus
Agell’s group. On the first round evaluation, four hits were identified when incubated
with a pancreatic cell line at 20 puM.

In the second round of evaluation, after the optimization of 1P-14-01, two additional
compounds were identified. Then, supporting the docking model that allowed the
designing of the candidates.
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The scope of this ongoing project was dependent of the capacity of the most promising
peptidomimetics to discriminate between cancer and normal cells. For this reason, the
two most potent hits, 2018/1P-14-01 and its derivative analogous IPR-473 were evaluated
in a cell proliferation assay with normal and pancreatic cancer cell lines. Although, the
parent peptidomimetic was unable to efficiently kill cells, either cancer cell or normal
cells, IPR-473 efficiently discriminate at the range of 15-25 uM between healthy and
cancer cells, causing cell death to only cancer cell lines. Importantly, all studied cancer
cell lines were derived from pancreas cancer, for which the isoform of K-RAS is the more
aggressive. Recently, Prof. Kessler’s group has published a set of small molecules that
bind the SI/l1-pocket of RAS at nanomolar range in ITC experiments. The most promising
compound, BI-2852, reduced pERK and pAKT levels in a dose-dependent manner in
NCI-H358 cells, leading to an antiproliferative effect at > 10 uM.%* This work has found
that validates the druggability and possible therapeutic effect of the SI/ll-pocket and
consequently has validated our approach as well, as all peptidomimetics were designed
to target a similar area around Sl/Il-pocket.

The impact of the present project will be determined once the bioavailability of IPR-473
will be evaluated along with its pharmacokinetic properties. Therefore, more experiments
will be conducted in order to reach preclinical phase. Additionally, a publication will be
sought and the intellectual property of IPR-473 protected.

7.5. Retromer-L2 protein

The in silico design and synthesis of two peptidomimetics to inhibit the interaction
between the Retromer protein and the L2 protein of the HPV was carried out. The
computational studies were based on the work done by Dr. Hierro’s group, which had
previously crystalized the region of the Retromer protein that binds L2 protein of the HPV
virus. Concretely, they have crystalized the Retromer bind to a derivate short-peptide of
the C-terminal region of L2 protein, Ac-DFYLH-NH2 (unpublished data). This
interaction is involved in the endosomal release mechanism that HPV virus uses to escape
from the lipid capsule once has been internalized inside the cell.

At that point, the maturity of the in-house technology and the distribution of resources
were the factors that propitiated that only two candidates were proposed for synthesis and
further evaluation. Both compounds resembled the same binding mode of the short-
peptide and showed similar docking scores, the Ac-DFYLH-NH2showed a score of -11.4
kcal/mol and IPR-463 and IPR-464 had a score of 11.4 kcal/mol and -9,7 kcal/mol.

Both compounds, IPR-463, 32,7 uM, and IPR-464, 7,7 uM, were more potent than the
natural occurring derivate peptide from L2 C-terminal, when were evaluated by ITC.

IPR-464 was the most potent peptidomimetic after the inspection of it predicted binding
mode it was speculated that a second round could improve the potency to a nM scale.
Likewise, the behavior or IPR-464 will be studied in the upcoming months by Dr. Aitor
Hierro’s group, evaluating the capacity of the compound to inhibit the HPV release in
cells. Furthermore, it will be attempted to co-crystalize the peptidomimetic with the
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Retromer and in vivo experiments will be sought by Dr. DiMaio’s group. In our
knowledge, if a therapeutic activity is found for IPR-464, would not only validate the
mechanism of release of the HPV, but also would represent the first compound exploiting
this mechanism.
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Conclusions







The main goal of this thesis was to apply the Iproteos technology, IPROTech in high
scientific impact projects in the field of therapeutic protein-protein interactions. Thus,
allowing a validation of the in-house technology efficacy, integration of the generated
knowledge into the company core and at the end, enlarge the Iproteos pipeline.

In this scenario this thesis has been focused in accomplish the initially set objectives:

1) Synthesis of high purity (>95 %) novel peptidomimetics that had been designed
applying the IPROTech technology in order to disrupt the PPI of interest.

Over 60 peptidomimetic compounds were designed by using the IPROTech in silico tools
and manually synthesized by SPPS. Almost all peptide sequences included at least one
non-natural amino acid. In addition, highly bulky N-terminal cappings were implemented
into the lineal sequence. In these terms, secondary amines were also included as C-
terminal cappings. Finally, N-alkylation of the peptidomimetic amide bonds with longer
carbon chains was implemented. Aiming a theoretical reduction of the total structure
polarity and an increase of Van der Waals contacts with target protein.

Meaning a unique design of peptide-based structures with a wide variety of sequence
modifications that allowing a feasible optimization for a hit compound.

2) The company’s focus is targeting intracellular PPIs, therefore permeability
across biological barriers is a key asset. Meaning an evaluation of the
permeability of the synthesized compounds across biological barriers and/or their
capability to be uptake by cells.

Although PAMPA assay is well-known and accepted technique to evaluate the
permeability of compounds by the passive diffusion, its applicability has been proved to
be useless for the majority of peptides synthesized in this thesis. All the molecules were
predicted in silico to be permeable. These predictions were confirmed for all active
peptides that have been evaluated in vitro (17) and therefore they should cross the cell
membrane to reach the target protein. However, their Pe value determined by PAMPA
indicated the opposite. We concluded that it would be too improbable that the 17 active
peptidomimetics were being internalized by active transport mechanisms, and then we
conclude that the experimental prediction of the compounds permeability by using
PAMPA assay was not the most appropriate approach for the behavior of Iproteos
molecules.

