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Abstract

Finding new small molecules targets as well as improving the
diagnosis methodologies are two of the most important areas in which
the researchers are spending efforts to improve our arsenal to fight
cancer and other diseases. In this thesis, two different chapters are
discussed. In the first one, the design of new Fatty acid binding protein
4 inhibitors is discussed. In the second one, the design of two targeting
peptide bioconjugates for the detection of cancers is reported.

Fatty acid binding proteins are a class of proteins involved
particularly in the transport of fatty acids in human. Recently it comes
out that the Fatty acid binding proteins are an interesting molecular
target for the treatment of type 2 diabetes, other metabolic diseases
and some type of cancers. In this chapter (first), three new molecules
inhibitors of the Fatty acid binding protein 4 are designed, using
computer-aided drug design methodologies, and synthesized. The
three molecules, AST_1-3, were synthesized and tested against the
target protein and showed an ICso between 3.70 and 5.59 uUM.
Moreover, a huge number of different other molecules were theorized
to be as effective as the three synthesized. Among them, some are
derived from a virtual screening of an FDA approved drugs database
and some from the bioisosteric scaffold-hopping analysis of a note
inhibitor of the fatty acid binding protein 4 (BMS309403).

In the second chapter, two different targeting peptides, against two
proteins involved in particular types of cancer (c-Met and GLP-1), were
synthesized and then conjugated to a small molecule able to chelate
gallium, for their potential applicability as PET tracers. The two
compounds were then evaluated as effective 68-gallium chelating
compounds and the result showed their capability in the binding of the
%8Ga.







Chapter 1. Design, synthesis, and biological evaluation of small
molecule inhibitors of fatty acid binding protein 4

1.1. Introduction

Fatty acids (FAs) are a class of carboxylic acids with a long aliphatic
tail. The different FAs carry out many different vital functions in the
organism.ll They are one important source of energy, which is stored
in triacylglycerol and produced in muscles and liver. They are used for
the biosynthesis of complex lipids, such as phospholipids and
cholesterol, and they are also hormones and signaling compounds.
These essential nutrients are normally obtained from the diet,
released from the storage in adipocytes, or synthesized from glucose
in the liver. There are different pieces of evidence showing that
chronically elevated plasma fatty acid leads to some physiological
disorders.lZ The elevated fatty acid levels in circulation are associated
with the pathogenesis of type 2 diabetes,B! obesity,* and
atherosclerosis.®) Obviously, because the fatty acids are slightly
soluble in water their trafficking requires a cluster of specific carrier
proteins; normally, the different FAs are associated with albumin,
lipocalins and fatty acid-binding proteins (FABPs), which highly
increases their water solubility and thus facilitates their transport.°!
FABPs are members of the superfamily of lipid-binding proteins (LBP).
So far, nine different FABPs have been identified. The different FABPs
have tissue-specific distribution, among them: L (liver), | (intestinal), H
(muscle and heart), A (adipocyte), E (epidermal), Il (ileal), B (brain), M
(myelin), and T (testis). Furthermore, the nine different types of FABPs
can be divided into two groups: those associated with the plasma
membrane (FABPpy) and the ones localized in the cytoplasm (FABP().”)
The adipocyte FABP (A-FABP), also called aP2 or FABP4, is highly
expressed in adipocytes and it is regulated by peroxisome-proliferator-
activated receptor-c (PPARc) agonists, by the level of insulin and by
fatty acids.[®! It was reported that animal models with a deficiency of
FABP4 are protected against the development of insulin resistance.”
These mice also show better performances in both insulin and glucose
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tolerance tests. Studies in FABP4-deficient micel*® 1] have shown that
FABP4 has a significant role in many aspects of the metabolic
syndrome. The lack of FABP4 partially protects mice against the
progress of insulin resistance associated with genetic or with obesity.
The adipocytes of these knockout animal models have a reduced
efficiency of lipid transport both in vitro and in vivo. Interestingly,
recent studies demonstrated that FABP4 is highly expressed in
macrophages and regulated by the phorbol 12-myristate 13-acetate,
by lipopolysaccharides, by oxidized low-density lipoproteins, and by
PPARc ligands.['2 The macrophage is a fundamental site of FABP
action, and total or macrophage-specific FABP4-deficiency leads to a
marked protection against early and advanced atherosclerosis.*3!
These findings show a significant part for FABP4 in the progress of
different components of the metabolic syndrome through its different
actions in adipocytes and macrophages. Aside from genetic
approaches, pharmacological agents that modify FABP function can
potentially mimic the phenotype of FABP4-deficient mice. Therefore,
small molecules that inhibit FABP4-mediated responses might serve as
potential candidates for many components of metabolic syndrome,
such as insulin resistance, type 2 diabetes, and atherosclerosis. FABPs
play also an important role in carcinogenesis.'¥ Modified FABPs
expression patterns were described for prostate, bladder, renal cell
carcinoma and other types of cancer cells,[*>17] but the biological
function of FABPs in cancer remains unclear.[*® The aim of this project
is to identify novel potent inhibitors of FABP4. Knowing the
fundamental interactions of recognized inhibitors with the protein,
new compounds were designed, with the help of computer-aided drug
design, synthesized and biologically evaluated.

1.1.1. Physiological properties and functions of FABPs

Transport of FAs into cells is divided into three steps: (1) adsorption-
binding to the outer leaflet of the plasma membrane; (2) crossing the
membrane; (3) desorption-leaving the cytosolic leaflet of the plasma
membrane. To allow an effective FAs flow proteins must catalyze each




step. There are two different types of FAs translocation across plasma
membranes: (1) simple diffusion and (2) protein-mediated
translocation. One of the classes of the proteins involved in the FAs
translocation is a 43-kDa FABPpm, which was purified from
hepatocytes, adipocytes, jejunal enterocytes, and cardiac myocytes.
Clarke et al. provided the first evidence that overexpression of FABPpm
in @ mammalian tissue increase the FA transport. On the other hand,
the FABP. can accelerate FA uptake in different ways: increasing the
rate of dissociation from membranes by raising the solubility of FA,[1°]
and/or improving FA transfer to acceptor membranes by direct
interaction with the phospholipid bilayer or by an aqueous diffusion-
mediated process. FABP. proteins facilitate not only FA desorption, but
also the cytoplasmic diffusion. A role of FABPs in intracellular FA
movement was supported by a series of experiments; thus, FABPs can
be defined as transport proteins.®

Regulation of the lipid metabolism, due to the importance of energy
homeostasis, involves many control systems, which need a precise and
correct coordination.[?l Response to different signals triggers the
activation of specific transcription factors and the FAs can act such as
signaling molecules. Several mechanisms of gene transcription
mediated by FAs have been described. They include a series of events
that lead to the modification of a transcription factor, for example: by
the binding to a particular transcription factor and the subsequent
activation of the transcription factor, by modifying the mRNA stability,
and also by influencing the transcription factor expression.[?!l It has
been revealed that increased FAs concentration start the process of
preadipocyte differentiation and the expression of terminal
differentiation-related genes, among them FABP4.122 23 QOne
important group of the transcription factors cooperating with FABPs is
the peroxisome proliferator-activated receptor (PPAR) family.?*! PPAR
family members are nuclear receptors proteins well-knows for the
regulation of the transcription of many genes involved in lipid
metabolism.[2° FABPs may also have an effect on ligand-dependent
transactivation of PPARs. Members of the FABP family are involved in
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modulation of different cells growth and proliferation. L-FABP induced
by two classes of peroxisome proliferators promotes mitogenesis of
hepatocytes. H-FABP regulates cardiomyocyte growth and
differentiation in neonatal mouse hearts and stimulates an increase in
cell surface area, leading to cardiac myocyte hypertrophy.
Furthermore, it specifically inhibits the growth of normal mammary
epithelial mouse cells and is proposed as the breast tumor suppressor
gene.[28]

1.1.2. The gene and its expression and regulation

Despite their large number, wide tissue distribution, and sequence
variations, all the fatty acid binding proteins presumably derive from a
single ancestral gene. The FABPs gene is found as a single copy and is
similar to that of other different intracellular lipid binding proteins
(iLBPs). The gene is composed of four exons separated by three
introns.?”] The gene regulatory elements upstream of the gene differ
greatly within the family. An enhancer element is thought to be
necessary and sufficient for FABP expression in differentiated
adipocytes. This region may bind heterodimers of peroxisome
proliferator-activated receptors and retinoid X receptors, which in turn
bind a range of metabolites and drugs.[?8! Other FABP gene regulatory
elements include a glucocorticoid response element for positive
regulation, a CCAAT/enhancer binding protein site that responds to a
decrease in insulin, and an activator protein 1 site that binds c-fos/c-
jun heterodimers. A negative regulatory element also overlays part of
this site.[28 2°]

1.1.3. Protein structure

Although the amino acid sequence identities of the iLBPs range
from 20% to 70%, all known proteins structures, including FABPs, have
a common tertiary structure as revealed on the basis of X-ray
crystallography and nuclear magnetic resonance.?”! The tertiary
structure is common to all the family members and is characterized by
a twisted barrel surrounding a hydrophobic core. The barrel is
composed of ten antiparallel strands, organized into two sheets




oriented almost orthogonally, and on one end the barrel is capped by
a little helix-turn-helix pattern.3% Inside the barrel, there is a large
water-filled cavity lined with polar and hydrophobic amino acids.
Interestingly, only a small portion of the cavity volume (1/3 to 1/2) is
occupied by the single bound ligand. The carboxyl group of the FAs is
oriented inwards and coordinated through electrostatic interactions
with a tyrosine and two arginine residues. Helical N-terminus seems to
be significant for the effective interplay between FABPs and
membranes and dictates the overall rate of FA transfer. A comparison
between the amino acids sequences of different FABPs revealed a
wide variance in the primary structure. Based on amino acids
sequence, FABPs can be divided into 3 groups: (1) L-FABP and II-FABP;
(2) H-FABP, B-FABP, E-FABP, M-FABP, A-FABP and T-FABP; and (3) I-
FABP. Obviously, this division is reflected in the type of natural ligands
of different classes of proteins. All proteins of group 1 (L-FABP and II-
FABP) are capable of binding FAs and bulky ligands, such as bile salts,
cholesterol, and heme. Members of group 2 (H-FABP, B-FABP, E-FABP,
M-FABP, A-FABP, and T-FABP) bind FAs and additionally retinoids and
eicosanoids. I-FABP, the only member of the group 3, binds solely FAs,
but in a different conformation than other FABPs.

1.1.4. The binding cavity

Since the first apo-FABP crystal structure appeared in 199231
many holo-FABP structures with a range of ligands and several mutant
structures have been solved and studied. The side chain variations
generally conserve their hydrophobic character and therefore may
only affect the inner cavity shape. The side chains engage a hydrogen
bond to the carboxylate end of FAs, R126, and Y128, as well as R106,
through a conserved water molecule, and have been shown to play a
critical role in FABP ligand binding specificity and affinity.3? Figure 1.1
shows the internal FABP4 binding site along with an internal water
network that has been found in many of the FABPs crystal structures.
Nevertheless, R106 is not strictly conserved; variation may occur with
another basic residue, lysine. Since R126 and Y128 are found in many
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iLBPs that bind different ligands, these residues are involved with
binding affinity but do not exclusively determine the specificity of
ligand binding.

\\\ \

‘Q\\\

Figure 1.1. Crystal structures and interaction of the apoprotein with a natural ligand,
oleic acid. PDB structure: 1LID.

1.1.5. State of art

In the past years, a variety of effective FABP inhibitors have been
synthesized for antiatherosclerosis and anti-diabetes treatments,
including derivatives of niacin, quinoxaline, aryl-quinoline, bicyclic




pyridine, urea, aromatic compounds, and other heterocyclic
compounds.®3 Because FABP3 (H-FABP) and FABP4 are highly similar
in their primary amino acid sequence and also in their three-
dimensional structures, the issue of selectivity towards FABP3 and
FABP4 must be considered during the research on FABP inhibitors. At
present, no FABP4 inhibitors are in the clinical research phase. Several
potent small molecules have been identified as FABP4 inhibitors, such
as BMS309403 and HTS01037, but only BMS309403 has been
systematically studied in both in vitro and in vivo animal diabetic
models. Although the antidiabetic effects of BMS309403 have been
well validated in mouse models, it has yet to be approved for clinical
use. In Table 1.1 are shown the various classes of FABP4 inhibitors,
among them: pyrazole derivatives, oxazole derivatives, imidazole
derivatives, indole derivatives, benzimidazole derivatives, thiophene
and thiazoles derivatives, pyrimidine, bicyclic pyridine and quinoxaline
derivatives, and urea and carbamoyl derivatives. In Figure 1.2 are
reported some representative example of the different classes of
inhibitors designed and synthesized until now whereas in Table 1.2
there are reported their biological evaluations. Inspection of their
structural features highlighted that the five-membered heterocyclic
ring and the carboxylic group seem to be crucial for anti FABP4
potency.
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Table 1.1. Various chemical classes of the FABP inhibitor.

Chemical Chemical Structure
Classification

Ph
Pyrazole Ph\(\S/Et
derivatives l\\l‘N
R
Ph
Oxazole Ph\%N
derivatives O{/
R
Ph
Imidazol Ph
ml'az?e \%N’R
derivatives N#
R

— —
Indole derivatives N—R N—R N—R
N
Benzimidazole \>—R
derivatives N

R
Thiophene  and R R
Thiazoles /@\ ’;‘1
derivatives R7>»g” "R R”>g7 R
Pyrimidine, Bicyclic CF; R N R
Pyridine and XN N R \:[
Quinoxaline | )\ | N/ R
— ~
derivatives HO N R N R
Urea and O O

carbamoyl R. )J\N,R R\N)K/R
H

—_— N
derivatives H H




S NH
I/ /I
S
O\
(0]
HTS01037
(0]
N
FoC m/s\)LN
N
OH
2
H?ﬁ/
3 4
o COH //Q
o=
S~7"s N F
N = Y
Y —
Br
CO,H
5 6

Figure 1.2. Structures of different FABP4 selective inhibitors.
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Table 1.2. Measured biological activity of the FABP4 inhibitors.

Compound ICs0 or Ki UM

BMS309403134 0.71*

HTS0103785! 0.67**

1038 0.45*

237 1.00*

38 0.001**

413 4.00*

5(40] 1.30*

614 0.033**

*Measured ICso; **Measured Ki

Three different virtual screening studies with libraries of different
compounds have been already published and these have led to
interesting results.*> 431 Wang et al. have screened two different
libraries, one of natural compounds and one of FDA approved drugs,
against FABP4. After the virtual screening and the biological test of the
best-scored compounds, they have found that the quercetin, other
flavonoids, and levofloxacin - an FDA already approved drug for the
treatment of different bacterial infections - shoved a good percentage
of inhibition of FABP4. Moreover, during the second year of Ph.D., |
have collected and reviewed all of the compounds acting as FABP4
inhibitors.[33! The database of the collected compounds was then used
as a dataset for the building of a 3D-QSAR model, Section 1.4.

1.2. Computational approach for FABP4 inhibitor design
Computer-aided molecular design is an important aspect of drug
design and discovery. In general, these methods for drug discovery and
design can be divided into two categories: structure-based and ligand-
based drug design.** In the first category, using available 3D structural
and other important biological information concerning the target
protein, the binding energy of small molecule interacting with proteins
targets are calculated. The 3D structural information is obtained either
from experiment (X-ray or NMR determination of the protein
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structure) or from reliable computational methods (i.e. homology
modeling). Molecular mechanical (MM) as well as quantum
mechanical (QM) approaches may be used to identify small molecules
with binding affinity, and then to refine the structure of these small
molecules toward higher binding affinity ones.[*>%8! Often, the 3D
structural information of the target protein is not available and there
is not a good template for homology modeling. In this case, the ligand-
based methods such as QSAR are preferentially used. From the dataset
obtained from a series of lead compounds, 2D or 3D descriptors are
calculated. QSAR equations are derived based on the 2D descriptors
and, usually, a pharmacophore model is created from the 3D
descriptors. The QSAR equation and the pharmacophore model are
used to suggest new compounds with improved activity.[*°!

For hit identification and optimization the docking of small
molecule and the scoring of their potential complementarity to the
binding site of FABP4 were used as a preferential tool in the first part
of the project. Later, a 3D-QSAR equation was developed to describe
the pharmacophore of the FAPB4 and to virtually score different
compounds. Among them: the best-scored compounds derived from
the structure-based approach, but also a library of compounds derived
from a scaffold hopping study of BMS309403 and a library of FDA
approved drugs.

1.3. Structure-based approach for FABP4 inhibitor design

In the first part of the design of novel FABP4 inhibitors, the crystal
structure of the protein complexed with BMS309403 (PDB code:
2NNQ) was used, by means of docking calculations.>® After an initial
study of the binding site, the ligand structure was modified to better
fit the target.

As shown in Figure 1.3, some free areas can be localized close to
the two phenyl groups, in position 3 and 4 of BMS309403. Therefore,
it was decided to design the first set of molecules with different
substituents in these positions. The BMS309403 structure was used as
a starting point for a systematic study of chemical modifications, to
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improve the potency, and to explore the chemical space inside the
binding pocket. The different poses were generated with AutoDock
Vina and scored with the scoring function present in the same
software. The results and the relative energy scored values are listed
in Tables 1.3 and 1.4.

Figure 1.3. Bindfng site of FABP4 in complex with BMS309403 (PDB code: 2NNQ).
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Table 1.3. Score values of BMS_1-28, modified structures of BMS309403.

'd ~\
kcal/mol
BMS309403 -10.5
BMS_1 R'=F -10.7
BMS_2 R'=cCl -10.0 OH
BMS_3 R2=COOH -10.4 Q
BMS_4 R2=CONH, -10.2 0
BMS_5 R®=COOH -9.8 O
BMS 6 R3®=CONH, -11.4 O
BMS_7 R*=F -10.9 N
BMS 8 R*=Cl 9.9 O NS
BMS_9 R®=COOH -11.0 =~
BMS_10 R®=CONH, -10.8 O
BMS_11 R6=COOH -10.2
BMS_12 R®=CONH, -10.6 [ BMS-2
BMS_13 RZ= -11.0
BMS_14 R%?=Cl -10.9
o BMS_15 R®=CH,0H -10.4
BMS_16 R’=S0;H -10.7
BMS_1-28 BMS_17 R’=COOH -10.3
BMS_18 R®=COOH -11.0
BMS_19 R®=SO;H -11.0
BMS_20 R’ =Ph -10.6
BMS_21 —-10.1 BuS_22
BMS_22 9.9
BMS_23 R°=F -10.8
BMS_24 R°=Cl -10.2
p
kcal/mol
BMS_25 R?=F R®=CONH, -11.3
BMS_26 R?*=F R%=COOH -11.5
BMS_27 R®=CONH, R®=COOH -11.4
| BMS_28 R%=F R%=CONH, R®=COOH -10.8

Table 1.4. Score values of BMS_29-36, modified structures of BMS309403.