To overcome this issue, other biophysical screening techniques were proposed to be
implemented, such as IAM chromatography, which predicts measures the capacity of a
compounds to cross a column filled with 10-12 branched carbon chain.

3) In order to have permeable compounds, their hydrophobicity and bulky side
chains is increased in detriment of solubility. A good solubility is essential for any
drug candidate and as a consequence study new approaches to overcome this
issue is mandatory to overcome the solubility bottle neck.
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Any modification of the peptide sequence that aimed an increase of solubility will be
produce automatically a drastically loss of permeability. For this reason, the use of
solubilizing excipients was studied. Cyclodextrins are a family of cyclic oligosaccharides
widely used in pharmaceutical formulations, and therefore were selected by its
bioavailability administration.

Hp-Cyclodextrin, the family member chose, showed an outstanding solubilizing potency,
by diluting all synthesized compounds that shown a poor solubility in PBS, over 100 uM.
Thus, allowing to carry out all the planned in vitro experiments.

4) Demonstrate the IPROTech efficacy by direct application in relevant scientific
projects where their therapeutic mechanism of actions is related with the
disruption of a PPI.

First, the technology was applied to disrupt the Talin/Vinculin PPI, a very challenging
target because its mechanosensing mechanism. A molecule, 2017/1P-18-55 reached in
vivo studies although unfortunately a therapeutic effect was not observed.

For the other three projects, high potent inhibitors were found. At the present moment,
the three projects are still ongoing and potentially they could reach preclinical phases.

5) Integration of all generated data into the company know-how in order to optimize
the IPROTech efficacy.

From the first to the last started project new features have been incorporated into the
computational platform and in the peptide designing process thanks to the experimental
data obtained. That has conducted to a substantial increase of the docking results
accuracy.

A relevant example is the project to find inhibitors of the Retromer/L2 interaction for
which only two peptides were synthesized and both of them were more potent than the
L2 binding motif derivate peptide. Equally important is the fact that for all the four
targeted PPl more than one hit was identified on the first screening evaluation,
highlighting the potential of the technology and the application of peptidomimetics for
these challenging targets.

6) Include new business cases in the company’s pipeline to diversify the number of
projects.

Fruitful success in the pharmaceutical field for small companies relies in the development
of a solid pipeline in which different molecules are studied for their possible prescription
as a drug treatment for a given diseases. In this regard, Talin/Vinculin inhibitors failed
when studied in vivo, being until date, the most advanced project. Fortunately, the high
potency and in vitro activity of IPR-469 and IPR-468 (RAD51/BRCA2), IP-14-01 and
IPR-473 (RAS/Effectors) and IPR-464 (Retromer/L2), still opens the door to reach
preclinical phases.
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Materials and Methods







1.1. General protocol for computational studies

All virtual candidates were designed and selected for synthesis by applying molecular
modelling techniques. A first evaluation of the therapeutic target published information
(crystallographic or NMR structures, reported inhibitors and PPI binding site) determines
the execution of the following steps.

1.1.1 Docking general protocol

Once the active site was defined by means of a reported structure or elucidate after
applying IPRO Filter in-house technology, a high-throughput docking analysis assay was
performed. Typically, the size of the virtual library comprises 50K-100K peptidomimetic
structures. All compounds and the protein under evaluation are protonated at
physiological pH (7.4) and transformed to a PDBQT format by using MGLTools.
Autogrid was used to generate the grid size'®. Usually, the box was set to 50 x 50 x 50
points with a spacing of 0.375 A and centered into the active site. Then, docking
exhaustivity conformation search of 32 or 8 (based on the particular computational
resources) in an energy window of 20 kcal/mol. No protein residue flexibility was
allowed. Seed value number was set to 31415 for reproducibility issues.

After performing the docking evaluation, Ramachandran analysis to prime selection was
applied. Briefly, this post-filtering analysis is devoted to identify those sequences able to
adopt suitable phi/psi dihedral angles. If not, docking conformation is rejected as
plausibly classified as a false positive docking response. This filtering algorithm,
supported by evidences found in peptide-docking benchmarks, reduces the number of
potential docking solutions in a factor of 10-20x.

Additionally, a contact post-filtering algorithm profiling the number of inter- and
intramolecular hydrogen bond contacts (intra-HB) formed between the protein and the
ligand was applied. All conformations with and intra-HB lower or equal than 1 were
retained for stability verification. This algorithm is devoted to reject false docking
solutions where docking engine has primed low-entropically solutions rather than
extended peptidomimetic conformations.

Because of large peptidomimetic flexibility, stochastic result verification was conducted
by computing the root mean square deviation (RMSD) between the first two top-ranked
poses of each sequence, retaining only those sequences where RMSD between former
and second accepted pose (after applied post-filters) was lower than 3 A.

To evaluate suitable score threshold selection, histogram score analysis was computed.
The average score was of -7.5 kcal/mol. Compounds with score larger than averaged
value were selected for visual inspection (< 200), rejecting those situations were
unrealistic bioactive conformations were found (e.g. close orientation of positive charged
residues to hydrogen bond donors, close orientation of negatively charged residues to
hydrogen bond acceptors and insertion of polar residues into highly hydrophobic clefts).
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1.1.2. IPRO permeability general protocol

Retained docked conformations were evaluated by IPRO Permeability tool. The
simulation protocol was conducted with Sander module of AmberTools package.

Each sequence structure was subjected to below sequential workflow:

Generation of random linear extended conformation of hit sequences. This
procedure assures sub-sequent steps are not biased by docking conformation.

Linear random peptidomimetic conformation subjected to conformational
landscape exploration to identify the 25 most representative conformations of the
molecule conformational ensemble. Each conformation was profiled in terms of
Ramachandran verification to ensure unbiased effects along the simulation.

Generation of coordinate, topological and configuration files required to conduct
implicit solvent conditions for each conformation. A total time of 2 nanoseconds
(ns) was explored, yielding an accumulated simulation time of 50 ns.

Post-analysis evaluation. The former step is conducted by cpptraj module!®® of
AmberTools to extract from each conformation the sampled geometries in PDB
format. Secondly, each conformation is evaluated by ICM-browser software’™ to
compute individual polar accessible surface area (pASA).

Statistical analysis was completed with calculation of averaged pASA and
standard deviation.

On the following figure can be found a summary of the main steps to obtain de novo
designed peptidomimetic structures to target the protein under study.
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1.2. General protocol for peptide synthesis

All compounds were synthesized by means of SPPS following an Fmoc/tBu strategy.
Syntheses were performed on a 100 umol-scale/each, using L-, D- and non-natural amino
acids. Syntheses were done manually in polypropylene syringes with intermittent manual
stirring during the coupling process to mix reagents. Solvents and soluble reagents were
removed by suction.

1.2.1. Resin initial conditioning and coupling of the first amino acid

Resin selection was determined by the C-terminal moiety of the compounds. For those
compounds having a carboxylic acid group or a C-terminal capping, the 2-chlorothriltyl
chloride resin®” was used. On the other hand, H-Rink Amide Chemmatrix resin® was
the used for peptides sequences having a carboxamide moiety at C-terminal.

1.2.2. 2-chlorotrytil chloride resin conditioning: coupling of the first amino acid

Resin was initially washed with DCM and DMF (5 x 1 min DCM, 5 x 1 min DMF and 1
x 5 min DCM). After that, 0.6 equivalents of the first amino acid were mixed with few
drops of DCM and added to the resin and 5 equivalent of DIEA were added in two
portions, first, 1/3 part of the amount of DIEA was added and allowed to react for 10 min,
then the remaining amount of DIEA (2/3) was added and allowed to react for 50 min.
Next, the Fmoc group was removed by using a mixture of 20 % piperidine in DMF (4
mL/g resin, 2 x 1 min and 1 x 10 min). The piperidine mixtures and DMF washes were
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collected in a volumetric flask, the volume of which was completed with DMF. After this,
its UV spectroscopy was measured in order to calculate the functionalization of the resin
according to equation 1.

A-X

@ Z=g3

A = Absorbance, X = Volume of solvent (mL), € = Molar coefficient (5800 L - mol-1 -
cm-1), Y = Resin weight (g), | = Length of the cell (cm) and Z = Loading of the resin.

1.2.3. H-Rink Amide Chemmatrix Resin conditioning and coupling of the first amino acid

H-Rink Amide Chemmatrix was washed with DMF and DCM (5 x1 min DCM, 1 x 60
min DCM, 1 x 5 min DMF and 1 x 20 min DMF) before the addition of the first amino
acid. After that, 3 equivalents of the amino acid were added after 3 min of pre-activation
in a mixture with 3 equivalents of Oxyma pure and 8 equivalents of DIC and few drops
of DMF and let it react overnight. Oxyma was used as it allows performing an overnight
reaction without the risk of racemization. The extend of coupling of this first amino acid
was evaluated using the Kaiser's test.6°

1.2.4. Peptide chain elongation

Amino acid couplings were performed following the next steps. Wash of the resin (5 x 1
min DMF), Fmoc removal of the amino acid already anchored onto the resin (2 x 1 min
20 % piperidine in DMF and 1 x 10 min 20 % piperidine in DMF), wash (5 x 1 min DMF
and 5 x 1 min DCM), colorimetric test (Kaiser'®® or Chloranil®), coupling of the amino
acid (4 equivalents of Fmoc-Aa-OH, 8 equivalents DIEA, 4 equivalents of TBTU and
few drops of DMF. All the mixture is pre-activated during 3 min, then was added to the
resin for 75 min), washed (5 x 1 min DMF and 5 x 1 min DCM).

Finally, a colorimetric test (Kaiser and Chloranil test) was applied to evaluate the
extension of the coupling reaction. In those cases where the reaction was incomplete, the
recoupling was performed under the standard conditions of coupling.

1.2.5. Amino acid N-alkylation

The process for N-methylation of amino acids used was the method described by Miller
et al.,X’® which is divide into the three following steps (these steps are performed after
Fmoc removal of the amino acid anchored onto the resin which was going to be N-
alkylated):

1. Protection and activation of the amino group with 0-NBS: 4 equivalents of 0-NBS, 3
equivalents of 2,3,5-Collidine and few drops of DMF (1 x 30 min and 2 x 20 min).