R2 RS R= ooy, 9]
HN
a ¥l
\N Et a d

R1
o
Q\CONH2 0=
BMS_29-36 ©

b

R' R? R® kcal/mol W T o F
BMS 29 a b ¢ -11.8 04:
BMS 30 a ¢ b -12.1 H
BMS 31 a b d -10.9 . :
BMS 32 a d b -11.8
BMS 33 a b e -11.3
BMS 34 a e b -127
BMS 35 a b f -10.9
BMS 36 a f b -11.9
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As shown by the docking results (Tables 1.3 and 1.4), in quite a
number of cases different molecules have a better score than the
starting compound (BMS309403), so, presumably, they should possess
improved biological activity.

Moreover, the diversity of the amino acids residues present in the
active site of the FABP4, compared to the ones of FABP3,51 and
involved in the interaction with the ligand, can be exploited to increase
the selectivity of the novel compounds against the FABP4 (Figures 1.4
and 1.5).

sequence identity is 64% (green-highlighted).

CDAFVGTWKLVSSENFDDYMKEVGVGFATRKVAGMEAKPNMIISVNGDVITEKSESTEKNTEISFILGQEF
VDAFLGTWKLVDSKNFDDYMKSLGVGFATRQVASMTKPTTIIEKNGDILTLKTHSTFKNTEISFKLGVEF

DEVTADDRKVKSTITLDGGVLVHVQKWDGKS TTHKRKREDDKLVMEEVMKGVTSTRVYERA
DETTADDRKVKSIVTLDGGKLVHLQKWDGQETTLVRELIDGKLILTLTHGTAVCTRTYEKE

Figure 1.5. Sequence alignment of human FABP4 (2NNQ) and FABP3 (5CE4). The
amino acids of the binding site are marked; those in red are different between the
two proteins.

As shown in Figure 1.5 the active sites of the two different proteins
are formed by 26 amino acid residues, but only eight are different
between the two different forms. These differences of the amino acids
expression in the active sites could be used for enhancing the activity
against FABP4 compared with FABP3.

Analyzing the first set of designed molecules, BMS_1-24, we can
see that they are placed in a similar manner to the original ligand
(Figure 1.6). A halogen in the para-position of the two aromatic rings
is tolerated, but only if it is fluorine; in fact, the score is worse with
atoms with a larger radius. Positive results are obtained by the
substitution of different position with a carboxyl and/or amide group.
Both the carboxyl and the amide group are well tolerated when
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located in the R? position. The substitution of the R® position with an
amide group leads to BMS_6 that is the molecule of the series with the
best score. The two groups can still be inserted in the position R*> and
R® and result again in a score better than the starting molecule. The
substitution at other positions of the molecule, R”-R®, has not given
promising results. In fact, in these positions, the resulting molecules
are hardly able to create new interactions with the protein.

Concluding, the most interesting result of the series of molecules
BMS_1-24 is the one of BMS_6; in fact, the molecule presents an
excellent score compared to the starting compound (—11.4 vs. —10.5
kcal/mol). The better-calculated binding energy is due to a hydrogen
bond with SER53 of the active site; importantly, this serine is replaced
by THR53 in FABP3. Therefore, presumably, this interaction could
enhance both the power and the selectivity of the molecule (Figure
1.7).

Y~ l

Figure 1.6. Poses of BMS309403 (grey), BMS_1 and BMS_6 (both in burgundy).
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Figure 1.7. Interaction of BMS_6.

Better results were achieved by the second set of molecules,
BMS_25-28, where two or three positions were substituted. With the
third set of compounds, BMS_29-36, the steric hindrance of the
molecules in one of the aromatic rings was increased, with interesting
results. Apparently, the binding cavity tolerates a newly condensed
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heterocycle in one of the two phenyl groups in position 3 and 4. The
new bulky group can be easily accommodated in the binding pocket;
this results in an improvement of the binding energy (Figure 1.8).
Several molecules have been evaluated and in all of them, the amide
group is always able to interact with the SER53. The best molecule of
this series, BMS_34, has a score of —12.4 kcal/mol due to the synergism
between the hydrogen bond with SER53 and the new interactions
promoted by the heterocycle condensed to phenyl at the position 3.

|

Figure 1.8. Poses of BMS309403 (grey), and BMS_34 (burgundy).

1.3.1. Design of new inhibitors with thiazole and triazole core

The new information acquired during the first part of the project,
dedicated to the study of the binding cavity and where new
possibilities for selective interaction were assessed, have been used in
the design of new compounds with thiazole and triazole core (Figure
1.9). The central core of the BMS309403 has not been already
reported to be substituted with the selected thiazole and triazole
scaffolds.
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R7

SMS_0-11 TAR_0-11
Figure 1.9. Newly designed compounds with thiazole and triazole core.

Table 1.5. Structures and scores of SMS and TAR series.

R7 R3
kcal/mol kcal/mol
SMS_0 RM=H -10.9 TAR_0 R!®=H -10.2
SMS_1  R3=CONH, -11.4 TARZ1 R®=CONH, —11.1
SMS_2 R®=CONH, -11.4 TAR2 R®=CONH, -10.6
SMS_3 R®=COOH -10.7 TAR_3 R5=COOH -109
SMS_4 R?=COOH -11.5 TAR_4 R2=COOH -10.7
SMS 5 R'=F -11.2 TAR 5 R'=F —-10.0
SMS 6 R*=F -10.5 TAR 6 R*=F -105
SMS_7 -11.8 TAR_7 -10.9
SMS_8 -12.7 TAR_8 -10.9
SMS_9 -11.4 TAR9 -122
SMS_10 -12.7 TAR_10 -10.9
SMS_11 -11.7 TAR_M -10.9
R® 0
— R7-N
N N OO
R7 R89 = F
f
SMS_7-11 TAR_7-11 Q@ o=
CONH, N
a b
R® R r
SMS_7,TAR.7 a b o=’ o=
SMS_8 TAR8 b a o o
SMS_9, TAR_9 a ¢ c d
SMS_10, TAR_10 ¢ a
SMS_11, TAR_11 d Ph
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The design started by drawing and scoring new compounds with
thiazole (SMS_0-11) and triazole central core (TAR_0-11). The
designed molecules are shown in Table 1.5. Even in this case, the
crystal structure of the FABP4 in complex with BMS309403 (2NNQ)
was used as a starting point for docking studies of this set of virtual
compounds.

As we can see from the docking results, different series of
molecules show better score compared to the starting ligand
BMS309403. The analysis of the generated poses shows that when the
aromatic substituents to the central core are positioned in 3- or 4-
position (as in BMS309403) the best-scored pose is very similar to the
inhibitor in the crystal form (Figure 1.10).
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However, when the substituents are in different positions the poses
and the generated interactions are completely different (Figure 1.11).
As shown in Figure 1.10, the compounds of the SMS series are able

to get similar interaction to that of BMS309403. Otherwise, the
presence of the two phenyl groups in a different position, TAR series,
leads to a completely different pose of the molecule and to the loss of
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fundamental interactions necessary to the inhibitory activity. As a
matter of fact, some triazole derivatives, like TAR_1 and TAR_9, have
shown interesting results, but the interactions with the binding site are
completely different to that of the other series of designed
compounds and so as the interaction of BMS309403.

w
BABY N

A,

Figure 1.11. Poses of BMS309403 (grey), and TAR_O (burgundy).

Given the excellent results of the SMS series, it was decided to
proceed in the design of other compounds with thiazole core, and
discard, the idea of producing molecules with triazole nucleus.

1.3.2. Novel molecules with thiazole scaffold

Considering that the positions 4 and 5 of the thiazole ring have been
extensively studied, the focus was now turned to the modification of
the biphenyl group, which connects the thiazole 2-position (Figure
1.12) and the fundamental carboxylic group. It was decided to replace
one of the two phenyls with a triazole ring, which can be easily inserted
by a click-chemistry reaction, namely the azide-alkyne Huisgen
cycloaddition. Four different series, with the triazole portion in a
different position, have been designed and in silico evaluated (Figure
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1.13).

Ph Ph

o
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Figure 1.12. Studied position of thiazole core.
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°N HOOC)H\N Xy |AST_c3 -10.3
\ ,(l’ N=N SNN -10.6
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Figure 1.13. Structures of novel designed thiazoles.

The molecules are evaluated, of course, using the same software
and the same crystal structure of the previous series. In Figure 1.13 the
scoring values of the newly designed molecules are shown. The most
powerful molecules, according to these data, seem to be the molecule
named AST_c1 (AST_1), with only one carbon atom as a linker between
the triazole core and the carboxylic acid moiety.

Considering the molecule promising from the synthetic point of
view, other two analogs of this compound were evaluated. The phenyl
group in position 4 of the thiazole core was substituted with a naphthyl
and with a 4-chlorophenyl group, in order to enhance the steric
hindrance, as suggested by the first series of designed compounds
(BMS); the results are shown in Figure 1.14.
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Ph R
S__N
HooC ~ N=N
|
\/& \
AST
Score values (kcal/mol) from
AutoDock Vina AutoDock4

BMS309403 -10.5 -11.2
AST_1 -11.4 -11.6
AST_2 -12.2 -13.4
AST_3 -11.8 -12.4

Figure 1.14. Structures and scores of AST_1 and AST_2.

Compounds AST_1-3 were evaluated using AutoDock Vina and
AutoDock4, as shown in Figure 1.14, and both methodologies gave
excellent results. The predicted binding poses and the interactions are
shown in Figures 1.15 and 1.16, respectively. Given the excellent
results of the docking of these molecules in the FABP4 compared with
the overall designed compounds (Figure 1.17), it was decided to focus
the attention into these three compounds, after a secondary
evaluation of the molecules by the prediction capabilities of a 3D-
QSAR model (Section 1.4.6).

Figure 1.15. Poses of BMS309403 (grey), AST_ (green), AST_2 (burgundy) and AST 3
(pink).
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Figure 1.16. Calculated interaction of AST_2 with FABP4.

RANKING OF THE DESIGNED VIRTUAL COMPOUNDS

N
D

11

—AGg (kcal/mol)

Figure 1.17. Calculated binding energies with AutoDock Vina of the molecules
designed in the structure-based approach compared to the binding energy of
BMS309403 (yellow-left). AST 1-3 bars are localized on the right of the graph
surrounded by a red line.
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1.4. Ligand-based approach for FABP4 inhibitor design

Once finished the design, by means of the structure-based
approach, of the three compounds (AST_1-3), a 3D-QSAR model for
the most potent and selective FABP4 inhibitors was developed. After
an accurate selection of compounds, that have already been
synthesized and tested against the FABP4 by other researchers, which
we published as a review, 33 an internal dataset of molecules was used
to build a 3D-QSAR model. The model was built using a software of the
Cresset group, Forge.[>?

As we already said, the computer-aided molecular design is an
important aspect of drug design and, generally, these methods can be
divided into two categories: structure-based and ligand-based drug
design.[** In section 1.3 was used the structure-based approach
whereas in this section the attention is focused on the development
of a 3D-QSAR model for the already reported FABP4 inhibitors
molecules.

Many 3D-QSAR processes determine descriptors by calculating
structure properties at the interception points of a 3D grid, which
surround the entire space of the aligned molecules. This is due
because these methods have no way of knowing which region of space
around the molecules is likely to be relevant to the molecular activity.
However, Cresset’s field point description of molecules provides
details about the area of space about a molecule relevant to the
molecular description. The 3D-QSAR in Forge is characterized by the
fact that uses probe positions that are definite directly from the field
points of the aligned molecules training set, and only these positions
are used to describe the electrostatic potential and the volume of each
molecule. This 3D-QSAR model can help to unfold SAR data and to
predict an activity value for new molecules and, on the other hand, will
be used to further investigate the activity of AST_1-3.

1.4.1. Biological data and Molecular modeling
As mentioned earlier, several potent small molecules have been
identified as FABP4 inhibitors. The 120 structures used to build and
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evaluate the 3D-QSAR model were chosen among the structures
previously published;B3% 36 37, 39, 40, 53, 341 g|| molecules possess an
excellent selectivity toward the FABP4 and the range of activities is
broad enough to be able to build a good model. The 2D chemical
structures were constructed by Marvin Sketch, and all structures were
subjected to molecular mechanics energy minimization using the
MMFF94 force field present in the same software.>®! Once obtained
the 3D structures of all compounds the geometry was also optimized
at semi-empirical level of theory using the PM3 Hamiltonian,®! as
implemented in MOPAC 2016 package.[”]

1.4.2. Compound alignment

With the aim to generate a plausible and consistent set of
alignment molecules, before running the regression analysis, we
evaluated two different types of alignment (Figure 1.18).

First, we evaluated a structure-based alignment, based on the
docking of the different ligands on the active site of the protein. All
120 structures, optimized at the PM3 level of theory, have been
converted into pdbqt format using Babel,'*® and subsequently docked
in the active site of FABP4. Molecular docking was performed using the
three-dimensional crystal structures of substrate-free fatty acid
binding protein 4 in complex with BMS309403 (PDB ID: 2NNQ)
obtained from the Protein Data Bank (PDB, http://www.rcsb.org/pdb).
AutoDock Vina (version 1.1.2), a molecular docking program

(downloadable at http://vina.scripps.edu) developed in the Molecular

Graphics Lab at The Scripps Research Institute,®® was used for all
docking experiments. The default values of the docking parameters in
AutoDock Vina were maintained except for the exhaustiveness that
was set to 15. A grid box of 18 A x 18 A x 18 A encompassing the
inhibitor binding cavity of FABP4 and centered on ligand was used. The
binding modes were clustered through the root mean square
deviation among the Cartesian coordinates of the ligand atoms. The
docking results were ranked based on the binding free energy.
Finished the calculation of AutoDockVina, all the generated structures
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were manually checked, to ensure a correct positioning within the
binding site. Then the generated structures were imported to Forge to
build the Structure-based 3D-QSAR model.

Preferred alignment protocols

Structure-based Ligand-based
Autodock Vina Docking Forge
e AutoDock Vina 1.1.2 e Substructure alignment, protein present, no
e Retain 8 poses per ligand constraints
*  Manually select preferred poses e Use most accurate conformation hunt
e Tweak and refine inconsistent poses e  Tweak and refine inconsistent groups

e Use 8 different references to align ligands

Figure 1.18. Comparison of Alignment Methods.

The second type of alignment that was evaluated is a classic Ligand-
based alignment, carried out with the same software used for the
building of the model. All the optimized structures, accompanied by
their respected ICso values, were imported into Forge (10.4.2, Cresset,
Litlington, Cambridgeshire, UK, http://www.cresset-group.com/forge)
[52, 60-63] for setting-up the field-based 3D-QSAR model. Eight different
molecules were chosen as a template for the calculation of field points

and as a template for the alignment. These eight molecules were
selected because they are present in crystallized form with FABP4
(PDB IDs: 2NNQ, 3FR2, 3FR4, 3FR5, 4NNS, 4NNT, 1TOU and 1TOW,
Table 1.6).136:37, 40,50l The structures, small protein, and inhibitor, were
first downloaded from the Protein Data Bank (PDB), the amino acid
sequence was then superposed and aligned with YASARA (version
17.8.15) to get even the ligands in the binding site aligned and
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superposed, thus the eight molecules were imported on Forge (Figures
1.19 and 1.20).
Stepl § “Fompos
Step2 "5
Step3 = rom ©

Figure 1.19. Schematic representation of the process used to obtain the template
compounds for the ligand-based alignment.
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Table 1.6. PDB codes and molecules used as reference compounds for the ligand-

based alignment.

PDB code 2D structure PDB code 2D structure
Q & .
2NNQ T N ANNT wS
HE)OCﬁo
x QH
3FR5 NV@Y 4NNS o=
NH, [}
H °© ©
\) o
3FR4 H°§o Q@ 1TOoW ﬁ“
: O
"
y OH
3FR2 ) iw 1TOU

o

Figure 1.20. A) Protein and inhibitors aligned. B) Aligned inhibitors imported to Forge
for the ligand-based alignment.
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The XED (eXtended Electron Distribution) force field was used to
generate the field point. The force field calculates four different
molecular field point: negative and positive electrostatic, van der
Waals shape, and hydrophobic. The compounds in the training set
were aligned to the reference compound by Maximum Common
Substructure using a customized set-up for the conformation hunt:

* Max number of conformations: 500

» RMS cut-off for duplicate conformers: 0.5 A

e Gradient cut-off for conformer minimization: 0.1 kcal/mol
e Energy window: 2.5 kcal/mol

The RMS cut-off for duplicate conformers parameter controls the
similarity threshold below which two conformers are assumed
identical. Conformations that gave a minimized energy outside the
energy window were discarded.

All the alignments were manually checked to ensure the best
possible model. All the field points of the training set were used to
derive a gauge invariant set of sampling points, which reduced the
number of descriptors that needed to be considered, with a distance
of 1 A between the sample points; sample values were calculated,
ensuring that all areas around the molecule that might contribute to
the activity are properly described.