2. Deprotonation and N-methylation: 3 equivalents of 1,8-Diazabicyclo[5.4.0]Jundec-7-ec
in DMF added to the resin (5 min), after that 10 equivalents of Dimethylsulfate were
added on the resin (10 min). This treatment was repeated 2 times more.

3. 0-NBS removal: two treatments with 10 equivalents of p-mercaptoethanol, 5
equivalents of 1,8-Diazabicyclo[5.4.0]Jundec-7-ec and the minimum volume possible of
DMF for 2 times (1 x 10 min and 1 x 40 min)

125



1.2.6. Cleavage of the peptide from the resin

If lateral-side chain protecting groups were need to be preserved after cleavage, the
following protocol was applied. Otherwise, this step was skipped and the same protocol
described in Remove of protecting groups (1.2.9.) was applied.

The peptide-resin was treated with a mixture of 5 % of TFA in DCM (3 x 15 min, 6 mL).
The mixture treatment and DCM washes were removed by suction and collected in a
round bottom flask and combined in order to obtain the cleaved peptide from the resin.
Then, the solvent from the collected mixture was evaporated under vacuum until dryness.
Finally, the solid residue was diluted with ACN/H20 solution (50:50) and lyophilized.
This acidolytic treatment allowed to obtain the side-chain protected version of the peptide.

To obtain a head-to-tail compound, the next step was performed

1.2.7. Lineal peptide chain head-to-tail cyclization

Estimating a synthetic yield of 70 %, the crude obtained after the lyophilization was
dissolved in DMF to obtain a 0.005 M concentration. After that, 8 equivalents of NaHCO3
and 2 equivalents of DPPA were added. The mixture was stirred for 72 h at room
temperature under constant stirring in a closed flask. Afterwards, the solvent was
evaporated under vacuum,

On the other hand, if the final product contains a C-terminal capping group the following
procedure was applied.

1.2.8. C-terminal capping

The crude of synthesis was dissolved in the minimum volume possible of DCM and 3
equivalents of the capping group, 3 eg. of HOAt and 3 eq. of EDC-CI were added. The
mixture was allowed to react for 3 h at room temperature under constant stirring. Once
the reaction was completed, an extraction was performed by means of washes 3 times
with each saturated solution, NaHCOs, NH4Cl and NaCl. The organic layer is then dried
with NaxSOs anhydride, and the solvent was evaporated under vacuum, then was
dissolved with a mixture of ACN:H20 (50:50) and lyophilized.

1.2.9. Remove of the lateral chains protecting groups

Lateral chains protecting groups were removed through and acidic mixture treatment. For
the peptides generated in this project, side-chains were removed using a mixture of TFA
95 %: TIS 2.5 %: H20 (15 min x 3).

1.2.10. Peptide purification

Compounds were purified using Semipreparative RP-HPLC (Waters) or Teledyne ISCO
system for crudes with low impurities. The crude to be purified was dissolved in
ACN:H20 (using the lowest amount as possible of ACN:H20).

The column used was C18. The gradient used was G0100t30min. Solvents: ACN with
0.05 TFA % and H>O with 0.1 % TFA. Flow rate= 16 mL/min. Detection = 220 nm.

Collected fractions of interest were analyzed by analytical HPLC and HPLC/MS
combined and lyophilized.
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For difficult peptide crudes, instead a gradient of G0100t30min, a more narrowed gradient
was used to obtain a better separation of the peak corresponding to the desired product
from the impurities.

1.2.11. Colorimetric tests

The Kaiser test, also known as ninhydrin test, is used during solid-phase peptide chain
assembly to monitor the deprotection and coupling extends due to a color switch, from
yellow to blue in case of primary amines presence. The method presents a high
sensitiveness and a negative test assures a coupling rate higher than 99 %.

For the test a few dried peptide-resin beads (previously washed with DCM) were
transferred to small glass tube. Afterward 6 drops of reagent solution A and 2 drops of
reagent solution B were added and the final mixture was heated at 100 °C for 3 min.

Reagent solution A: In 100 mL of absolute EtOH, 400 g of phenol were added and heated
until complete dissolution. Then, 65 mg of KCN were dissolved in 100 mL of H,O and
20 mL of this mixture were added to 1000 mL of freshly distilled pyridine over ninhydrin.
Both solutions were stirred for 45 min with 40 g of Amberlite MB-3 ion exchange resin,
filtered, and combined.

Reagent solution B: 2.5 g of ninhydrin are dissolved in 50 mL of absolute EtOH and the
final solution was kept in flask protect from light.

The chloranil test allows the detection of secondary amines between SPPS steps and is
used to evaluate couplings onto proline or N-methylated residues due to a color switch
from yellow, amber or brown to blue (indicative of the presence of free secondary
amines).

For the test a few dried peptide-resin beads were transferred to small glass tube
(previously washed with DCM). Afterward, 20 pl of a saturated chloranil solution and
200 pl of acetone were added. The mixture was allowed to react for 10 min at room
temperature.

1.3. Liquid chromatography
1.3.1.1SCO

Crudes to be purified were dissolved in ACN (using the lowest amount as possible of
ACN), mixed with silica C18, using a Gold C18 column ag. Gold (20-40 um, 100 A).
Finally solvent was removed by evaporation until dryness. After which, the obtained solid
was loaded in solid form into the Teledyne Combi flash ISCO RF system. Purifications
were run using 30 min gradient of ACN with 0.1 TFA% in H20 0.1% TFA. Flow rate =
15 mL/min. Detection = 220 nm.

1.3.2. Semiprepartive-HPLC

UV chromatograms were record with Waters 2998 photodiode array detector module.
Detection was performed at 220 nm. The crude products obtained were purified by
reverse-phase column chromatography, Aeris 5 pm, PEPTIDE XB-C18 100 A, LC
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COLUMN 250 x 10.0 mm. Mobile phase: H20 (0.1 % TFA) and ACN (0.1 % TFA), flow
16 mL/min.

1.3.3. Analytical HPLC

HPLC chromatograms were recorded on a Waters Alliance 2695 separation module
equipped with a 2996 photodiode array detector (PDA) and a Sunfire C18 column (100 x
4.6 mm x 5 um, 100 A, Waters), and Empower software. Flow rate: 1.6 mL/min, mobile
phase: H2O (0.1 % TFA) and ACN (0.1 % TFA). Detection was performed at 220 nm.

1.3.4. Analytical HPLC-MS

HPLC-MS chromatograms were recorded on a Waters Alliance 2796 separation module
system equipped with a Waters 2996 photodiode array detector, quadruple 3100 Mass
Detector and a Sunfire C18 column (2.1 x 100 mm x 3.5 pm, 100 A, Waters), and
Masslynx software. Flow rate: 0.3 ml/min, mobile phase: H20 (0.1 % Formic Acid) and
ACN (0.1 % Formic Acid).

1.3.5. Analytical UPLC-MS

UPLC-MS chromatograms were recorded using a UPLC ACQUITY H coupled to
ACQUITY UPLC PhotodiodeArray Detector, ESI-MS micromass ZQ (Waters) and
Masslynx software (Waters) using a Sunfire C18 column (100 mm x 2.1 mm, 3.5 pm,
Waters); flow rate = 0.3 mL/min, solvents H20 (0.1 % formic acid) and ACN (0.07 %
formic acid).

1.3.6. MALDI-TOF

Mass spectra were obtained using a MALDI-TOF Applied Biosystem 4700 with a N>
laser of 337 nm.

Matrix: 20 mg/mL ACH in 50 %/ 49.9 % H>0 /0.1 % TFA

Sample preparation: a mix of peptide solution (0.5 pL) and matrix (0.5 puL) was placed
on a MALDI-TOF plate and dried by air.

1.4. Physicochemical properties experiments
1.4.1. Solubility in H,O or aqueous buffers

The solubility of synthesized compounds was evaluated in H2O with different percentages
of solubilizing excipients (DMSO, methanol or Tween20) or in the aqueous buffer that
was later implemented in the corresponding in vitro assays.

First, 3 triplicates of the compounds under study were dissolved at high concentration,
typically 1-10 mM in aqueous medium, vortexed for 2 min at maximum speed and
sonicated for 60 min. Then, samples were constantly agitated for 48 h to let them reach
the solubility equilibrium. Once in equilibrium, samples were centrifuged for 15 min at
15000 rpm at 25°C. Next, the supernatant was filtered by using Millipore filters (0.45 uM
pVDF hydrophilic).

As control, 3 triplicates of each compound were diluted to 1-10 mM (or to the expected
final concentration of samples in aqueous solution) with ACN/H20 (1:1).
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Finally, controls and samples were injected in the HPLC for peak area quantification. For
each one, the average peak area corresponding to the peptide under study was integrated
and compared with the average area of the control peaks.

1.4.2. Solubility in Cyclodextrin buffer

The vehicle preparation was performed following the manufacturer guidelines. A pH 7.4
phosphate buffer was prepared by adding 3.8 g of Na2HPO4 - 12 H>O + 3.8 g of NaH2PO4
in 100 mL of H2O. The buffer was magnetically stirred until completed dissolution of
salts.

The 30 % HPB-cyclodextrin buffer was obtained when 30 g of HPB-cyclodextrin were
diluted in 100 mL of the previously described pH 7.4 phosphate buffer. Solution was
magnetically stirred until completed dissolution. Finally, the solution was sterilized by
filtration using a Millipore filter (0.45 uM PVDF hydrophilic).

In order to adjust the volumes to the experimental needs, this protocol was scaled down
10-folds by diluting 3 g HPB-Cyclodextrin in 10 mL of the pH 7.4 phosphate buffer. The
same protocol was followed when 5 % and 15 % HPB-Cyclodextrin solutions were
prepared by diluting 0.5 g and 1.5 g instead of 3 g of HPB-Cyclodextrin.

Once the desired HPB-Cyclodextrin solution was prepared, compound’s solubility was
evaluated following the same procedure described in the Solubility in H2O or aqueous
buffers section (1.4.1).

1.4.3. Solubility in cell culture medium

Compounds solubility was studied in cell culture medium at the desired DMSO
percentage. This percentage corresponds to the in vitro experiments final concentration
of compound under study, when this one was incubated with cells. In order to extrapolate
the results, the same dilution protocol applied in cell experiments was also implemented
to evaluate compound solubility.

The peptide solubility refers to the unbound peptide present in the cell culture medium,
as the peptide could interact and get stick on medium proteins.