1.4.3. Statistical analysis and results
The regression method used in Forge is PLS.[648] Specifically, the
SIMPLS algorithm was used. The following conditions were used to
calculate the field QSAR models:
e Cross-validation type: Leave-one-out
¢ Number of times to run the leave-many-out operation: 1000
* Percent of data to leave out in leave-many-out mode: 20
e Maximum number of PLS components: 20
* Number of Y scrambles: 50
»  Sample point minimum distance threshold: 1 A
For the validation of the QSAR model, the leave-one-out method
was used. 20 was the maximum number of components to extract
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from the PLS regression. 50 was the number of Y scrambles to use, this
means that in each scramble the activity values are randomly assigned
to molecules and the model building is repeated. The higher the
number of the scramble sets the stronger is the confirmation of
statistical significance. The threshold of the sample point minimum
distance was set to 1 A. This option checks the sphere exclusion
algorithm used to reduce the initial number of field sample positions
down to a smaller set. Decreasing this value (Sample point minimum
distance threshold) increases the number of sample points to
consider, which on one hand may improve the model, but on the other
hand, increase the probability of over-fitting. A value of 1 A means that
sample points must be at least 1 A aside from each other. The Leave-
one-out method was used during the validation of the QSAR model.
This means that the model is built different times, and every single
time a single molecule left out of the process, this is then repeated
leaving out each training set molecule in turn.

The predictive ability of the generated QSAR models was confirmed
by several statistical tests. The cross-validation regression coefficient
(Q?) was calculated based on the PRESS (Prediction error sum of
squares) and SSY (Sum of squares of deviation of the experimental
values from their mean):

PRESS ™ (Yexp — Ypred)?

2=1- =1-
¢ SSY * (Yexp — Ymean)?

Yexp = experimental activity of training set compound
Ypred = predicted activity of training set compound
Ymean = mean values of the activity of training set compound

The statistical results of both models are reported in Table 1.7 and
Figure 1.21.
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Table 1.7. 3D-QSAR models statistics.

2

Leave-one-out q Training set r?

3D-QSAR Based on Docked Poses 0.38 0.90
3D-QSAR Based on Forge Alignments 0.64 0.92
9
8 0o
7 . oF
6 e o
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Figure 1.21. 3D-QSAR models statistics: up) 3D-QSAR based on docked poses; down)
3D-QSAR based on Forge alighments.

As is demonstrated by the previous data, the model built with the
alignment of Forge is statistically more reliable than the model derived
from the docked molecules, which is noisier.

At this point the best model, ligand-based 3D-QSAR align model,
was taken as reference and further validated with a set of external
compounds. In fact, more reliable estimation of robustness comes
from separate training and test sets. Out of 120 molecules, we random
choose 96 molecules as a training set to build the model while the
remaining 24 compounds served as a test set to evaluate the model.
In both the training set and the test set, the selected molecules cover
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the whole range of activities of the compounds.

The performance of this model was also validated by the
determination coefficient in prediction, R%est, using the following
equation:

*  (Ypredtest — Ytest)?

R?test =1 —
* ,(Ytest — Ymean)?

Ypredtest = predicted activity of test set compound by QSAR
equation

Ytest = experimental activity of test set compound

Ymean = mean values of the activity of training set compound

The results are shown in Figures 1.22 and 1.23. The 11-components
model shows both good predictive and descriptive capability as it is
shown by the good R? (0.99) and Q2 (0.69)!°! values for the training
and the cross-validated training set (Figure 1.22). The plot of
experimental vs. predicted activity for the compounds, in the training
set and in the cross-validated training set (Q? = 0.69), shows a
reasonable distribution of the values. The plot of experimental vs.
predicted activity for the compounds in the test set (Figure 1.23) is still
reasonably good with only few outliers and an excellent cross-
validated R? = 0.73.
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Figure 1.22. The 11-components 3D-QSAR model - Experimental vs. Predicted
activity of the compounds in the training set.
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Figure 1.23. The 11-components 3D-QSAR model - Experimental vs. Predicted
activity of the compounds in the test set.

1.4.4. Discussion

Figure 1.24 shows the 3D visualization of the QSAR final model
aligned with BMS309403. The model interpretation view shows the
areas where the equation suggests that the local fields have a strong
impact on activity. The larger the points the stronger is the correlation
between the electrostatic/steric field in that position. In Figure 1.24,
the 3D-QSAR model coefficients are superposed to the structure of
BMS309403; this 3D-QSAR model is clearly described by both steric
and electrostatic effects and well describes the comportment of the
different classes of inhibitors inside the binding pocket of FABPA4. Forge
was used to building a statistically robust 3D-QSAR model for a set of
120 FABP4 inhibitors, covering a wide range of different classes of
standard inhibitors of the receptor. As far as it concerns, this is the first
3D-QSAR model of this class of compounds that well describes the
individual activities of each molecule.
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'/%/ ;/] d\A ity €t Summ ary of Favourable Hydrophobics
@ \activity ;{m Summary of Unfavourable Hvdrophobics

Figure 1.24. Average of positive (red) and negative (blue) fields of actives. Average
hydrophobics of actives: favorable (green) and unfavorable (purple).

1.4.5. Finding Bioisosteres and FDA approved drugs

In order to design novel hit compounds with FABP4 inhibitory
activity and using the above-reported information by the QSAR model,
we decided to use a bioisostere and fragment replacement software
tool (Spark; Cresset group), to produce a scaffold hopping analysis and
generate a virtual library of FABP4 ligands.[’! On the other hand, a
library of FDA approved drugs was also evaluated. We studied the
bioisosteric replacement in six different portions of BMS309403. All
the different aromatic moieties of the molecules were studied by
means of scaffold hopping as represented in Figure 1.25.

Once created, the new virtual compounds were scored assuming
that if the fields of the newly designed molecules are very similar to
that of the original compounds, the resulting compounds will have
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similar biological properties.”> 72l The bioisosteric replacement was
performed using the same 178,558 fragments for each part; in
particular, the fragments derive from ChEMBL and Zinc databases (See
Experimental section).l”> 74! Five hundred compounds were generated
for each substitution for a total of 3,000 compounds, which were then
scored in the 3D-QSAR model, together with the FDA drugs (1314
molecules, downloaded from https://www.drugbank.ca/). For the

bioisosteric replacement, the first top-scored compounds according to
FABP4 predicted plCsp are reported in Figure 1.26, while the top 25
compounds are reported as SMILE in the Tables 1.8-1.13.
Furthermore, the 50 top scored FDA approved drugs are reported in
the Table 1.14.

The predicted plCso of the top 25 compounds derived from the
bioisosteric replacement of series 1 are ranked between 6.1 and 5.8,
those derived from the replacement of series 2 between 6.0 and 5.7,
those derived from the replacements of series 3 between 6.5 and 5.9,
those derived from the replacements of series 4 between 6.3 and 6,
those derived from the replacements of series 5 between 6.7 and 6.0
and those derived from the replacements of series 6 between 7.3 and
6.2. Regarding the predicted activity of the FDA approved drugs, the
50 top scored compounds are ranked between 8.7 and 6.3.

Overall results indicate that the bioisosteric replacement and the
following 3D-QSAR model evaluation give compounds with the
appropriate chemical structure for the inhibition of FABPA4.
Interestingly, even from the FDA library, some compounds were
predicted to have FABP4 inhibitor activity.

The most interesting results were the ones derived from the series
6 of the bioisosteric replacement and the ones derived from the FDA
database. Interestingly, series 6 derived compounds have a structure
partially different from the precursor compound BMS309403 but,
despite these differences, the compounds retained the activity and the
top scored have a better activity than the precursor. This information
can be useful for the design of novel compounds with totally different
central core and high FABP4 inhibitor activity. Regarding the results
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derived from the screening of the FDA database is interesting to notice
that different compounds were predicted to have a high affinity for
FABP4; this means that part of their activity/side effects can be due to
the interaction with FABP4. Actually, some FDA approved drugs were
already identified as FABP4 ligands, among them: pimozide,
levofloxacin, and trovafloxacin. *> 751 The pimozide has an I1Cso of 11.38
UM in FABP4; however, the levofloxacin and trovafloxacin inhibit 70.01
and 57.46% the FABP4 at 10 UM. These results are in total agreement
with the ones predicted by the 3D-QSAR scoring, where the pimozide,
levofloxacin, and trovafloxacin have a predicted plCso of 5.1, 5.3 and

4.7, respectively.
aty
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Figure 1.25. Bioisosteric replacement of the selected compound (BMS309403).
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6.3 6.7 7.3

Figure 1.26. First top-scored compounds derived from series 1-6 according to FABP4
predicted plCso.

Table 1.8. 25 top scored compounds (predicted plCso) derived from the series 1 of
the bioisosteric replacement.

1 [O-]C(=0)COciccec(-c2ccecc2-n3c(c(c(n3)-c4c(c(c(s4)C)C)C)- 6.1
c5cceec5)CC)cl
[O-]C(=0)COc1ccec(-c2ccccc2-n3c(c(c(n3)C4CCCCCC4A)-c5cceec5)CC)cl 6.0
[O-]C(=0)COc1ccec(-c2cccec2-n3c(c(c(n3)-c4cn(c(ca)C)C)- 6.0
c5cceec5)CC)cl

4 Clclcec(O)ecl-c2c¢(c(n(n2)-c3cceec3-c4ccec(OCC([0-])=0)c4)CC)- 6.0
c5cecec5

5 [O-]C(=0)COciccec(-c2ccecc2-n3c(c(c(n3)-c4cc5c(s4)ccs5)- 5.9
c6ceeec6)CC)cl

6 [O-]C(=0)COciccec(-c2ccccc2-n3c(c(c(n3)-c4ccc5c(occ5C)cd)- 5.9
cb6ceeec6)CC)cl

7 [O-]C(=0)COciccec(-c2ccecc2-n3c(c(c(n3)-c4ccc(c(CC)c4)C)- 5.9
c5cceec5)CC)cl

8 [O-]C(=0)COciccec(-c2ccccc2-n3c(c(c(n3)-c4ccc(NC)ccd)- 5.9
c5cceec5)CC)cl

9 Clclcec(-c2¢(c(n(n2)-c3cccece3-cdeccc(OCC([0-])=0)c4)CC)- 5.9
c5cceec5)ccl0

10 [0O-]C(=0)COc1ccec(-c2ccecc2-n3c(c(c(n3)-c4c(cc(s4)C)C)- 5.9
c5cceec5)CC)cl

11 [0-]C(=0)COc1ccec(-c2ccecec2-n3c(c(c(n3)-c4cc5cc[nH]c554)- 5.9
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c6ceeecb)CC)cl

12 [0-]C(=0)COclccec(-c2ccecc2-n3c(c(c(n3)-c4cc5COCCc5s4)- 5.9
c6ceeeeb)CC)cl

13 [0-]C(=0)COclccec(-c2ccecc2-n3c(c(c(n3)-c4ccc5c(c(c[nH]5)C)c4)- 5.8
cbceeeeb)CC)cl

14 [0-]C(=0)COclccec(-c2ccecc2-n3c(c(c(n3)-c4ccc(s4)NC)- 5.8
c5cceec5)CC)cl

15 [0O-]C(=0)COclccec(-c2ccecc2-n3c(c(c(n3)-c4ccec(N)caN)- 5.8
c5cceec5)CC)cl

16 [0-]C(=0)COclccec(-c2ccecc2-n3c(c(c(n3)-c4ccc([nH]4)C)- 5.8
c5cceec5)CC)cl

17 Oclc(cc(ccl-c2c(c(n(n2)-c3ccccc3-cdcccc(OCC([0-])=0)c4)CC)- 5.8
c5ceeec5)C)C

18 [0-]C(=0)COclccec(-c2ccecc2-n3c(c(c(n3)-c4cnc(OC)c(cd)C)- 5.8
c5cceec5)CC)cl

19 [0-]C(=0)COclccec(-c2ccecc2-n3c(c(c(n3)-c4ccec(N)cd)- 5.8
c5cceec5)CC)cl

20 [0-]C(=0)COclcccc(-c2cceec2-n3c(c(c(n3)-c4cc(ocd)C)-c5cceec5)CC)cl 5.8

21  Clclcece(-c2c(c(n(n2)-c3ccecee3-cdecec(OCC([0-])=0)cd)CC)- 5.8
c5cceec5)cclN

22 [0-]C(=0)COclcccc(-c2ccecec2-n3c(c(c(n3)-cdccec(caN)C)- 5.8
c5cceec5)CC)cl

23 [0-]C(=0)COclcccc(-c2ccecc2-n3c(c(c(n3)-c4cecec(C5CC5)cd)- 5.8
c6ceeceh)CC)cl

24 [0-]C(=0)COc1cccc(-c2cccec2-n3c(c(c(n3)-c4ccc(N)c(N)cd)- 5.8
c5cceec5)CC)cl

25 [0-]C(=0)COc1cccc(-c2ccecec2-n3c(c(c(n3)-cdcc([nH]c4)C)- 5.8
c5cceec5)CC)cl

Table 1.9. 25 top scored compounds (predicted plCso) derived from the series 2 of
the bioisosteric replacement.

1 Oc1c(0C)ccecl-c2c(nn(c2CC)-c3ccecce3-cdecec(OCC([0-])=0)c4)- 6.0
c5cececs
[O-]C(=0)COciccec(-c2ccecc2-n3c(c(c(n3)-c4cceecd)-c5¢[nH]cc5)CC)cl 5.9
[O-]C(=0)COciccec(-c2ccecc2-n3c(c(c(n3)-c4cceccd)-c5ceec[nH]5)CC)cl 5.9

4 Ocl1c(N)ccc(-c2¢(nn(c2CC)-c3cccec3-c4ccec(OCC([0-])=0)c4)- 5.9
c5cceecs5)cl

5 Oclc(sc(n1)N)-c2¢(nn(c2CC)-c3cccec3-c4ccec(OCC([O-])=0)c4)- 5.9
c5cecec5

6 [O-]C(=0)COciccec(-c2cccec2-n3c(c(c(n3)-c4cccccd)- 5.8
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10
11

12

13
14

15

16

17

18

19

20

21
22

23

24

25

c5cec(c(NC)c5)C)CC)cl
[O-]C(=0)COc1ccec(-c2ccecc2-n3c(c(-cdccecc(NCC)cd)c(n3)-
c5ceceec5)CC)cl
Fclccec(O)cl-c2c(nn(c2CC)-c3ccecec3-cdcccc(OCC([0-])=0)c4)-
c5ceeecS
[O-]C(=0)COc1ccec(-c2ccecec2-n3c(c(-c4cnc5c(cd)cc[nH]5)c(n3)-
c6ceeech)CC)cl
[O-]C(=0)COc1ccec(-c2cceec2-n3c(c(c(n3)-c4cccecd)-c5coc(N)c5)CC)cl
Clclc(N)ccecl-c2c(nn(c2CC)-c3cccec3-c4cececc(OCC([O-])=0)c4)-
c5cececS
Oclcc(0)c(0)ccl-c2c(nn(c2CC)-c3cccecc3-cdeccc(OCC([0-])=0)c4)-
c5cececS
[O-]C(=0)COc1ccec(-c2ccecc2-n3c(c(c(n3)-c4cccecd)-c5cec(s5)N)CC)cl
Sc1c(N)cce(-c2¢(nn(c2CC)-c3cccec3-c4ccec(OCC([0-])=0)c4)-
c5ceeecs)cl
Ocl1c(0O)cc(ccl-c2c(nn(c2CC)-c3ccecc3-cdcccc(OCC([0-])=0)c4)-
c5ceecc5)C
Oclccc(-c2¢(nn(c2CC)-c3cccec3-c4ccec(OCC([O-])=0)c4)-
c5cceec5)cc10C
[O-]C(=0)COc1ccec(-c2cceecc2-n3c(c(-c4cece5c(cd)cc[nH]5)c(n3)-
cbceeeeh)CC)cl
FC(F)clcceecl-c2c(nn(c2CC)-c3ccecec3-cdecec(OCC([0-])=0)c4)-
c5ceeecS
Oclcc(nccl-c2c(nn(c2CC)-c3ccececc3-cdecec(OCC([O-])=0)c4)-
c5cceec5)C

[0-]C(=0)COc1ccec(-c2ccecc2-n3c(c(c(n3)-c4ccecccd)-
c5ccccc5NN)CC)cl
Brclcc(-c2c(nn(c2CC)-c3cccece3-cdecec(OCC([0-])=0)cd)-c5cccec5)col
Brclcec([nH]1)-c2c(nn(c2CC)-c3cccece3-cdecec(OCC([0-])=0)c4)-
c5cceech
Oc1c(0O)cceccl-c2c¢(nn(c2CC)-c3cccee3-cdecec(OCC([0-])=0)c4)-
c5cceech
Clclccec(-c2¢(nn(c2CC)-c3cceee3-c4cecc(OCC([0-])=0)c4)-
c5cceec5)c10
[0-]C(=0)COc1ccec(-c2ccecc2-n3c(c(c(n3)-c4ccecccd)-
c5¢(0C)ces5)CC)cl

5.8

5.8

5.8

5.8
5.8

5.8

5.8
5.8

5.7

5.7

5.7

5.7

5.7

5.7

5.7
5.7

5.7

5.7

5.7
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Table 1.10. 25 top scored compounds (predicted plCso) derived from the series 3 of
the bioisosteric replacement.

1 Brclc(nc(ncl-c2ccecc2-c3ccec(OCC([0-])=0)c3)-c4cccecd)-c5cceees 6.5

2 [0-]C(=0)COc1ccec(-c2cccec2-n3c(N)c(c(c3C)-cdccececd)-c5ceeecs)cl 6.3

3 Clclc(nc(ncl-c2ccececc2-c3ccec(OCC([0-])=0)c3)-c4cccecd)-c5ccceces 6.3

4 [O-]C(=0)COc1ccec(-c2cceecc2-c3c(c(nc(n3)-cdcceeced)-c5cecec5)CC)cd 6.3

5 Fclc(nc(ncl-c2cceec2-c3cecc(OCC([0-])=0)c3)-c4cccccd)-c5ceeecs 6.2

6 [0-]C(=0)COc1ccee(-c2ccecc2/C(=N/Oc3cccee3)cdcccccdOc5ccecc5)cl 6.1

7 OCCOc1c(c(nc(n1)-c2cceccc2-c3ccec(OCC([0-])=0)c3)-ca4cccccd)- 6.0
c5cceech

8 [0-]C(=0)COc1ccec(-c2ccecc2-n3cdc(c(n3)-c5ceeec5)c(n[nH]4)- 6.0
cbceeeeh)cl

9 [O-]C(=0)COc1ccec(-c2ccccc20C[C@ @H](Nc3ccccec3)COc4cccecd)cl 6.0

10 [O-]C(=0)COclccec(-c2cceecc2-c3¢(CCC)c(c([nH]3)-c4cccecd)- 6.0
c5ceceec5)cl

11 [O-]C(=0)COclccec(-c2cccec2-c3csclc(c(nn34)-c5ceecc5)-cbeecceet)cl 6.0

12 [0-]C(=0)COclccec(-c2cccec2-c3c(c(c([nH]3)-c4cccccd)- 6.0
c5ccecc5)CC)cl

13 [0-]C(=0)COclccec(-c2ccecc2-n3cc(c(c3CC)-c4cccecd)-c5cececec5)cl 6.0

14 O=C(O[C@@H]([C@H](OC(=0)C)clcccccl)c2cccec2)c3cccee3- 5.9

c4ccec(OCC([0-])=0)ca
15 Clclc(OC(=0)C)c(c(nc1-c2cccecc2-c3ccec(OCC([0-])=0)c3)-c4cccecd)- 5.9

c5cceech

16 [0-]C(=0)CCclc(nn(cl-c2cceec2)-c3ccccc3)-cdcecceced-c5ceec(OCC([O- 5.9
1)=0)c5

17 [0-]C(=0)COclccec(-c2cceec2-n3c4dc(c(c(o4d)-c5cceec5)- 5.9
cbceeech)c(n3)C)cl

18 [0-]C(=0)COclccec(-c2cceecc2-c3cec(c(n3C)-c4cceccd)-c5cecec5)cl 5.9

19 0=S(=0)(Nclcc(c(ccl-c2ccecec2-c3ccec(OCC([0-])=0)c3)-c4cccecd)- 5.9
c5ccecc5)C

20 Clclc(-c2cececec2)ce(ncl-c3cecee3-c4ccec(OCC([0-])=0)cd)-c5cceecs 5.9

21 0=C(0C)clc(c(nnl-c2cccecec2-c3ccec(OCC([0-])=0)c3)-cdcccecd)- 5.9
c5cceech

22 [0-]C(=0)COc1ccec(-c2cccec2-c3cc(c(n3CC)-clccececd)-c5ceeec5)cl 5.9

23 [0-]C(=0)COc1cccc(-c2cceec2-c3c(c(c([nH]3)-c4cccecd)-c5ceecec5)C)cl 5.9

24 [0-]C(=0)COclcccc(- 5.9

c2ccccc2[C@@H]3CN([C@](03)(c4cccec4)C)c5cccec5)cl
25 [0-]C(=0)COc1cccc(-c2cccec2-c3cc(c([nH]3)-cdcccecd)-c5ceeec5)cl 5.9
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Table 1.11. 25 top scored compounds (predicted plCso) derived from the series 4 of
the bioisosteric replacement.

1 0O=Cclccc(-c2cccec2-n3c(c(c(n3)-c4cccecd)-c5cecee5)CC)ec10CC([O- 6.3

1)=0

2 [O-]C(=0)Nclc2c(sn1)ccc(-c3ccecee3-n4c(c(c(nd)-c5cceecs)- 6.3
c6ceeecb)CC)c2

3 Fclccc(-c2ccecec2-n3c(c(c(n3)-cdcccecd)- 6.3
c5cceec5)CC)ecl[C@H](0)C([0-])=0

4 0=C(N1CCc2ccc(-c3cccecc3-n4c(c(c(n4)-c5ceecch)- 6.3
c6ceeec6)CC)ec21)CC([0-])=0

5 0=C(0C)clccc(-c2cccecc2-n3c(c(c(n3)-cdccececd)- 6.3
c5cceec5)CC)ecc10CC([0-])=0

6 0=C(OCC([0-])=0O)N1CCC[C@H]1Cc2ccccc2-n3c(c(c(n3)-c4cccecd)- 6.3
c5ceeec5)CC

7 O=C(N1[C@H](CC[C@@H](C1)c2ccccc2-n3c(c(c(n3)-c4cccecd)- 6.2
c5cceec5)CC)C)CC([0-])=0

8 0=C(c1c(cc(c(-c2ccecec2-n3c(c(c(n3)-c4cccecd)- 6.2

c5cceec5)CC)c1)C)C)CC([0-])=0
9 Fclccc(-c2ceecec2-n3c(c(c(n3)-cdcccecd)-c5cccee5)CC)eclCC([0-])=0 6.1

10 0=S(=0)(NC([0-])=0)clccc(s1)-c2cccecc2-n3c(c(c(n3)-c4cccccd)- 6.1
c5cceec5)CC

11  Oclcc(c(-c2cccec2-n3c(c(c(n3)-c4cccecd)-c5ccecec5)CC)ecl CC([O- 6.1
1)=0)C

12 [0-]C(=0)Cn1c2cc(-c3cccec3-n4c(c(c(nd)-c5cceecs)- 6.1
c6ceeech)CC)eec2enl

13  0=S(=0)(CC([0-])=0)clnc(-c2cccec2-n3c(c(c(n3)-c4cccecd)- 6.1
c5cceec5)CC)esl

14  Oclccc(S(=0)(=0)NC([0-])=0)cc1-c2ccccc2-n3c(c(c(n3)-cdcccecd)- 6.1
c5ceeec5)CC

15 0=C(N)clccc(-c2ccecc2-n3c(c(c(n3)-c4ccececcd)- 6.1

c5cceec5)CC)ccINCC([0-])=0
16  Clclcec(-c2cceec2-n3c(c(c(n3)-c4cceeccd)-c5ceeec5)CC)cc1OCC([0-])=0 6.1

17 0=S(=0)(NC([0-])=0)cl1c(N)ccc(cl)-c2cceecc2-n3c(c(c(n3)-c4cccecd)- 6.1
c5cceec5)CC

18 0=C(NCC([0-])=0)CCNcilcccccl-n2c(c(c(n2)-c3cccee3)-cdecceecd)CC 6.1

19 O0=C(N1C[C@H](S[C@@H](C1)C)c2ccccc2-n3c(c(c(n3)-c4cccecd)- 6.0
c5cceec5)CC)CC([0-])=0

20 [0O-]C(SSCCCclccececl-n2c(c(c(n2)-c3cceece3)-c4cccccd)CC)=0 6.0

21  Oclccc(-c2cceec2-n3c(c(c(n3)-c4cceecd)-c5ceeee5)CC)eclCC([0-])=0 6.0
22 0O=C(SC([0-])=0)ciccce(-c2ccecec2-n3c(c(c(n3)-c4cceeccd)- 6.0
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c5ccecc5)CC)cl
23 Fclcec(-c2ccecc2-n3c(c(c(n3)-c4ccceced)-c5ceecc5)CC)ecl/C=C\C([O- 6.0
1)=0
24 Fclcec(F)c(ccl-c2cceecc2-n3c(c(c(n3)-cdcccecd)-c5eccec5)CC)CC([0-])=0 6.0
25 0=C1C0c2ccc(-c3cceece3-ndc(c(c(nd)-c5ceeech)- 6.0

c6ceeeech)CC)ec2N1CC([0-])=0

Table 1.12. 25 top scored compounds (predicted plCso) derived from the series 5 of
the bioisosteric replacement.

1 O=C(NC([0O-])=0)COC(=0)c1c(-n2c(c(c(n2)-c3cccec3)-cdcccccd)CC)ecsl 6.7

2 [0-]C(=0)cinnc2n1N=C(c3ccccc3-n4c(c(c(n4)-c5ceecc5)- 6.5
c6ceeeeh)CC)CS2

3 O=C(O[C@H](C)C([0-])=0)clccceccl-n2c(c(c(n2)-c3cceec3)- 6.4
cdcceccd)CC

4 O=C(N[C@H]1CCC[C@ @H]([C@@H]1n2c(c(c(n2)-c3cccee3)- 6.4
c4cceeccd)CC)C)CSC([0-])=0

5 0=C1C(CCC([0-])=0)=CCN1CCn2c(c(c(n2)-c3cccecc3)-cdccceed)CC 6.3

6 O=C(N[C@H](CC([0-])=0)C)c1c(-n2c(c(c(n2)-c3cccec3)- 6.3
c4dcceccd)CC)eesl

7  S/C(NCclcceecel-n2c(c(c(n2)-c3cccec3)-c4ccececd)CC)=N/C([0-])=0 6.3

8 [0-1C(=0)/N=C(\NCCclcccccl-n2c(c(c(n2)-c3cccec3)-cdcccecd)CC)N 6.3

9 0O=C(0CC([0-])=0)CS[C@H](n1c(c(c(n1)-c2cceecc2)-c3cceec3)CC)C 6.2

10 0=C(Nclccc(N)cc1-n2c(c(c(n2)-c3ccece3)-c4cceccd)CC)CCC([0-])=0 6.2

11  0=C(NCCC([0-])=0)clcccn1-n2c(c(c(n2)-c3ccecec3)-cdcccecd)CC 6.2

12 0=C(NCclcccccl-n2c(c(c(n2)-c3cccee3)-c4cccecd)CC)/C=C\C([0-])=0 6.2

13 0=C(OCC([0-])=0)CSCn1c(c(c(n1)-c2cceecc2)-c3cceec3)CC 6.2

14  0O=C(NCCC([0-])=0)clccc(N)cc1-n2c(c(c(n2)-c3cccec3)-cdcccecd)CC 6.1

15 [0O-]C(=0)Cclcn(nnl)C[C@H]2CC[C@H](02)n3c(c(c(n3)-cdcccecd)- 6.1
c5cecec5)CC

16 0=C(O[C@H](C)C([0O-])=0)c1c(-n2c(c(c(n2)-c3cccec3)- 6.1

c4ccececd)CC)c5cecec501
17 Clclccee(NC(=0)CSC([0-])=0)c1-n2c(c(c(n2)-c3ccecec3)-cdcccccd)CC 6.1

18 0=C(OCC([0-])=0)Cclcccccl-n2c(c(c(n2)-c3cccee3)-cdecceccd)CC 6.1

19 0=C(NCC([0-])=0)CSCCn1c(c(c(nl)-c2ccecec2)-c3ccecc3)CC 6.1

20 [O-]C(=0)[C@@H]1c2c(CCO1)cn(n2)CCn3c(c(c(n3)-cdcccecd)- 6.1
c5ceccc5)CC

21  Clclccee(-n2c(c(c(n2)-c3ccecce3)-cdceccecd)CC)c1CC(=0)NCC([0-])=0 6.1
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22 0=C(Nclcccccl-n2c(c(c(n2)-c3ccecec3)-cdcccecd)CC)CCC([0-])=0 6.1
23 0=C(Oclccc(ccl-n2c(c(c(n2)-c3cccec3)-cdeccecd)CC)C)CCC([0-])=0 6.0
24 O=C(NCCC([0O-])=0)c1c(-n2c(c(c(n2)-c3cceece3)-c4cceecd)CC)nc(s1)N 6.0
25 [0-]C(=0)Cclcceccc10CCn2c(c(c(n2)-c3cccec3)-cdeccecd)CC 6.0

Table 1.13. 25 top scored compounds (predicted plCso) derived from the series 6 of
the bioisosteric replacement.

1 [O- 7.3
]C(SC1=[N+][C@](C[C@ @]2(Nc3cccce3N12)c4cccccd)(c5cceec5)C)=0
2 O=C(NC(C([0-])=0)C([0-])=0)[C@H](Cclcccecl)c2ccecc? 7.2
3 S=C(N(Nclccceel)c2ccecc2)CCCC([0-])=0 6.6
4  S=C(NN=C(Cclcccccl)Cc2cccec2)C([0-])=0 6.5
5 O=C([C@@H]1[C@H](O[C@](01)(c2ccccc2)C)c3cccec3)[C@H](OC)C([ 6.5
0-])=0
6  0O=C(OC([O-])=0)CS[C@H]1[C@@H](O[C@ @H](C1)c2cccec2)c3cceccc3 6.5
7  [O-]C(=O)NCC[C@@H](c1cccecl)COc2ccccc2 6.4
8 [0-]C(=0)CC([C@@H]([C@H]([C@H](clcccecl)C)c2cccec2)C)=C 6.4
9 [O- 6.4
]C(=0)[C@H]1[C@H](OC[C@ @H](01)[C@@H](Cc2cccce2)c3cccec3)0
C
10 0O=C(N(Cclcccccl)Cc2cccce2)[C@@H](CC([0-])=0)C 6.4

11 0=Cl[C@@H](N2C(=0)[C@](O[C@@]2([C@@H]3CCCN13)c4cccccd)( 6.3
c5cceec5)C)CC([0-])=0

12 [0-]C(=0)/C=C\C[C@H](Cclcccccl)c2cccec2 6.3

13 0=CiC[C@@H]([C@@H]([C@@H]1c2cccec2)/C=C/[C@H](O)C([O- 6.3
1)=0)c3cccec3

14 [O- 6.3
]C(=0)NC[C@H]1C[C@@H]2CC[C@]1([C@ @]2(c3cccee3)C)cdeccecd

15 [O- 6.2
1IN+](=0)c1c(N)cc2c(C[C@H]([C@](02)(c3cccce3)C)cdeccccd)c1C([O-
1)=0

16 [0O-]C(=0)C(OC[C@H](Cclcccecl)c2ccccc2)C([0-])=0 6.2

17 [O-]C(O[C@H](OC)CC/C(clccceccl)=C/c2cccec2)=0 6.2

18 O[C@]1(CCC[C@]2(CCIC@@H](C[C@@]12c3cccee3)C(C([O- 6.2
]1)=0)=C)C)c4cccccd

19 Clclcec(N(Cc2cccec2)Ce3cccce3)cclC([0-])=0 6.2

20 O=C(OC)[C@@H]l[C@@]2(01)[C@@H](O[C@@H]([C@@H]2c3ccccc 6.2
3)c4cceccd)CC([0-])=0
21 O[C@@H]1CC(=C[C@H]([C@H]1c2cccec2)c3ccccc3)C(=0)C([0-])=0 6.2
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22 O[C@@H](C[C@H]1[C@@]([C@@H]1c2ccccc)(c3cceec3)C)C(=0)C([ 6.2

0-))=0
23 O[C@H]1[C@@H](C[C@@H](C[C@H]1CC([O-])=0)c2cccee2)c3cccec3 6.2
24  [O-]C(=0)[C@H]1C[C@H]1CC[C@@H](Nc2cccec2)c3cceec3 6.2

25 0=S(=0)(NCl[C@@]([C@@]1(c2cccec2)C)(c3ccccc3)C)N(C)C([0-])=0 6.2

Table 1.14. 50 top scored FDA approved drugs with their predicted plCso.

Cefditoren 8.7
Febuxostat 8.4
Alatrofloxacin 8.2
Eprosartan 8.2
Quinapril 7.9
Nedocromil 7.7
Pentosan Polysulfate 7.7
Sacubitril 7.6
Enalaprilat 7.3
Ceftriaxone 7.1
Riboflavin Phosphate 7.1
Penicillin G 7.0
Tizoxanide 7.0
Amfenac 6.9
Apixaban 6.9
Argatroban 6.9
Cabergoline 6.9
Cefixime 6.9
Gemifloxacin 6.9
Apremilast 6.8
Axitinib 6.8
Bromfenac 6.8
Dolutegravir 6.8
Azilsartan Kamedoxomil 6.8
Nalidixic Acid 6.8
Sulfathiazole 6.8
Aztreonam 6.7
Lodoxamide 6.7
Lomefloxacin 6.7
Cefotaxime 6.6
Cidofovir 6.6

Cinoxacin 6.6




45

Ketoprofen 6.6
Lisinopril 6.6
Quinaprilat 6.6
Benazeprilat 6.5
Eluxadoline 6.5
Finafloxacin 6.5
Moxalactam 6.5
Sulfasalazine 6.5
Belinostat 6.4
Besifloxacin 6.4
Dinoprost 6.4
Doxycycline 6.4
Ethacrynate 6.4
Meloxicam 6.4
Valdecoxib 6.4
Carglumic Acid 6.3
Felbamate 6.3
Ketorolac 6.3

1.4.6 Evaluation of AST_1-3 in the 3D-QSAR model

Considering the designed thiazoles AST_1-3 promising from the
synthetic point of view, and promising accordingly with the docking
results, the three molecules were also evaluated in the 3D-QSAR
model. The molecules were imported into Forge and aligned with the
3D-QSAR model. Once aligned the molecules were scored assuming
that if the fields of AST_1-3 are very similar to that of the original
compounds, the resulting compounds will have similar biological
properties.[’? 72 |nterestingly, even in the ligand-based approach, the
selected molecules gave positive results. The three molecules AST 1-
3 were predicted to have a predicted plCso of 5.4, 5.9 and 5.6,
respectively, which correspond to an ICsp of 3.98, 1.25 and 2.51 uM.

1.5. Synthesis of the leads compounds

Considering that the three thiazole-based compounds AST_1-3
gave promising results in both the structure- and the ligand-based
approaches, a synthetic pathway for the three compounds was
designed. The synthesis (Scheme 1.1) starts from commercially
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available aldehydes: benzaldehyde, naphthaldehyde, and 4-chloro
benzaldehyde, and the Grignard reagent generated in situ by benzyl
bromide and magnesium. After obtaining the secondary alcohol, this
was first oxidized with PCC and then monohalogenated, at the alpha
position, with bromine under acidic conditions. The 2-aminobenzene-
1-carbothioamide was generated from the respective amide and the
Lawesson’s reagent. Then the thioamide was reacted with the
compound 12 to give the thiazole derivatives. After obtaining the
butynoic acid by the oxidation of the 3-butyn-1-ol, and the azide, from
the amine portion of compound 15 treated with t-BuONO and
azidotrimethylsilane, the final structure was assembled by the azide-
alkyne Huisgen cycloaddition in the copper(l) catalyzed variant, in
which organic azides and terminal alkynes are united to afford 1,4-
regioisomers of 1,2,3-triazoles as sole products.
MgX 4O, 1h —o°C

Et,0, 3h, 1t
>

l PCC. CHZCIZ
l Bry, CHCly,
4h, reflux
O Lawesson's NH2
reagent
R HoN -
13
l MeOH, reflux
24h
Q%R "
CuSO0,, THF, _ —
12h, 1t TbuONO, TMSN;
S__N - S__N THF,1h, 0°C _
N=N -—
N 9 N
N 3
A
HOQ {j S A, \[5 {j
AST_1-3 7oL -
T CrO4, H,S0,,
CH,Cly, 3h, 0 °C
HOL

16
Scheme 1.1. Synthetic scheme for the molecules AST_1-3.
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1.6. FABP4 inhibition evaluation

Inhibition activity assay for FABP4 was performed by using a
commercially available FABP4 inhibitor screening assay kit. FABP4
inhibition activity was determined by measuring the decreasing in
fluorescence of a detection reagent present in the kit when displaced
by an inhibitor of FABP4. In fact, the detection reagent exhibits
increased fluorescence when bound to FABP4, the binding of the
detection reagent can be monitored by exciting at 370 nm and
measuring the emission at 470 nm. Therefore, any powerful inhibitor
of such a protein can displace the detection reagent, which binds to
the same binding pocket and thereby reducing the fluorescence.
Inhibition activity data are expressed as ICso (LM) and obtained results
are outlined in Table 1.14. Arachidonic acid, a known powerful ligand
of FABP4, was used as a positive control and revealed an ICsp of 3.06
UM. Our set of compounds, AST_1-3, revealed ICso values of 5.59,
3.70, and 4.31, respectively.