Hence, 3 triplicates of peptide stock 10 mM solution in DMSO were diluted in DMEM at
1-5 % of DMSO (depending on the in vitro experiments) to the same final concentration
used in the cell experiment, typically 20-60 uM. The mixture vortexed for 2 min at
maximum speed, sonicated for 5 min and let to reach the equilibrium (48h) at 37 °C under
constant agitation. Afterwards, the samples were centrifuged at 15000 rpm for 5 min at
25 °C. Next, the supernatant (100 pL) was diluted with cold acetonitrile (200 pL) and
centrifuged again at 15000 rpm at 25 °C for 5 min. The final content of the compound in
the supernatant was analyzed by HPLC.

As control, the compound was diluted to the stock solution in DMSO concentration.
Later, same dilutions applied in DMEM are also performed to control sample in triplicate
with ACN/H20 1:1 instead of DMEM. In this case, no centrifugation is required for
controls as the peptide is fully soluble in ACN/H20 and then, there is no presence of
precipitates. Finally, the triplicates were injected in the HPLC.
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The average peak area corresponding to the peptide under study in cell culture medium
was integrated and compared with the average area of the control peaks.

1.4.4. Molar coefficient extinction evaluation (g)

To measure € at A= 220 nm, compounds of interest were diluted in ACN/H20 (1:1).
Calibration curves at 100, 50, 20 and 10 uM were determined for each compound by
using triplicates for each point. The molar extinction coefficient was calculated according
to the Beer-Lambert Law*™:

E= —

C-1
Where;
A = Compound absorbance at 220 nm for a given concentration
C = Compound concentration in ACN/H20
| = Distance that light travels through the sample solution

1.5. Biophysical properties evaluation

1.5.1. Stability in rat plasma

Rat plasma was allowed to thaw for 1 h in ice bath and afterwards mixed 1:1 with a PBS
solution, pH=7.4. Prior to start the experiment, the rat plasma/PBS mixture was warmed
to 37 °C for 5 min.

Next, the compounds under study and Benfluorex (positive control which is totally
degraded in 30 min) were diluted to 20 UM with the previously warmed mixture of rat
plasma/PBS with a final percentage of 5 % DMSO. Samples, two duplicates for each
compound, were agitated at 40 rpm at 37 °C for 2 h. At selected time points, 100 pL of
the sample were harvested and mixed with 300 uL of cold ACN, to precipitate plasma
protein and these precipated samples were cooled down for 30 min in an ice bath. After
that, precipitated samples were centrifuged at 15000 rpm for 15 min at 4 °C. Next, the
content of compound in the supernatant (100 pL) was analyzed by HPLC. The ratio
between the HPLC peak area of the compound at time zero and the area at a given time
is proportional to the compound degradation.

For Benfluorex time points were at 0, 5, 15 and 30 min, as its stability in Rat plasma is
very low. For the peptidomimetics under study, time points were taken between 0 and
120 min depending of each compound. For those compounds that was expected a high
stability the number of time points were spaced, whereas expect low stable compounds
were evaluated in a reduced time window. Rat plasma activity has been reported to be
inactive after 2 h of incubation time, for this reason no points were taken after that time.
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1.5.2. Stability in Human serum

Human serum was allowed to thaw for 1 hour in ice bath; afterwards it was mixed 9:1
with HBSS buffer solution.

Next, compounds of interest and Acyl Carrier protein, which is a positive control that is
totally degraded in serum proteases in 30 min at the experimental conditions, also known
as Acp-peptide (H-Val-GIn-Ala-Ala-lle-Asp-Tyr-1le-Asn-Glu-OH), were diluted to a
final concentration of 150 uM and incubated at 37°C under agitation (40 rpm). At several
time points, 50 uL of each sample were harvested and mixed with 200 puL of cold MeOH
(4°C) to precipitate serum proteins. The precipitated mixture was kept cold for 30 min in
an ice bath. After that, the samples were centrifuged at 15000 rpm for 1h at 4 °C. Later,
the supernatant (100 pL) was injected in to the HPLC for the quantification of the
compound peak area. The difference between the area at time 0 and the area at a given
time was used for the calculation of the compound degradation.

For Acp-peptide time points were at 0, 5, 15 and 30 min, as its stability in human serum
is very low. For peptides under study, time points were between 0 and 1400 min
depending of each compound, exponentially spacing the time points for those compounds
expected to have a high stability.

1.5.3. Parallel Artificial Permeability Assay (PAMPA)

PAMPA was used to determine the capacity of compounds to cross biological barriers.
The effective permeability (Pe) of the compounds was measured at an initial
concentration of 50 uM in PAMPA system solution buffer with 5 % DMSO. The buffer
solution was prepared from a standard one, commercialized by pION, and following
manufacturer’s instructions. Then, 5 mL of pION buffer were diluted in 19,5 ml of H20
at pH= 7.4. Compounds of interest and propranolol (a positive control which is a
permeable by passive diffusion small molecule) were dissolved in buffer solution to the
final concentration. PAMPA is composed for two plates; donor, which is filled with 195
pl of diluted samples, and acceptor, where a mixture of phospholipids (20 mg/mL diluted
to 1 % in dodecane) are poured over a polymeric filter. After that, in the same
compartment 195 pyL of PAMPA system solution containing 5 % DMSO are added.
Finally, both plates are assembled, forming a sandwich and ensuring that the underside
of the membrane is in contact with the buffer of the donor plates. Incubation is performed
in a saturated humidity atmosphere (Gut-BOX®, PiON) for 16 h under magnetic agitation
(UWL 25 um) at room temperature. After incubation, the content of the acceptor and
donor wells, as wells as time zero samples are analyzed by HPLC or UPLC/MS.