Table 1.14. measured ICso values for Arachidonic acid and AST_1-3 in FABPA4.

Compounds ICs0 (LM)

Arachidonic acid 3.06 £0.22
AST 1 5.59 % 0.79
AST 2 3.70+0.34
AST 3 431+0.67

1.7. Conclusion and perspective

FABP4 provides an attractive therapeutic and diagnostic target for
a variety of diseases. FABP4 plays a relevant role in the development
of insulin resistance, atherosclerosis, and metabolic diseases;
therefore, the inhibition of such a transporter can be useful for the
treatment of these diseases, as demonstrated by the animal models.
[76-791 EABP4 inhibitors could also be effective for the treatment of
cancer patients via the inhibition or reduction of early-stage tumors
and metastasis, and can also be effective as a biomarker for the
diagnosis of different types of cancer.[80-86]

Additionally, FABPs are transporters for endocannabinoids.!87-29 |t
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is possible to identify an agent for its effect on the treatment of a
neurological disorder by testing the agent for its ability to modulate
the interaction of an endocannabinoid with an intracellular FABP.
Therefore, FABP inhibitors could also be used for the treatment of
neurological disorders.

In this project, different molecules were theorized as possible
inhibitors of FABP4 by means of CADD. Particularly, using a bimodal
approach; structure-based followed by ligand-based, three new
potent ligands of FABP4 were individuated and synthesized. Their
effective binding properties toward FABP4 were tested by means of a
displacement assay and the three molecules results as FABP4 binders
with an ICso between 3.70 and 5.59 UM. Moreover, a huge number of
different other molecules were theorized to be as effective as the
three synthesized, and interesting results also came out from the
scaffold hopping of the BMS309403 and from the evaluation of an FDA
approved drugs database in the QSAR model. Accordingly, with these
results, a simple modification of different part of the gold standard
BMS309403 can retain the activity and in different cases can also
improve the activity of the molecule, and different already approved
drugs can be effective FABP4 binders. These findings, of course, should
be verified but can be a good starting point for the researchers in the
field, particularly considering that the same model that is predicting
these results was effective in predicting the ability of the synthesized
and tested compounds AST_1-3. Surely, all of these findings will lead
our future research in the field of the development of FABP4 inhibitors
considering this transporter as a very promising target the ultimate
goal is to finally bring optimal molecules into clinical research phase.
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Chapter 2. Design and synthesis of gallium-68 chelators for positron
emission tomography

2.1. Introduction

Radiometals are radioactive isotopes that can be exploited for
applications in medical diagnosis, as well as for cancer therapy, and
gallium has been recently employed as a radiometal. To use effectively
these isotopes for the designed specific biological applications, the
unbound ion of the radiometal must be sequestered from aqueous
solution using chelators agents. A biologically targeting molecule is
generally covalently bonded to the chelating molecules used for this
application, making an active radiopharmaceutical agent. When
injected into a patient, the targeting molecule, which tightly binds a
radiometal ion thanks to the chelating moieties, can deliver the
isotope without radiometal loss and effectively supply an in vivo site-
specific radioactive source for imaging or therapy. Every day, a rapidly
expanding number of radiometals, with a broad variety of half-lives,
emission types, energies, and branching ratios, are generated. The
availability of a wide range of radiometal ions makes it possible to
precisely pick the specific nuclear properties that are needed for a
different number of applications. ®8Ga, ®*Cu, 86y, 87Zr, and **Sc are
some examples of radiometals that can be used for positron emission
tomography (PET) imaging, providing a sensitive, quantitative, and
non-invasive image of a variety of molecular processes and targets into
the human body. Differently to the PET, the single photon emission
computed tomography (SPECT) is an older (since the 1960s) and more
ubiquitous imaging technique and the *Tc has been the most used
isotope of SPECT for a long time. More recently, other radiometals
such as ®’Ga, 1n, and ’’Lu have been started to be used for SPECT
imaging, particularly in chelator-based radiopharmaceuticals. On the
other hand, different particle emitters such as 'In (Auger electron
emitter), °°Y and 77Lu (%), and 2%°Ac, 212Pb, and 2!3Bi (9), are being
heavily investigated for therapy applications, typically in conjunction
with antibody vectors or peptides. Each radiometal ion has unique
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aqueous coordination chemistry properties; these different properties
must be properly exploited if these isotopes have to be safely used for
medical applications and in vivo use. The major difference between
the hot-radioactive and the cold-nonradioactive metal ion chemistry is
that radiochelation is normally performed under extremely dilute
conditions, with radiometal ions being used at nM to pM
concentrations. This means that the chelating moiety of the
radiopharmaceutical must be coordinated efficaciously by the metal,
in order to work at such low concentrations. Interesting to notice that
several of the elements being discussed have multiple radioactive
isotopes that are useful for diagnostic or therapeutic purposes (e.g.
86/90y 67/68Gg, 44/475¢, €0/61/62/64Cyy) and all isotopes of a given element
have identical chemistry. Moreover, is also thanks to this that a single
radiopharmaceutical agent can easily be labeled with different
radioisotopes. Infrastructures in hospitals and radiopharmacies have
been developed around Technetium-99 labeling protocols, where a
generator is eluted multiple times per day to produce diverse tracers
by reconstituting commercially available “cold kits” compatible with
good manufacturing practice.®! In these environments, speed,
simplicity, and reproducibility of radiolabeling are of fundamental
importance. With the growth of '8F and '1C PET tracers for imaging,
more diverse, complex and costly infrastructure were generated to
support PET because a kit model is not compatible for that tracers and
to the need for an on-site cyclotron and more complex synthetic
chemistry. Nevertheless, ®8Ga generators are compatible with good
manufacturing practice and can be available to kit production if a
simple chelation step can be achieved.’> %3 This would make %Ga
tracers widely available without the costly infrastructure associated
with *F and *IC tracer production. This concept was suggested more
than twenty years ago,®* 9>l but despite several recent attempts of kit-
based 8Ga tracer production,®® an ideal one-step procedure for %8Ga
radiolabeling, with the same simplicity of the long-established **™Tc-
labeling procedures requiring only the addition of generator eluate to
the kit vial, has not yet been achieved. To reach this end, the chelator
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must have several characteristic: its radiolabeling should reach
completion (more than 95%) quickly (in less than 5 min) at room
temperature, must not be affected by common trace metals, and must
be ready to use (without additional steps to concentrate, buffer or
purify). Its complex should also resist to the in vivo transchelation (e.g.
by transferrin and other iron-binding molecules), and the conjugation
and radiolabeling should not produce mixtures of diastereomers,
enantiomers or geometric isomers. Of course, no adverse
pharmacokinetics e.g. delayed clearance or non-specific binding,
should also be produced.

The current generation of ®8Ga chelators does not satisfy all these
criteria. For example, the widely adopted macrocycle DOTA (Figure
2.1),°1 while complexing Ga3* with extraordinarily high kinetic
stability, has very slow complexing kinetics that requires heat, a large
amount of the biomolecule (DOTA conjugate), and low pH. Moreover,
the low yields (less than 95%) necessitate a purification step. These
factors increase the process complexity, limits the specific activity and
may damage the biomolecule. Recently, different new molecules have
been published with improved characteristics, but they have not
eliminated all the previously reported problems. NOTA, TRAP, and
DEDPA (Figure 2.1) are promising but, like DOTA, require acidic
conditions, and are particularly vulnerable to competition from
contaminating trace metals.[°®1U The DATA series of chelators show
rapid, room temperature labeling at pH 5; the DATAPPh variant can be
labeled in 15 min at pH 7 but requires preprocessed eluate.[1%2

A new class of radiochelators that promises to have the
requirements for a kit-based labeling is the THP system. The THP
(trishydroxypyridinone) can complex ©%Ga rapidly at room
temperature and pH = 7, with high yield and purity. Its performance
has previously been evaluated against a range of common chelators,
including HBED, resulting e better candidate for radiolabeling under
mild conditions. THP has also been functionalized for conjugation to
peptides and proteins while retaining the required mild radiolabeling
and in vivo targeting properties.[103-105]
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Figure 2.1. Structures of some ®Ga chelators of current generation.

2.1.1 %Ga uses and production

®8Ga is normally utilized in radiopharmaceuticals for cancer
diagnostics; however, it is also used for imaging of myocardial
perfusion, pulmonary perfusion, and ventilation as well as
inflammation and infection. The monitoring of the transplantation and
survival of beta cells in diabetes mellitus is one more growing
application area of ®8Ga. 1196 197] The characteristics of %8Ga, like its
availability from a generator system and the possibility for kit type
radiopharmaceutical preparation, make this radionuclide as useful as
Technetium-99, but with some additional advantages such as higher
sensitivity, resolution, quantification and dynamic scanning.
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Moreover, some therapeutic radionuclides resemble the coordination
chemistry of Ga3*, making possible the chelation of the radioisotope
easily. The most relevant advantages of the Gallium in PET imaging are
the high positron emission fraction (89%, Emax: 1899 keV, Emean: 890
keV) and the half-life of 68 min. In this way, this radioisotope provides
sufficient levels of radioactivity for high-quality images while
minimizing radiation dose to the patient and personnel. It also needs
short scanning time and enables repetitive examinations. In modern
generators, %8Ga is obtained in ionic (Ga3") form. Ga" is the only
oxidation state stable at physiological pH; moreover, it can be easily
chelated in an octahedral fashion by different chelating agents.[1%8! The
long shelf-life generator (tx(®8Ge) = 270.95 d) is affordable, easy to use
and a steady source of the radionuclide for medical centers compared
with a cyclotron. However, it does not require radiation-shielding
constructions, consumption of energy and qualified personnel for the
running and maintenance. A generator is a contained system
containing an equilibrium of parent/daughter radionuclide mixture.
Modern commercial generators are formed by a small
chromatographic column situated in a shielding container (Figure 2.2).
68Ge is produced in a cyclotron from stable Ga-69 isotope. Then, ®8Ge
is immobilized on a column inside the generator where it
spontaneously decays to ®8Ga Eq. (1), which can then be eluted by an
eluent. ®8Ga decays in its turn to stable Zn(ll) Eq.(2). Thus Ge, Ga, and
Zn elements coexist in the generator all together and can be found in
the eluate solution.

N
N

Eluent

" inlet

Coloumn
-

Outlet

88Ga<——

Lead shielding

T
R
N~

Figure 2.2. Schematic presentation of the cross-section of a column-based gallium
generator.
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88Ge+ ¢ > 3Ga+v (1)

88Ga—> $8Zn+ BT +v;p on+ pH+v (2)

Historically, there have been two different Germanium-Gallium
separation methods. The liquid/liquid extraction and the
chromatography with various eluents. The column technique is most
widely used with various sorbents made of inorganic, organic and also
mixed materials (Table 2.1). Most of the commercially available
generators use acidic eluent since it provides cationic Ga** for the
further direct chelation chemistry. Inorganic column sorbents are used
more widely as they are less sensitive to radiolysis.

Table 2.1. Examples of column based ®®Ge/%®Ga generators.
58Ge/%8Ga Generator Column Matrix

Inorganic (Eluent) Organic (Eluent)
Sn02 (1 M HCI) Pyrogallol-formaldehyde (0.3 M HCl)
TiO2 (0.1 M HCI) Nanoceria-polyacrylonitrile (0.1 M HCI)

Ce0; (0.02 M HCl)

The modern generators are based on chromatography and provide
different advantages such as long shelf-life of 1-2 year, stable column
matrixes, cationic chemical form of ®Ga(lll) allowing subsequent
versatile and direct labeling chemistry as well as reproducible
performance. There are several available generators, with variation in
the molarity of HCl eluent and metal cation content. The first
generator of pharmaceutical grade appeared on the market in 2014.

2.1.2 Targeting peptide bioconjugates against cancer

Natural peptides account for up to seven thousand different
entities with central roles in mammalian physiology. They can have a
different function in relation to their structure (e.g. hormones, growth
factors, channel protein ligands, neurotransmitters, and antimicrobial
agents).[109113] peptides are normally characterized by selectivity and
efficiency in the activation of their targets, and peptides are usually
considered safe and well tolerated by patients. In fact, the ones we call
targeting peptides and the bioconjugate-targeting peptides are
nowadays make up a weapon of choice for the selective targeting of
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different and complex diseases, with therapeutic and imaging
applications.!114

Cancer-related deaths are estimated to reach 11.5 million in
2030.11%31 For different cancer types, the cause of the death of the
patient is due to the absence of effective treatments, systemic toxicity
caused by the chemotherapy and/or development of resistance
against the chosen treatment. Indeed, many of the available drugs
which don’t target the cancer cell only cause unwanted adverse
effects. For example, it is worth to remember that cytotoxic
chemotherapies normally have as main target the high division rate of
cancer cells, damaging the exposed DNA or blocking the cell
proliferation. Unfortunately, normal non-cancerogenic cells are also
affected by such drugs, causing serious side-effects to the patients.
One possible solution to this challenge is the one to use targeted
therapies.'’®! Most of the recently proposed targeted therapies
consist of small molecules and antibodies that specifically target
essential molecular mechanisms of the tumor growth. For instance,
erlotinib was approved by the U.S. Food and Drug Administration as a
tyrosine kinase inhibitor, its mechanism of action include a blocking of
the activity of the key growth factor receptors responsible for tumor
cell proliferation and metastasis, it blocks the epidermal growth factor
receptor (EGFR) overexpressed in pancreatic or lung cancers and has
shown to benefit the patients.[!7"11%] On the other hand, different
targeting antibodies have been studied and developed. Bevacizumab
is a recombinant humanized monoclonal antibody and, in 2004, it
became the first clinically used angiogenesis inhibitor. This antibody
binds to the vascular endothelial growth factor (VEGF) and prevents its
binding to the receptor and induction of the angiogenic process. In the
absence of the signal induced by the VEFG the tumor mass collapse
due to an inadequate nurturing via the blood flow.[*2% However, the
productions of antibodies and proteins are associated with high cost
and remain the major limitations of the protein-and the antibody-
based biopharmaceuticals. Fortunately, peptides appear at the
interface of small molecules and proteins in regard to the production
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complexity and costs. Thus, they have been intensively investigated in
pre-clinical studies for the development of new imaging moieties and
drug conjugates to visualize and destroy tumor cells.[121]

Due to their unique properties, selective receptor-targeting
peptide-based agents have also attracted attention in molecular
imaging of tumors cells that overexpress corresponding peptide
receptors. Among them, many radiolabeled peptides have already
been translated into the clinic with impressive diagnostic accuracy and
sensitivity.[122] Peptide-based imaging agents in nuclear medicine have
tremendous utility in diagnosis, prognosis, and selection of
therapeutic regimes for patients. Radiometals can be incorporated
into clinically relevant peptides via a bifunctional chelator, providing
effective and sensitive radiotracers that can be prepared conveniently
in a radiopharmacy.[123-128l

2.1.3 c-Met

c-Met is a receptor tyrosine kinase that, after activated by its ligand,
hepatocyte growth factor (HGF), mediates a different range of
intracellular signaling pathways. Particularly, some of the signaling
pathways are related to proliferation, motility, migration, and invasion
of cancer cells.['??! |ts natural ligand is the HGF and, of course, they
have, under non-tumorigenic physiological conditions, different
function (e.g. during early embryogenesis).[*30 131

Aberrant HGF/c-Met signaling is involved in the development and
metastatic progression of several tumor types, including colorectal
cancer, gastric cancer, and gastro-esophageal cancer, renal, ovarian,
lung, breast, cervical, pancreatic, as well as melanoma are others
examples.[3213% Aberrant c-Met signaling activation occurs frequently
in gastrointestinal tumors and can result from multiple mechanisms,
including protein overexpression, MET (the gene that encoded for c-
Met) amplification or enhanced transcription and/or aberrant
autocrine or paracrine secretion of HGF. Once activated, the c-Met
signaling results in enhanced cancer cell proliferation, survival and
invasion, and the elevated c-Met expression/amplification has been
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associated with a poor clinical outcome, an elevated occurrence of
metastasis, and an increased drug resistance of cancer.

All of these characteristics indicate that this protein receptor is an
active participant in cancer initiation and progression, and thus the
monitoring of c-Met expression in real time could potentially assist in
the diagnosis and in the monitoring of response to therapy.[140-142]

Numerous studies also suggest that c-Met is an interesting target
for small inhibitor molecules in cancer therapy because blocking of this
protein pathway can inhibit tumor growth and metastasis.[143 144
Multiple clinical trials have adopted small-molecules inhibitors and
monoclonal antibodies against c-Met pathways as cancer therapeutic
agents.[145-147]

Improved diagnostic methods for the identification of suitable
patient population for c-Met targeted therapy are of fundamental
importance to improve clinical outcome of c-Met aberrant cancers.
Nowadays, the patient selection is normally centered on
immunohistochemistry or fluorescent in situ hybridization. Even if
these methods can provide quantitative information about c-Met
abundance, they have important limitations in at least two different
scenarios. They are not able to reflect the c-Met expression fluctuation
over time, and they cannot deal with the c-Met heterogeneity in
different tumor sites. Considering this scenario, PET imaging can
overcome these limitations because of its high sensitivity in the real-
time detection of molecular events.

Several radiolabeled antibodies against c-Met have already been
used for in vivo tumor targeting. PRS-110, an anticalin (Pieris
Pharmaceuticals, Inc.) with monovalent specificity for c-Met, was
labeled with 89Zr for imaging US87MG glioblastoma.l*® In another
study, the authors successfully developed and characterized a
modified HGF, that was then labeled with Copper-64 (°4Cu-NOTA-rh-
HGF) for PET imaging of tumor c-Met expression in vivo. c-Met
specificity of ®*Cu-NOTA-rh-HGF was demonstrated by several control
experiments in vitro, in vivo, and ex vivo, making it a promising PET
tracer with broad potential applications in the clinical diagnosis and
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treatment monitoring of cancer.*4°

2.1.4 GLP-1

The glucagon-like peptide type-1 (GLP-1) is a 30-amino acids long
peptide hormone released in the gut following the ingestion of
nutrients. The peptide is involved in the stimulation of insulin release
from the B-cells of the pancreas to maintain glucose homeostasis. GLP-
1is an incretin that aside from the increase in the glucose-dependent
secretion of insulin, it also inhibits glucagon production, hepatic
gluconeogenesis, gastric mobility, and suppresses appetite.[!>0
Because of this stimulation of insulin release, it is not surprising to find
out that the target receptor for GLP-1, which is called GLP-1R, is highly
expressed in the 8-cells of the pancreas. However, the action of GLP-
1, as every incretin, must be strictly controlled to prevent the
development of hypoglycemia as the blood glucose concentration is
reduced by the actions of insulin. To perform this task the human body
rapidly degrades the peptide by the action of an enzyme called
dipeptidyl-peptidase-IV (DPP-4).1151-133]  Consequently, the native
peptide is rapidly degraded and inactivated. GLP-1R agonists and
inhibitors of DPP-4 that prolong the biological half-life of GLP-1, are
used as drugs in the treatment of type 2 diabetes.

Furthermore, GLP-1R has been shown to be expressed in high
density and high incidence in some types of cancers derived from
endocrine, neuroendocrine, and embryonic origins.['>* 31 Among
them, there is the insulinoma, which is a cancer of pancreatic 8-cells
of neuroendocrine origins that show high levels of both GLP-1R and
somatostatin receptors. It is a rare form of cancer, and its lesions are
difficult to detect by standard clinical imaging methods due to their
small size and the anatomical location in the pancreas.[*>®

Due to the rapid metabolization and inactivation of the GLP-1 is
quite impossible to think of a targeting peptide with the same
sequence.l’®! |n fact, some drugs that are normally used for the
therapy of type 2 diabetes can be a peptide, but they obviously have a
different sequence from the native GLP-1, and despite they maintain
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the activity toward the GLP-1R, they are not metabolized by the DPP-
4,158 One example is Exendin-4. Exendin-4 is a subcutaneously
administered peptide drug that is used in the treatment of type 2
diabetes.!> Originally discovered in the saliva of a lizard, exendin-4
was the first of a class of incretin mimetics that showed potent
glucoregulatory activity. There are different already published
examples of a modified version of the exendin-4 adapted for the use
in PET imaging. Some example are listed in Figure 2.3 ([Lys**(Ahx-
DOTA)]exendin-4,1160] [Lys*°(Ahx-DTPA)]exendin-4,161
[Lys**(AhxHYNIC)]exendin-4,1162 1631 [Cys*0(FBEM)]exendin-4,1164
[Cys®(FBEM)]exendin-4[164)), In these examples, the primary sequence
of the exendin-4 was in all cases extended to the carboxylic or the
amino terminal groups and the added amino acid has the right
characteristic for making it a radiopharmaceutical agent.!1®°

[Lys*9(Ahx-DOTA)]exendin-4 indium-111 11In-DOTAexendin-4

[Lys?°(Ahx-DTPA)]exendin-4 indium-111 1111n-DTPA-exendin-4

[Lys?°(AhxHYNIC)]exendin-4  technetium-99m  99mTc-HYN|C-exendin-4
[Cys*(FBEM)]exendin-4 fluorine-18 18F-FBEM-exendin-4

[Cys(FBEM)]exendin-4 fluorine-18 18F-FBEM-exendin-4

Figure 2.3. Example of GLP-1-like radioligands retaining high binding affinity to GLP-
1R.

2.2. Design and synthesis of c-Met-peptide—-THP

Considering that the noninvasive PET imaging with radiolabeled c-
Met binders may support the selection of patients for c-Met—targeting
drugs and can support the identification and the responding and
nonresponding patients for such therapeutics, in this study it was
decided to select a targeting peptide for c-Met and to conjugate to the
peptide a THP, which can be able to chelate free gallium(lll) and
therefore to be used in PET imaging.

As already reported, the hepatocyte growth factor/c-Met signaling
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axis has been described as a promoter of cancer cell growth,
angiogenesis, invasion, and metastasis.['®® Moreover, c-Met is
overexpressed in various solid tumors, including breast cancer and
colorectal cancer.['67-172] |n addition, its expression on the cell
membrane makes extracellular epitopes accessible for targeting with
fluorescent imaging agents as recently reported.l173]

GE-137 is a water-soluble 26-amino acid cyclic peptide labeled with
a cyanine dye with a high affinity (K4 = 2 nM) for human c-Met (Figure
2.4).11731 The water-soluble 26-amino acid cyclic peptide component of
the probe was selected in a recent study, from a library of peptides, on
the basis of its high affinity for the extracellular domain of human c-
Met, its lack of competition with hepatocyte growth factor and its lack
of effect on HGF-stimulated proliferation in vitro.l'731 Additionally, the
lyophilized (dry) peptide has a documented shelf life of 12 months
when stored at 2—8 °C, and the chemical and physical stability of the
reconstituted product (in solution) has been demonstrated for 24 h at
2-8 °C, and is safe in humans.

For this study, it was decided to conjugate the same peptide
(AGSCYCSGPPRFECWCYETEGT) with the same linker peptide (GGGK)
and then to a hexadentate 3,4-hydroxypyridinone ligand (THP) and
evaluate the applicability as gallium chelating agent and its use in PET
imaging (Figure 2.4). The peptide was manually assembled using Fmoc
chemistry starting with 0.1 mmol Rink Amide Novagel resin (Figure 2.5,
step 1). An excess of pre-activated amino acids (1 mmol, using HATU)
was applied in the coupling steps. The final synthesized sequence on
the resin was:

Ac-Ala-Gly-Ser(tBu)-Cys(Trt)-Tyr(tBu)-Cys(StBu)-Ser(tBu)-
Gly-Pro-Pro-Arg(Pbf)-Phe-Glu(OtBu)-Cys(Mmt)-Trp(Boc)-
Cys(Trt)-Tyr(tBu)-Glu(OtBu)-Thr(tBu)-Glu(OtBu)-Gly-

Thr(tBu)-Gly-Gly-Gly-Lys(Dde)—Rink Amide Novagel resin.




61

Ac-Ala-Gly-Ser-Cys-Tyr-Cys-Ser-Gly-Pro-Pro-Arg-Phe-Glu-Cys-
Trp-Cys-Tyr-Glu-Thr-Glu-Gly-Thr{Gly-Gly-Gly-Lys-CONH,

Linker
GE-137
*Water soluble

Cyanine Dye
T *High affinity for human c-MET (K4 = 2nM)

[

AcNH _[ o-Met peptide ]_CONH2 *No competition Wlth HGF . .
*No effect on HGF-stimulated proliferation
C23 c21 Cc13 c11 ) ™
*Chemical stability
Hardwick, J. C. H. et Al, Nature Medicine 2015, 21, 955 *Safe in humans
THE IDEA:

THP

k1

AcNH —[ c-Met peptide ]—CONHz

C23 c21 c13 c1

Figure 2.4. Structure and sequence of GE-137. Characteristics of GE-137. Design of
c-Met-peptide-THP.

An accurate selection of the appropriates protecting groups on the
different cysteines was studied for the selective formation of the
different disulfide bonds between the C11-C23 and C13-C21. In the
area of peptide science, a variety of chemical transformations have
been accomplished on a solid support, including the formation of
intramolecular disulfide bridges.['’ Conventional solution-phase
techniques for intramolecular disulfide bond formation typically
involve oxidation of free thiol precursors at high dilution. Similarly, the
oxidation on solid support utilizes pseudo dilution, a kinetic
phenomenon expected to favor facile intramolecular interactions, in
the microporous resins.[t7?]

In the case of c-Met-peptide, two trityls-based protecting groups
for the cysteines 11 and 23, Cys-(Trt) and Cys-(Mmt) were used and
the other two cysteines were protected with t-butylthio (S-t-Bu) and
4-methoxytrityl. In the first step (Figure 2.6), S-t-Bu was removed by
reduction to liberate free thiol, treating the resin with 20%
mercaptoethanol in DMF for 3 h. The resin was then reacted with a 10-
fold excess of DTNP (2,2'-Dithiobis(5-nitropyridine)) in DCM for 1 h,
and the free thiol was thus protected and activated with the 5-
nitropyridin-sulfenyl (5-Npys) group. This was followed by the
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cyclization step in which the resin was treated with 1% TFA in DCM in
the presence of TIPS (Triisopropylsilane) as the scavenger.

The disulfide bond formation is based on the sequence of two
disulfide exchange reactions, both of which do not require an oxidizing
agent and can be carried out in an inert (N2) atmosphere. The first
reaction involves a nucleophilic attack of free thiol, obtained following
the deprotection of Cys(S-t-Bu), on the activated disulfide of DTNP.
Because of the polymer-bound nature of the thiol, the byproduct 5-
nitropyridine-thione can be easily washed along with the excess of
DTNP. The cyclization is the second disulfide exchange reaction that
involves another nucleophilic attack of the free thiol, obtained
following the deprotection of Cys-(Mmt), on the polymer-bound 5-
Npys-activated disulfide. Solution-phase counterparts of such disulfide
exchange reactions require acidic conditions and inert atmosphere to
avoid cross-linking and dimeric products. Moreover, it is well-known
that trityl-based functional groups can be selectively cleaved under
different acidic conditions. In fact, it has been reported that Mmt can
be selectively cleaved in the presence of the Trt group under mildly
acidic conditions of 0.5-1% TFA in DCM.!76 1771 The coupling of the
peptide with a THP derivative was made after the first disulfide bond.
The deprotected THP (19) was synthesized and used (Figure 2.7). After
the formation of the C13—-C21 disulfide bond (Figure 2.5, step 2), the
lysine in position 1 was selectively deprotected (Dde removal) in
presence of a 2% solution of hydrazine in DMF (Figure 2.5, step 3).
After the removal of the Dde, the THP (19) was coupled to the peptide
using HATU as a coupling agent (Figure 2.5, step 4). THP (19) was
synthesized by the reaction with Glutaric anhydride and THPd (18).
After the coupling of the hexadentate tris(3,4-hydroxypyridinone), the
peptide was removed from the resin (Figure 2.5, step 5), the Trt groups
were removed and the second disulfide bond was made in air-
oxidation condition (Figure 2.5, step 6). Particularly, the air-oxidation
reaction was performed on the crude products dissolved in a 0.1 M
NH4HCOs solution.
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Figure 2.5. Schematic synthesis of c-Met-peptide-THP.
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Figure 2.6. Schematic synthesis
peptide-THP.

of the disulfide bonds formation in the c-Met-
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Figure 2.7. Synthesis of THP (19).

Once finished the synthesis of the c-Met-peptide-THP (20, Figure
2.8), the compound was chromatographed via preparative HPLC/UV.
The isolated fractions were further analyzed by analytical HPLC-DAD,
and the pure fractions analyzed by mass spectrometry (HRMS, ESI+).
The effective presence of the final product was confirmed by the mass
spectrometry experiments as highlighted in Figure 2.9, where the (M
+ 4H)* of c-Met-peptide-THP is showed.
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c-Met-peptide-THP (20)

Figure 2.8. Structure of c-Met-peptide-THP.
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Figure 2.9. Mass spectrum showing (M + 4H)* where M = c-Met-peptide-THP.

2.3. Design and synthesis of GLP-1-peptide-THP

Considering the PET imaging with radiolabeled GLP-1R binders may
support the selection and the diagnosis of patients for GLP-1R aberrant
cancer, in this study it was decided to select a targeting peptide for
GLP-1R and to conjugate to the peptide a THP, which can be able to
chelate the gallium(lll) and therefore to be used in PET imaging.

As already reported the GLP-1R has been shown to be expressed in
high density and high incidence in some types of cancers derived from
endocrine, neuroendocrine, and embryonic origins (e.g. insulinoma).
A PET imaging tracer can be particularly useful for the detection of the
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small lesions related with the insulinoma and other types of GLP-1R
related cancers.

Exendin-4 is a peptide already used in the therapy of type 2
diabetes, and it was already reported that the peptide can be
opportunely modified for the use in PET imaging making it an active
radiopharmaceutical agent. As shown in Figure 2.3 the peptide can be
modified by the insertion of a terminal linker amino acid (e.g. lysine or
cysteine) without losing its activity/affinity toward the GLP-1 receptor.
For this study, it was decided to conjugate the same peptide
(HGEGTFTSDLSKQMEEEAVRLFIEWLKNGGPSSGAPPPS) with a lysine as
a linker peptide to the carboxylic terminal position and then to a
hexadentate 3,4-hydroxypyridinone ligand (THP) (Figure 2.10) and
evaluate the applicability as gallium chelating agent and its use in PET
imaging. The peptide was manually assembled using Fmoc chemistry
starting with 0.1 mmol 2-Chlorotrityl chloride resin (Figure 2.11, step
1). An excess of pre-activated amino acids (1 mmol, using HATU) was
applied in the coupling steps.

The final synthesized sequence on the resin was:
Ac-Ser-Pro-Pro-Pro-Ala-Gly-Ser-Ser-Pro-Gly-Gly-Asn-Lys-Leu-Trp-Glu-
Ile-Phe-Leu-Arg-Val-Ala-Glu-Glu-Glu-Met-GlIn-Lys-Ser-Leu-Asp-Ser-
Thr-Phe-Thr-Gly-Glu-Gly-His-Lys(Dde)—-2-Chlorotrityl chloride resin.

GLP-1R peptide-exendin4  (K)—{ THP

Figure 2.10. Structure and sequence of GLP-1-peptide (modified Exendin-4).

Differently to the c-Met targeting peptide, that required the formation
of two selective disulfide bonds, after the synthesis of the linear
sequence of the GLP-1-peptide, it only required the coupling with a
THP to the linker terminal amino acid. After the removal of the Dde
(Figure 2.11, step 2), the same THP (19, Figure 2.7) used for the c-Met
targeting peptide was coupled to the peptide using HATU as a coupling
agent (Figure 2.11, step 3). After the coupling of the hexadentate
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tris(3,4-hydroxypyridinone) (19), the peptide was removed from the
resin (Figure 2.11, step 4).
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Figure 2.11. Schematic synthesis of GLP-1-peptide-THP.

Once finished the synthesis of the GLP-1-peptide-THP (21), the
compound was chromatographed via preparative HPLC/UV. The
isolated fractions were further analyzed by analytical HPLC-DAD, and
the pure fractions analyzed by mass spectrometry (HRMS, ESI*). The
effective presence of the final product was confirmed by the mass
spectrometry experiments as highlighted in Figure 2.12, where the (M
+ 4H)*, (M + 5H)>*, (M + 6H)%*, (M + 7H)”*, GLP-1-peptide-THP are
showed.
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Figure 2.12. Structure of GLP-1-peptide-THP.
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Figure 2.13. Mass spectrum showing GLP-1-peptide-THP.

2.4. Radio HPLC and ITLC of C-met-peptide-THP and GLP-1-peptide-
THP

To evaluate the chelating ability of the synthesized compounds, C-
met-peptide-THP and GLP-1-peptide-THP, for ®8Ga, instant thin layer
chromatography (ITLC) analyses and radio HPLC analyses were used.
Two different methods used in the ITLC analyses. The different
methods were called “acetate method” and “citrate method” and the
results are reported in Table 2.2. Unfortunately, the acetate method
was unable to identify the chelating products for both of the peptides,
in factin these conditions both C-met-peptide-THP and GLP-1-peptide-
THP have a retention factor of 0 which is the same of the free gallium.
Differently, the citrate method clearly describes differences between
the free gallium and the gallium in the presence of the analyzed
peptides. In these cases, both of the peptides have a retention factor
of 0, but the free gallium in the presence of the citrate has a retention
factor of 0.8—1. This result means that in both cases the peptides are
chelating the gallium and constrain it to maintain the position of the
peptide (that is not moving in the TLC) because the strong chelation.
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Similar results were obtained with the HPLC analyses. In this case,
two different column were used: reverse phase (C18) and size
exclusion. Even in this case, the results tell that C-met-peptide-THP
and GLP-1-peptide-THP are both able to chelate the ®8Ga (Table 2.3).
In the HPLC analyses, the reverse phase column shows retention times
of 1.9, 13-14 and 13.7-13.9 min for ®8Ga unbound, C-met-peptide-THP
and GLP-1-peptide-THP, respectively. In the size exclusion column, the
retention times were 8-13, 14-15 and 12-15 min for ®Ga unbound,
C-met-peptide-THP and GLP-1-peptide-THP, respectively. Each
analysis gave a single major peak in the HPLC radiochromatogram (See
Experimental part), and under these conditions, the radiochemical
yield for all of these products was >95% (determined by ITLC).

Table 2.2. Results of the ITLC analyses.

Acetate method R¢ Citrate method R¢
%Ga unbound 0 0.8-1
[¢®Ga]C-met-peptide-THP 0 0
[8Ga]GLP-1-peptide-THP 0 0

Table 2.3. Results of the HPLC analyses.

Reverse phase R: (min) Size Exclusion R: (min)

%8Ga unbound 1.9 8-13
[¢®Ga]C-met-peptide-THP 13-14 14-15
[8Ga]GLP-1-peptide-THP 13.7-13.9 12-15

2.5 Conclusion and perspectives

The combination of targeted imaging agents with PET allows a non-
invasive diagnosis of specific cancers with precise delineation of
tumors and metastases and thus disease staging. Moreover, the
guantification of the target receptor expression, the uptake kinetics,
and the pre-therapeutic dosimetry may allow a more effective
selection of the treatments and planning as well as monitoring
response to the therapy and early detection of recurrent disease
resulting in personalized medicine and, in particular, radiotheranostic.