Note. The phospholipid mixture used was a GIT-0 Lipid Solution (PIN: 110669) from
pION.
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1.6. Cell-based experiments

1.6.1. Cell drug internalization assay

The peptidomimetics of interest were incubated by triplicate with SH-S5YS, Talin -/-
(Mouse Embryonic Fibroblast Talin 1 -/-, which overexpresses Talin-2) and/or Panc-1
(pancreatic cancer cell line) cells at 60 M concentration with 5 % DMSO for 2 h (time
used in the in vitro efficacy studies). Cells were previously incubated 24 h until reach 100
% of confluence in a 96-well/plate, in these confluence cells is where the experiment was
carried out. After incubation, cells were washed 5 times with PBS. Then, cells were
trypsinized and placed into 0.5 mL Eppendorf with 100 pL of PBS. Afterwards, 3
cleaning steps more with PBS were carried out. Next, cells were lysed using a 20 mM
Tris, 100 mM NaCl and 1 mM Ethylenediaminetetraacetic acid (EDTA 0.5 % Triton X-
100) buffer for 2 min at 37 °C and 5 % CO..

The mixture was centrifuged at 15000 rpm for 15 min at 25 °C. The supernatant was
lyophilized overnight and resuspended by adding 100 ul of ACN/H20 1:1.

After that, the mixture was injected in UPLC/MS. The concentration of each
peptidomimetic was calculated from its corresponding calibration curve. Then, for each
compound a calibration curve was obtained by injecting in UPLC/MS a compound
standard solution at 1, 5, 10 and 20 uM in ACN/H.0.

The percentage of internalization was calculated by comparing the amount of compound
after the 2 h incubation and washes and the initial amount of compound added to the cells
(time 0).

1.6.2. Cell proliferation assay

In vitro efficacy of synthesized compounds for the Talin-Vinculin project (Chapter 3)
were evaluated in-house as well, through a cell proliferation assay in neuroblastoma
derived cell line, SH-SY5Y.

Cells were seeded onto 96-well plates (10.000 cells/well to reach 80-90 % of confluence)
and incubated for 24 h in a humidified atmosphere of 37°C with 5 % CO. After this time,
cell culture (DMEM) was replaced with 200 puL of fresh DMEM at 5 % of DMSO
containing 60 uM of the respective compound under study and incubated again for 1 hour.

The volume per well was 200 pL with a final DMSO concentration of 5 %. In all assays
two more conditions were tested as controls: positive control (cells treated with 5 %
DMSO), and negative control (0.5 % Triton X-100 in DMEM with 5 % DMSO). Cell
viability was measured using 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT). After the correspondent incubation time, cell were washed with PBS (dir
N°%and a 180 uL of DMEM and 20 pL of MTT solution (5 mg/mL in phosphate buffered
saline (PBS)) were added to the cells, which were kept in the incubator for an additional
hour.. Then, cells were washed with PBS three times and 150 uL dimethyl sulfoxide
(DMSO) was add to each well of the plate. Cells were incubated for 30 minutes under
constant orbital agitation (90 r.p.m.) in order to solubilize the formazan crystals formed.
Absorbance intensity was read at a wavelength of 595 nm in Synergy HTX Absorbance
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microplate reader. The difference between the absorbance of not treated cells (considered
as 100 % cell viability) with those incubated with the compounds allows obtaining the
percentage of cell proliferation.
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Product characterization







2.1. Talin-Vinculin inhibitors

Code Formula: Calculated mass: Purity: Gradient ACN/H;0: Retention time (min): Mass Identification:
HPLC (4 min) .
G0100 3.1 min [M+H]"=877.7 Da
2018/1P-15-01 Cs4HeaN6O 877.12 g/mol >99 % .
54T164IN6S g 0 G40100 1.8 min. [M+2H]=439.7 Da
HPLC (4 min)
G0100 2.7 min +
-15- 0 —
2018/1P-15-02 C36H58N6O0s 654.88 g/mol 90 % G40100 1.4 min. [M+H] = 655.6 Da
HPLC (4 min)
G0100 2.7 min +
-15- 0, —
2018/1P-15-03 Ca0Hs0N6Os 704.9 g/mol >99 % G40100 1.2 min [M+H]"=705.7 Da
HPLC( 4 min)
G0100 3.0 min +
- - 0, —
2018/1P-15-04 C38Ha5N505 651.79 g/mol >99 % G40100 1.7 min [M+H]"=652.5 Da
HPLC (4 min)
G0100 3.0 min [M+H] "= 680.6 Da
-15- 0,
2018/IP-15-05 C41Hs3Ns504 679.89 g/mol >909 % G40100 1.7 min
oo | PG
IPR-465 C39H47N50s5 665.82 g/mol >99 % G40100 1.8 min [M+H]"= 666.3 Da
HPLC (4 min)
G0100 2.9 min +
- 0 —
IPR-467 C49Hs51Ns504 773.96 g/mol 98 % G40100 1.7 min [M+H] '=774.4 Da
HPLC (4 min)
G0100 2.7 min
- 0 +_
IPR-468 Ca8Hs0N6Os 790.95 g/mol 92 % G40100 1.3 min [M+H] =791.4 Da
HPLC (4 min) .
G0100 2.9 min [M+H] =710.3 Da
- 0,
IPR-469 Ca4H47N504 709.88 g/mol >99 % G40100 15 min. [M+2H]+: -