The main aims of the individualized patient management are to
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optimize the treatments and so the therapeutic and to minimize risks
and toxicity as well as reduce cost and patient distress. Clinical studies
with different ®Ga-based imaging agents demonstrated the
significance of individualized patient management.[178-180l

We truly believe that, in future clinics, noninvasive PET imaging with
radiolabeled tracers such as the synthesized c-Met-peptide-THP and
GLP-1-peptide-THP may support the diagnosis of particular types of
cancers with overexpression of HGFr or GLP-1R and the selection of
patients for c-Met—targeting drugs and identify responding and
nonresponding patients for such therapeutics.

In conclusion, considering the excellent results in the synthesis of
C-met-peptide-THP and GLP-1-peptide-THP and the optimal
preliminary %8Ga chelating efficiency for both of them, other assays are
planned for going further in the projects. The serum stability of the
different peptides will be evaluated and then two opportune animal
models will be used to evaluate the ex vivo and the in vivo
biodistribution of the C-met-peptide-THP and GLP-1-peptide-THP and
the efficiency as PET imaging agents will be of course also evaluated.
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Chapter 3.  Experimental part

Molecular modeling and QSAR model

All of the compounds were drawn using Marvin Sketch['81 and
subjected to a first molecular mechanics energy minimization by
Merck molecular force field (MMFF94) optimization using the Marvin
Sketch geometrical descriptors plugin.l'8] The protonation states of
the molecules were calculated assuming a pH of 7. After having
obtained the 3D structures for all compounds, the geometry was also
optimized at semi-empirical level using the parameterized model
number 3 (PM3) semi-empirical Hamiltonian as implemented in
MOPAC package (VMOPAC2016).56 182 1831 Docking was performed
using AutodockVinal®® and AutoDock4!*®* using the default docking
parameters, the point charges were initially assigned according to the
AMBER14 force field,[*® and then damped to mimic the less polar
Gasteiger charges used to optimize the AutoDock scoring function. The
setup was done with the YASARA molecular modeling program.[186:187]
For Autodock4 Docking was performed by applying the Lamarckian
genetic algorithm (LGA) implemented in AutoDock. The ligand-
centered maps were generated by the program AutoGrid with a
spacing of 0.375 A and dimensions that encompass all atoms extending
5 A from the surface of the ligand. All of the parameters were inserted
at their default settings. In the docking tab, the macromolecule and
ligand are selected, and GA parameters are set as ga_runs = 100,
ga_pop_size = 150, ga_num_evals = 20000000, ga_num_generations
= 27000, ga_elitism = 1, ga_mutation_rate = 0.02, ga_crossover_rate
= 0.8, ga_crossover_mode = two points, ga_cauchy alpha = 0.0,
ga_cauchy_beta = 1.0, number of generations for picking worst
individual = 10. The binding modes were clustered through the root
mean square deviation among the Cartesian coordinates of the ligand
atoms. The docking results were ranked based on the calculated
binding free energy. The binding modes with the lowest binding free
energy and the most cluster members were selected for optimum
docking conformation. PyMOL (downloadable at
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https://www.pymol.org/) is an open-source visualization system that
produces high-quality 3D-images of small molecules and biological
macromolecules (Schrédinger, LLC). The binding results in our study
were illustrated using PyMOL Molecular Graphics System (version 1.8).

Forge 10.4.2 (Cresset BioMolecular  Discovery  Ltd.,
https://www.cresset-group.com/) was used for the building of the 3D-
QSAR model. Spark 10.4.0 was used for the scaffold-hopping analysis
(Cresset  BioMolecular Discovery Ltd., https://www.cresset-
group.com/). Forge’s parameters used for the conformation hunt,
alignment and used for the build of the QSAR model are reported in
Figures 3.1-3.3. The model statistics for the 3D-QSAR model are
reported in Figure 3.4. Spark’s parameters used for the bioisosteric
replacement are reported in Figure 3.5. in Tables 3.1 and 3.2 are
reported the compounds used as a training set and as a test set for the
set-up of the QSAR model.

Conformation Hunt ~ Alignment  Build Model

Calculation Method: ' [Custom] v Save As...
[T] Delete existing conformations

Perform Conformation Hunt

Maximum number of conformations 500

No. of high-T dynamics runs for flexible rings |20

Gradient cutoff for conformer minimization 0,100 kcal/mol/A

4r 4> 4> > O

Filter duplicate conformers at RMS 050 A
Energy window 2,50 kcal/mol
Acyclic secondary amide handling Use input amide geometry %

Turn off Coulombic and attractive vdW forces

Figure. 3.1. Forge’s parameters used for the conformation hunt.
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Conformation Hunt Alignment Build Model

Calculation Method: | [Custom] v
] Delete existing alignments
Perform Alignment
Invert achiral impaorted confs
Take shortcuts in alignments O
Maximum-common-substructure conformers and alignment
Matching rules Normal (element + hybridisation)

Allow conformations to move

Perform Scoring
Score method for multiple references |Weighted Average
Reference weights

Reference 1 2 3 4 5 6

Save As...

7

Delete

8

weight 10 2] 10 2 [0 2] [10 2 10 ] [0

2 (10 5 [10 %

Weight% 125%  125%  125%  125%  125%  125%  125%  125%
Fraction of score from shape similarity |0.SD =
Reference into db fieldpoints weight |0.50 =
Hardness of protein excluded volume |Soft =
Add/remove field constraints Mark field points

Figure. 3.2. Forge’s parameters used for the alignment.
Conformation Hunt Alignment Build Model
Calculation Method: |Field QSAR Normal i Save As... Delete
Activity: [ ]icsoum - Activity Manager
Field QSAR model
Maximum number of components |20 =
Sample point minimum distance |1.DA =
Generate samples from references O
Number of Y scrambles |50 5
Fields to use Electrostatic Volume
"] Weight molecules by similarity
Weight ramp type |Linear
Minimum similarity |0.00 =
Maximum similarity | 1.00 =
Cross-validation
Cross-validation type Leave-one-out <
Training set to use as validation data 20% S
Repeats 1000 =

Figure. 3.3. Forge’s parameters used for the build of the QSAR model.
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Model statistics:

Comps rR"2 Q"2 Test R™2Z EMSE RMSEpred Tau Tau-pred
5} -0.044 -0.023 -0.001 1.093 1.096 0.494 -0.910
1 0.620 0.508 0.641 0.EEE 0.767 0.587 0.492
2 0.781 0.541 0.625 0.501 0.740 0.675 0.514
3 0.897 0.585 0.718 0.347 0.711 0.787 0.573
4 0.948 0.618 0.745 0.244 0.681 0.855 0.568
5 0.968 0.636 0.743 0.152 0.663 0.895 0.598
g 0.983 0.651 0.772 0.142 0.651 0.520 0.594
7 0.988 0.671 0.746 0.118 0.631 0.929 0.621
E 0.993 0.673 0.757 0.088 0.629 0.947 0.621
9 0.996 0.683 0.744 0.068 0.619 0.958 0.633
10 0.997 0.687 0.733 0.058 0.616 0.957 0.626
11* 0.998 0.E88 0.731 0.044 0.615 0.969 0.626
12 0.999 0.683 0.729 0.037 0.619 0.969 0.618
13 0.995 0.680 0.726 0.030 0.622 0.976 0.61€
14 1.000 0.679 0.731 0.022 0.623 0.983 0.613
15 1.000 0.679 0.730 0.018 0.623 0.985 0.615
16 1.000 0.678 0.728 0.015 0.624 0.988 0.E1E
17 1.000 0.678 0.728 0.011 0.625 0.988 0.615
18 1.000 0.677 0.730 0.008 0.625 0.5991 0.615
19 1.000 0.678 0.728 0.006 0.625 0.993 0.616
20 1.000 0.677 0.728 0.005 0.625 0.995 0.61€
Preferred number of components: 11
Figure. 3.4. Model statistics for FABP4 model.
Calculation Method: Accurate but Slow v
Select one or more databases to search.
Name Fragments Description Created On
v [®] Cresset
v [m] ChEMBL
ChEMBL_common 101156 ChEMBL_21 (http://www.e... 2016-03-14 18:30:48
[J ChEMBL _rare 156128 ChEMBL_21 (http://www.e... 2016-03-14 18:41:25
v [®] Zinc
VeryCommon 24894 Zinc 15 very common frag... 2016-03-24 16:58:54
Common 52508 Zinc 15 common fragment... 2016-03-24 16:59:50
[J LessCommon 115525 Zinc 15 less common frag... 2016-03-24 17:00:55

> [] Cresset Reagents
> [J VEHICLe

Figure. 3.5. Spark’s parameters used for the bioisosteric replacement.
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Table 3.1. SMILES, experimental and predicted plCso values of the molecules in the

training set.
plICso
N° SMILE Exp. Pred.
1 FC(F)(F)[C@H]1CCc2c(C1)c(c(c(n2)C3CCCC3)C=4[N-]N=NN4)- 8 8
c5cenc(c5)C
2 CC1(CCCC1)c2c(c(c3c(n2)CCCCC3)-c4cenc(cd)C)C=5[N-]N=NN5 8 8
3 Clclc(F)cc2c(c(c(c(N(CC)CC)n2)C=3[N-]N=NN3)-c4cccccd)cl 7.88 7.9
4 Clclc(F)cc2c(c(c(c(n2)C(CC)CC)C=3[N-]N=NN3)-cdcccccd)cl 7.78 7.8
5 OCC1(CCCC1)c2c(c(c3c(n2)CCCCC3)-c4cenc(c4)C)C=5[N-]N=NN5 7.7 7.7
6 CCCCC[C@H]1CCc2c(C1)c(c(c(n2)C3(CCCC3)COC)C=4[N- 77 7.7
IJN=NN4)-c5ccccc5
7  FC(F)(F)clccc2ce(c(c(c(N3CCCCC3)n2)C=4[N-]N=NN4)- 7.49 7.5
c5ceeec5)cl
8 Clclcec2ce(c(c(c(n2)C3CC3)C([0-])=0)-c4cceecd)cl 737 7.4
9  Clclcec2ce(c(c(c(N(CC)C)n2)C=3[N-]N=NN3)-cdcccccd)cl 734 7.4
10 Clclcc(Cl)cc(NC(=0)NC2(CCCC2)C([0-])=0)c1-c3cccec3 73 73
11 Clclc(F)cc(c(NC(=0)NC2(CCCC2)C([0O-])=0)c1)-c3cccec3 7 7
12 0O=C(N)clcccecclCn2c3c(ccecc3c4CCCCCc42)C([0-])=0 7.01 7
13 nlc2¢(CCCCC2)c(c(c1C3CCCCC3)C=4[N-]N=NN4)-c5ccnecs 6.96 6.9
14 Clclcec(c(NC(=0)NC2(CCCC2)C([0-])=0)c1)-c3ccc(F)cc3 6.85 6.9
15 FC(F)(F)clccecec1Cn2c3c(ceccc3c4CCCCc42)C([O-])=0 6.4 6.5
16 Fclcec(-c2c(c(n(n2)-c3cccec3-c4ccec(OCC([O-])=0)c4)CC)- 6.48 6.5
c5ccecc5)ccl
17 [0-]C(=0)clcccc2c3CCCCCe3n(c12)Cclcccecd 6.23 6.3
18 FclccceclCn2c3c(cccc3c4CCCCc42)C([0-])=0 6.4 6.3
19 Fclccee(Cn2c3c(cccc3c4CCCCc42)C([0-])=0)c1 6.41 6.3
20 FC(F)(F)clccceclCn2c3c(ccecec3c4CCCCCc42)C([0-])=0 6.19 6.3
21 [0-]C(=0)CCCnlc2cceec2c3ccccc3l 6.24 6.3
22 FC(F)(F)clccc(c(NC(=0)NC2(CCCC2)C([0-])=0)c1)-c3ccccc3 6.28 6.2
23 [0-]C(=0)clccecc2c3CCCCc3n(c12)Cclecec(0C)ca 6.26 6.2
24 Fclccec(Cn2c3c(ceccc3c4CCCCCc42)C([0-])=0)cl 6.14 6.2
25 FC(F)(F)clcc(O)nc(SCc2cec(0C)cc2)nl 6.22 6.2
26 [0-]C(=0)clccc2e(n(c3CCCCc23)Cclcccecd)cl 6.12 6.1
27 [0-]C(=0)clcccc2c3CCCc3n(c12)Cclceccecd 6.01 6.1
28 [0-]C(=0)clccecc2c3CCCCe3n(c12)Ccdcccccd0C 6.22 6.1
29 [0-]C(=0)clcccc2c3CCCCc3n(c12)Cclccc(C)ecd 5.96 6.1
30 Fclcceec1Cn2c3c(ceccc3c4CCCCCc42)C([0-])=0 6.15 6.1
31 Fclccc(Cn2c3c(ccecec3c4CCCCCc42)C([0-])=0)ccl 6.11 6.1
32 [0-]C(=0)CCCCnlc2ccecec2c3ccccc3l 6.1 6.1
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33
34
35
36
37
38
39
40
41
42

43
44
45
46

47
48
49
50
51
52
53
54
55
56
57

58
59
60
61
62
63
64
65
66
67
68
69

FC(F)(F)clccec(Cn2c3c(cccc3c4CCCCCc42)C([0-])=0)c1
FC(F)(F)clcc(0)nc(SCC(=0)N2CCCCC2)nl
0=5(=0)(n1ccc2cec(cc21)C)c3cesc3C([0-])=0
Brclccc2c(cen2S(=0)(=0)c3ccsc3C([0-])=0)cl
FC(F)(F)clcccc(Cn2c3c(cccc3c4CCCCc42)C([0-])=0)cl
FC(F)(F)clccc(Cn2c3c(cccc3c4CCCCc42)C([0-])=0)ccl
FC(F)(F)clccc(Cn2c3c(cccc3c4CCCCCc42)C([0-])=0)ccl
0=5(=0)(n1cc(c2cccec21)C)c3cesc3C([0-])=0
[O-]C(=0)clccecc2e3CCCCe3n(c12)Cclcecc(OC)cch
[O-]C(=0)[C@H](Oclccec(-c2cccec2-n3c(c(c(n3)-cdcccecd)-
c5cceec5)CC)c1)C
0=5(=0)(n1ccc2ccec(0C)c21)c3cesc3C([0-])=0
O/N=C/1CCCc2cl1c3ccec(c3n2Cclceccecd)C([0-])=0
Clclcccc(-n2c(-c3ccecece3)cc(n2)-c4ccccc40CCCC([0-])=0)cl
[O-]C(=0)[C@H](Oclccec(-c2cccec2-n3c(c(c(n3)-cdcccecd)-
c5cceec5)CC)c1)CcC
Fclccc2c(cen2S(=0)(=0)c3cesc3C([0-])=0)cl
[O-]C(=0)clccec2e(c(n(c12)Cc3ceccc3)C)C
Clclcec(-n2c¢(-c3ccece3)cc(n2)-cdeccccdOCCCC([0-])=0)ccl
Clclcececcl-n2c(-c3ccece3)cc(n2)-cdcccccdOCCCC([0-])=0
[O-]C(=0)c1c(C(C)C)cc(C(C)C)ccac(C)C
0=5(=0)(n1c2ccccc2c3ccccc31)cdeccecdC([0-])=0
Fclccc2cen(S(=0)(=0)c3cesc3C([0-])=0)c2cl
FC(F)(F)clcc(O)nc(NCc2ccc(0C)cc2)nl
[O-]C(=0)CCCOc1cceecl-c2cc(n(n2)-c3cccecc3)-cdeec(ccd)C
Brclccc(-n2c(-c3cceec3)cc(n2)-cdcccccdOCCCC([0-])=0)ccl
Fclcec(-c2¢(nn(c2CC)-c3cccec3-c4ccec(OCC([O-])=0)c4)-
c5cceec5)ccl
[O-]C(=0)CCCCOc1cccecl-c2cc(n(n2)-c3ccccc3)-cdcccecd
0=5(=0)(n1ccc2cc(ccc21)C)c3cesc3C([0-])=0
0=5(=0)(n1ccc2ccc(0C)cc21)c3cccec3C([0-])=0
Brclccc(-c2cc(nn2-c3ccccc3)-cdcccccdOCCCC([0-])=0)ccl
Fclcec(-n2c(-c3cceee3)cc(n2)-cdcccccdOCCCC([0-])=0)ccl
[O-]C(=0)CCCOc1cceecl-c2cc(n(n2)-c3ccc(C(C)C)cc3)-c4ccccch
[O-]C(=0)CCn1lc2cccec2c3ceccc3l
0=5(=0)(n1ccc2c(ccec21)C)c3cesc3C([0-])=0
0=5(=0)(n1ccc2cc(0C)ccc21)c3cesc3C([0-])=0
0=5(=0)(n1cc(c2ccecec21)C)c3ceccc3C([0-])=0
0=5(=0)(n1ccc2c(ccecc21)C)c3ceccc3C([0-])=0
Brclccc2c(ccn2S(=0)(=0)c3cccecc3C([0-])=0)cl

5.98
6

5.89
5.89
5.78
5.62
5.69
5.82
5.57
5.63

5.59
5.46
5.6

5.54

5.46
5.44
5.36
5.37
5.4

5.37
5.33
5.41
5.27
5.25
533

5.19
5.15
521
5.02
4.99
4.99
5.03
5.13

5.07
4.92
4.92

6

6

5.9
5.9
5.7
5.7
5.7
5.7
5.6
5.6

5.6
5.5
5.5
5.5

5.5
5.4
5.4
54
5.4
5.4
5.4
54
53
53
53

o
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70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96

[O-]C(=0)CCCOclcceecl-c2cc(n(n2)-c3ccc(OC)cc3)-cdcccecd
[O-]C(=0)CCCOclcceecl-c2cc(n(n2)C3CCCCCC3)-c4ccecch
Brclccc2c(n(S(=0)(=0)c3c(C(C)C)cc(C(C)C)cc3C(C)C)en2)cl
Clclcec2c(nc(n2S(=0)(=0)c3c(C(C)C)cc(C(C)C)cec3C(C)C)C)cl
0=5(=0)(n1cnccl)c2c(C(C)C)cc(C(C)C)cc2C(C)C
Clclccccc1CNe2nc(O)cc(n2)C(F)(F)F
FC(F)(F)clcc(O)nc(n1)CCc2ccc(OC)cc2
0=C1CCCc2clc3ccec(c3n2Cclcccccd)C([0-])=0
[O-]C(=0)CCCOclcceecl-c2cc(n(n2)C3CCCCC3)-c4cccechd
0=5(=0)(n1ccc2cc(ccc21)C)c3cccecc3C([O-])=0
FC(F)(F)clcc(O)nc(n1)N(Cc2cceec2)C
Clclccc(-c2cc(nn2-c3cccce3)-cdcccccdOCCCCCCC([O-])=0)ccl
FC(F)(F)clcc(O)nc(NCC(=0)N2CCCCC2)nl
Clclccec(CNe2nc(O)cc(n2)C(F)(F)F)cl
FC(F)(F)clcc(O)nc(NCc2ccc(C)cc2)nl
Clclccc(-c2cc(nn2-c3cccee3)-cdcccccdOCCCCC([0-])=0)ccl
Brclccc(-c2cc(nn2-c3ccccc3)-c4ccccc4dOCCCCC([O-])=0)ccl
0=5(=0)(n1ccc2c(0C)ccecc21)c3ccccc3C([0-])=0
0=5(=0)(N)c1c(C(C)C)cc(C(C)C)cc1C(C)C
[O-]C(=0)Cn1c2cccec2c3ccccc3l
FC(F)(F)c1lcc(O)nc(n1)NCc2ccc(-c3cccee3)cc2
FC(F)(F)clcc(O)nc(NCc2cencc2)nl
FC(F)(F)c1lcc(O)nc(n1)CCc2cccec2
FC(F)(F)clcc(O)nc(NCCc2cccec2)nl
[O-]C(=0)CCCCOc1cceecl-c2cc(n(n2)-c3ccecece3)-cdeec(ccd)C
Clclccc(CNe2nc(O)cc(n2)C(F)(F)F)ccl
Clclccc(-c2cc(nn2-c3cccee3)-cdecccc4OCC([0-])=0)ccl

4.87
4.81
4.83
4.83
4.77
4.64
4.6

4.6

4.63
4.52
4.62
4.51
4.43
4.48
4.48
4.13
4.07
4.05

.