2.3. RAD51-BRCA2 inhibitors

Code Formula: Calculated mass: Purity: Gradient ACN/H,O: | Retention time (min): Mass ldentification:
HPLC (4 min)
2018/1P-15-01 Cs4HeaNsOs5 877.12 g/mol >99 % G0100 3.1 m_in [M+H]"=877.7 Da
G40100 1.8 min. [M+2H]*=439.7 Da
HPLC (4 min)
2018/1P-15-02 C36Hs5sN605 654.88 g/mol 90 % G0100 2.7 m_in [M+H]"= 655.6 Da
G40100 1.4 min.
HPLC (4 min)
2018/IP-15-03 C40HeoNgOs 704.9 g/mol >99 % G0100 2.7 min [|\/|+H]+: 705.7 Da
G40100 1.2 min
HPLC( 4 min)
2018/1P-15-04 C3sHa5N505 651.79 g/mol >99 % G0100 3.0 m!n [M+H]"= 652.5 Da
G40100 1.7 min
HPLC (4 min)
2018/1P-15-05 Ca1Hs53N504 679.89 g/mol >99 % G0100 3.0 min [M+H]*= 680.6 Da
G40100 1.7 min
G0100 HPLC (4 min)
IPR-465 C39H47N505 665.82 g/mol >99 % G40100 3.1 m!n [M+H]"= 666.3 Da
1.8 min
HPLC (4 min)
IPR-467 Ca9Hs51N504 773.96 g/mol 98 % G0100 2.9 min [M+H] = 774.4 Da
G40100 1.7 min
HPLC (4 min)
IPR-468 CusHsoN6Os5 790.95 g/mol 92 % G0100 2.7 min [M+H] = 791.4 Da
G40100 1.3 min
HPLC (4 min)
IPR-469 Ca4H47N504 709.88 g/mol >99 % G0100 2.9 m.in [M+H] = 710.3 Da
G40100 1.5 min. [M+2H]*= 355.8 Da
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2.3. RAS-Effectors inhibitors

Code Formula: Calculated mass: Purity: Gradient ACN/H,0: Retention time (min): Mass Identification:
HPLC (4_min)
2018/1P-14-01 Cu3Hs0NgOs 730.89 g/mol >99 % G0100 2.9 min [M+H] "= 731.6 Da
G40100 1.6 min [M+2H]*= 366.6 Da
HPLC (4_min)
2018/1P-14-02 C42H51N504 689.88 g/mol > 99 % G0100 2.9 min [M+H] "= 690.6 Da
G40100 1.5 min [M+2H]*= 346.1 Da
HPLC (4_min)
2018/1P-14-03 C42HsoN6Os 728.96 g/mol > 99 % G0100 3.0 min [M+H] "= 729.7 Da
G40100 1.7 min [M+2H]*= 365.7 Da
HPLC (4 min)
2018/1P-14-04 Cs4HssN6Os 881.15 g/mol 98 % G0100 3.3 min [M+H]"= 881.8 Da
G40100 2.3 min [M+2H]2+= 441.7 Da
HPLC (4 min)
2018/1P-14-05 CaoHs9N505 713.95 g/mol 99 % G0100 3.1 min [M+H]"= 714.6 Da
G40100 2.0 min [M+2H]2+= 358.1 Da
HPLC (4 min)
2018/1P-14-06 Ca9H71N70s5 838.13 g/mol 99 % G0100 3.2min [M+H]"= 838.7 Da
G40100 2.0 min [M+2H]2+= 420.2 Da
HPLC (4_min)
2018/1P-14-07 CusHe3N504 750.02 g/mol 80 % G0100 3.1 min [M+H] = 750.7 Da
G40100 2.0 min [M+2H]2+= 376.1 Da
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HPLC (4 min)

G40100 1.7 min [M+2H]2+= 358.7 Da
HPLC (4 min)
2018/IP-14-09 Cu4He1N505 739.98 g/mol >99 % G0100 3.4 min [M+H]+= 740.7 Da
G40100 2.4 min
HPLC (4 min)
G40100 2.8 min
HPLC (4 min)
IPR-472 Cs1HssNsOs5 835.04 g/mol 91 % G0100 3.2 min [M+H] "= 835.5 Da
G40100 2.0 min [M+2H]2+= 418.2 Da
G40100 1.9 min.
IPR-474 Ca9Hs50N506 814.02 g/mol >99 % G0100 3.6 min [M+H]"= 814.5 Da
(40100 2.7 min.
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2.4. Retrome-L2 inhibitors

Code Formula: Calculated mass: Purity: | Gradient ACN/H,O: | Retention time (min): | Mass Identification:
HPLC (4 min)
IPR-463 Ca9He7N70s 850.10 g/mol 98 % G0100 2.7 min [M+H] "= 850.6 Da
G40100 1.5 min [M+2H]?*= 425.9 Da
IPR-464 C40Hs57N706 731.92 g/mol >99 % G0100 HPLC (4 min) [M+H]*=732.4 Da
G40100 2.5 min [M+2H]?*=366.9 Da
0.8 min
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