3.59
5.54
2

4.8
4.8
4.8
4.8
4.8
4.7
4.7
4.6
4.6
4.6
4.6
4.5
4.4
4.4
4.4
4.2
4.1
4.1

3.9
3.6
3.5
2

Table 3.2. SMILES, experimental, and predicted plCso values of the molecules in the

test set.
pICso
N° SMILE Exp. Pred.
1  FC(F)(F)clccc2c(c(c(c(N(CC)CC)n2)C=3[N-]N=NN3)-c4cccccd)cl 7.6 7.8
2 Clcdc(F)cc2c(c(c(c(N3CCCCC3)n2)C=4[N-]N=NN4)-c5ccccc5)cl 7.88 7.3
3 Clclcece(c(NC(=0)NC2(CCCC2)C([0-])=0)c1)-c3cceec3 6.82 6.5
4 0=C(N)clcccc(Cn2c3c(ccecec3c4CCCCCc42)C([0-])=0)c1 7.16 6.2
5 [0-]C(=0)clccc2c(c3CCCCc3n2Cclcceccd)cl 46 6.1
6 Fclcec(Cn2c3c(ccce3c4CCCCc42)C([0-])=0)ccl 6.08 6.1
7 [0-]C(=0)clcccc2c3CCCCe3n(c12)Ceclcccech 6.23 5.9
8  Fclccec(c1Cn2c3c(cccec3c4CCCCc42)C([0-])=0)C(F)(F)F 5.74 5.9
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9 0=5(=0)(n1lc2ccccc2c3ccccc31)cdecscdC([0-])=0 5.96 5.9
10 [0-]C(=0)clcccc2¢3CCCCCe3n(CCC)c12 6.37 5.7
11 [0-]S(=0)(=0)c1c(C(C)C)cc(C(C)C)cclC(C)C 51 5.7
12 0=S(=0)(nlccc2ccc(0C)cc21)c3cesc3C([0-])=0 5.59 5.7
13 [0-]C(=0)clcccc2c3CCCCc3n(CCC)c12 6.14 5.6
14 Fclccec2een(S(=0)(=0)c3cesc3C([0-])=0)c12 535 54
15 [0O-]C(=0)CCCOclcceecl-c2cc(n(n2)-c3cccece3)-c4ecceecd 5.52 5.3
16 Clclcee(-c2cc(nn2-c3ccccc3)-c4ccccc4OCCCC([O-])=0)ccl 5.21 5.2
17 Fclccec2cleen2S(=0)(=0)c3cccec3C([0-])=0 5 5.2
18 Clclccc(CN(c2nc(O)cc(n2)C(F)(F)F)C)ccl 54 51
19 FC(F)(F)clcc(O)nc(Nc2ceeee2)nl 4 4.8
20 Brclccc2c(n(S(=0)(=0)c3c(C(C)C)cc(C(C)C)cc3C(C)C)c(n2)C)cl 4.08 4.7
21 0=5(=0)(nlc(nc2ccecec21)C)e3c(C(C)C)ec(C(C)C)ecc3C(C)C 4 4.6
22 [0-]C(=0)CCCOclcccccl-c2cec(n(n2)C3CCCC3)-cdcccecd 478 4.5
23  0=5(=0)(n1ccc2c(0C)ccecc21)c3cesc3C([0-])=0 489 43
24 FC(F)(F)clcc(O)nc(n1)NCc2cccec2 448 4.2

FABP Inhibitory Activity Assays.

To analyze the inhibitory activity of the compounds FABP4, a
displacement assay was utilized as described by the Cayman’s
instruction, FABP4 Inhibitor/Ligand Screening Assay Kit, Item No
10010231. The compounds (AST_1-3) for activity determination were
prepared as a stock solution (1 mM) in DMSO (dimethyl sulfoxide). On
the day of activity assay, the compounds were all diluted in phosphate
buffered solution (PBS, pH 7.4) to different concentrations (50, 25,
12.5,6.25,3.12, 1.56 pM). Appropriate concentrations of DMSO in PBS
was used as control. For activity assay, the detection reagent (FABP
Assay Detection Reagent, Iltem Ne 10010376) was diluted in PBS to a
final concentration of 10 uM. The diluted Detection Reagent probe
was mixed with 10 uM FABP protein and incubated for 10 min at room
temperature. Compounds were then added and equilibrated for
another 10 min. The fluorescence signal was finally read at 370
(excitation)/470 (emission) with a CytoFluor® Series 4000
Fluorescence Multi-Well Plate Reader. The plotted displacement
curves for Arachidonic acid (positive control) and AST_1-3 are
reported in Figures 3.6—3.9.
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Arachidonic Acid IC, = 3.06 UM
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Figure. 3.6. Displacement curve for Arachidonic Acid.
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Figure. 3.7. Displacement curve for AST_1.
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Figure. 3.8. Displacement curve for AST_2.
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AST_3ICy, = 4.31 uM
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Figure. 3.9. Displacement curve for AST_3.

General information for the synthesis

All chemicals were purchased from Merk, Sigma Aldrich, and Acros
Organics and were reagent grade or better. Solvents were purchased
from Fisher Scientific, Sigma Aldrich, and VWR. NMR solvents were
purchased from GOSS Scientificand NMR tubes were manufactured by
Wilmad. Silica gel for column chromatography was purchased from
Merck. Samples were dried in a vacuum oven (Gallenkamp, rated to <
250 °C) connected to a vacuum pump (BOC-Edwards.). Pre-coated
aluminum sheets (silica gel 60 F254, Merck) were used for thin-layer
chromatography (TLC) and spots were visualized under UV light. *H
NMR and 3C NMR spectra were recorded on Varian UNITY Inova
spectrometer wusing CDClz or DMSO-ds as a solvent and
tetramethylsilane (TMS) as an internal standard, at 200 or 500 MHz for
'H NMR and 125 MHz for 3C NMR. 13C spectra were *H decoupled and
multiplicities were determined by the APT pulse sequence. Chemical
shift (6) values are given in ppm. All of the NMR experiments were
analyzed using the General NMR Analysis Toolbox (GNAT) 18] Mass
spectra were run at the King’s College (Institute of Pharmaceutical
Science, London, Stamford Street, London SE1 9NH, UK) on a
Thermofisher LCQ DECA XP ion trap mass spectrometer or a Waters -
Micromass ZQ - Single quadrupole mass spectrometer. High-resolution
LC-MS was performed at the Division of Imaging Sciences, King’s
College, London on an Agilent 6520 Accurate-Mass Q-TOF LC/MS
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connected to an Agilent 1200 HPLC system with a vacuum degasser,
qguaternary pump, variable wavelength detector, and autosampler.
Isotopic distributions were calculated using Molecular Weight
Calculator version 6.46. The resulting graph data were extracted and
processed in Microsoft Excel. HPLC analyses were performed on
Agilent 1100 series HPLC with quadrupole pump, vacuum degasser,
variable wavelength detector (set to 254 or 281 nm). The HPLC column
was an Agilent Eclipse XDB-C18 (4.6 mm x 150 mm) with a guard
column. All the syntheses and experiments for the compounds of the
first chapter were performed at the Department of Drug Sciences,
University of Catania. The measurement of the ICso of AST_1-3 were
performed at the Institute of Pharmaceutical Science, King’s College
London. All the syntheses and experiments for the compounds of the
second chapter were performed at the Institute of Pharmaceutical
Science, King’s College London.

General procedure for the synthesis of the alcohols 10

A solution of benzyl bromide 8 (0.02 mol) in Et,0 (50 mL) was added
dropwise over a period of 2h to a stirred suspension of Mg (0.025 mol)
in (50 mL) at room temperature. The mixture was stirred for 3 h more
at room temperature to produce benzyl Grignard 9 and cooled to —40
°C. To it, a solution of aldehyde 7 (0.01mol) in Et;0 (50 mL) was added
over a period of 1 h. The mixture was stirred for 2 h at —40 °C, gradually
brought to room temperature and stirred for 3 h more. Saturated
aqueous NH4Cl (10 mL) was added to it. The mixture was extracted
with EtOAc. The combined organic extract was washed with water,
brine and dried. Solvent removal under reduced pressure and column
chromatography of the residue (silica gel, 93/7, Cyclohexane/EtOAc)
afforded the pure alcohol 10. Yields 92-99%.

General procedure for the synthesis of ketones 11

To a stirred suspension of pyridinium chlorochromate (0.012 mol)
in CH,Cl; (60 mL) was added a solution of 10 (0.008 mol). The mixture
was stirred at room temperature for nearly 3 h until the disappearance
of the starting material (monitored by TLC), diluted with diethyl ether
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(50 mL) and filtered through a column of celite. Solvent removal of the
filtrate under reduced pressure and column chromatography of the
residue (silica gel, 95/5, Cyclohexane/EtOAc) afforded pure 11. Yields
95-99%.

General procedure for the synthesis of a-Bromoketone 12

Bromine (3.8 mmol) was added dropwise to a solution of 11 (2.52
mmol) in freshly distilled CHCI3 (10 mL). The mixture was heated under
reflux until conversion was complete (monitored by TLC). After the
mixture had cooled, the solvent was evaporated under reduced
pressure to provide a residue that was chromatographed (silica gel,
Cyclohexane) to yield pure a-Bromoketone 12. Yields 70—-85%.

General procedure for the synthesis of 2-Aminothiobenzamide 14

To a solution of 13 (14.7 mmol) in THF (75 mL) was added the
Lawesson’s reagent (8 mmol). The mixture was stirred under N; at
room temperature for 24h. The solvent was evaporated, and the
residue partitioned between EtOAc (50 mL), and 1 N HCI (30 mL). To
the aqueous layer was added aq sat. NaHCOs until pH 8-9. The basic
solution extracted with EtOAc (30 mL). The combined organic layers
were dried (Na2S04) and filtered. The solvent was evaporated and the
resulting solid residue recrystallized from toluene to afford pure 14 as
a yellow solid; yield 72%.

General procedure for the synthesis of thiazole 15

The 2-aminothiobenzamide 14 (1.5 mmol) was added to a solution
of a-Bromoketone 12 (1 mmol) in methanol. The mixture was refluxed
overnight. After the mixture had cooled, the solvent was evaporated
under reduced pressure to provide a residue that was column-
chromatographed (silica gel, 99/1, Cyclohexane/EtOAc) to yield pure
thiazole 15. 15_1: yield 75%, yellow solid, m.p.: 168-170 °C. *H NMR
(200 MHz, Chloroform-d) 6 6.22 (bs, 2H), 6.58 — 6.88 (m, 2H), 7.04 —
7.47 (m, 9H), 7.57 (dddd, J= 8.7, 7.8, 7.1, 3.3 Hz, 3H). 33C NMR (50 MHz,
Chloroform-d) 6 113.63, 116.77, 116.82, 127.60, 127.68, 127.92,
128.16, 128.55, 128.63, 128.87, 129.58, 129.83, 130.59, 145.64,
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149.16, 166.96. 15_2: yield 76%, yellow solid, m.p.: 178-180 °C. H
NMR (200 MHz, Chloroform-d) 6 6.42 — 6.85 (m, 2H), 7.17 — 7.54 (m,
9H), 7.54 — 7.89 (m, 6H), 7.99 — 8.22 (m, 1H), 8.68 (s, 1H). 3C NMR (50
MHz, Chloroform-d) 6 110.92, 115.13, 126.18, 126.27, 126.89, 127.69,
127.79, 128.19, 128.34, 128.78, 129.26, 129.72, 130.87, 131.32,
131.94, 132.56, 132.86, 133.37, 147.61, 148.92.

15_3:yield 81%, yellow solid, m.p.: 172-173 °C.

General procedure for the synthesis of 3-butynoic acid 17

A solution of 21 g (0.3 mol) of 3-butyn-1-ol 16 in acetone (300 mL)
was added dropwise to a mechanically stirred solution of 60 g of
chromium trioxide in 750 mL of 10 N H;S0s at 0 °C. The reaction
mixture was allowed to warm to room temperature and stirring was
continued for 1.5 h. The liquid was decanted into a mixture of EtOAc
and H;0. The aqueous layer was extracted five times with EtOAc. The
extracts were combined, washed twice with saturated NaCl solution,
dried (Na;S0a), and evaporated. The solvent was evaporated and the
resulting solid residue recrystallized from hexane to afford pure 17 as
a white solid, yield 93%.

General procedure for the synthesis of final compound AST_1-3
Thiazole 15 (0.54 mmol) was dissolved in THF (2 mL) in a 25 mL
round-bottomed flask and cooled to 0 °C in an ice bath. To this stirred
mixture was added t-BuONO (0.81 mmol) followed by TMSN3 (0.65
mmol) dropwise. The resulting solution was stirred at room
temperature for 2 h. 3-Butinoic acid 17 (0.54 mmol), an aqg. solution
(0.2 mL) of CuSO4 (0.027 mmol), and sodium ascorbate (0.108 mmol)
were then added and the reaction was stirred overnight at room
temperature. Most of the solvent was evaporated and the product was
then precipitated with water to give the final compounds AST_1-3.
AST_1: white solid, m.p.: 238-240 °C. *H NMR (500 MHz, DMSO-d¢) &
3.62 (s, 2H), 7.11 — 7.47 (m, 10H), 7.56 (d, J = 7.5 Hz, 1H), 7.73 (dt, J =
25.3, 7.5 Hz, 2H), 8.08 — 8.47 (m, 2H). AST_2: white solid, m.p.: 241-
243 °C. 'H NMR (500 MHz, DMSO-ds) & 3.57 (s, 2H), 7.28 (d, J = 7.9 Hz,
2H), 7.36 (dd, J = 19.7, 7.0 Hz, 3H), 7.43 = 7.52 (m, 2H), 7.55 (d, J = 7.9
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Hz, 1H), 7.64 — 7.74 (m, 1H), 7.74 — 7.83 (m, 3H), 7.83 — 7.91 (m, 1H),
7.95 (s, 1H), 8.26 (d, J = 6.7 Hz, 2H). AST_3: white solid, m.p.: 241-242
°C. 'H NMR (500 MHz, Chloroform-d) & 3.98 (s, 2H), 7.13 (t, J = 7.8 Hz,
1H), 7.17 = 7.24 (m, 2H), 7.25 — 7.37 (m, 5H), 7.44 (t, J = 1.9 Hz, 1H),
7.50 (dd, J = 7.8, 1.3 Hz, 1H), 7.59 (td, J = 7.7, 1.5 Hz, 1H), 7.66 (td, J =
7.7, 1.5 Hz, 1H), 7.89 (s, 1H), 8.15 (dd, J = 7.7, 1.5 Hz, 1H). 13C NMR (50
MHz, Chloroform-d) & 29.68, 126.94, 127.93, 128.11, 128.72, 128.86,
128.96, 129.35, 129.53, 130.35, 130.70, 134.07, 136.05, 160.12.
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1H NMR of molecule 15 1
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1H NMR of molecule 15 2
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'H NMR of AST_1
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'H NMR of AST_2
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Mass spectrum (ESI+) of AST_1
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Mass spectrum (ESI+) of AST_2
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Mass spectrum (ESI+) of AST_3
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HPLC chromatogram of AST_1
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HPLC chromatogram of AST_3
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Synthesis of THP (19)

To a cooled (0 °C) solution of THPd (18) (1 mmol), synthesized as
previously described,*8% in DMF (1 mL) was added DIPEA (6 mmol) and
glutaric anhydride (1.2 mmol). The resulting mixture was stirred at RT
overnight. The resulting solution was evaporated under reduced
pressure, further dried under high vacuum for 3 h, dissolved in a
minimal amount of methanol and the product precipitated in ice-cold
diethyl ether. Following centrifugation, the pellet was washed several
times with diethyl ether. The freeze-dried compound 19 was used
without further purification. Yield: 98 %.

Synthesis of c-Met-peptide-THP

The linear sequence of c-met-peptide-THP was synthesized using
standard solid-phase peptide synthesis:
Fmoc-Ala-Gly-Ser(tBu)-Cys(Trt)-Tyr(tBu)-Cys(StBu)-Ser(tBu)-Gly-Pro-
Pro-Arg(Pbf)-Phe-Glu(OtBu)-Cys(Mmt)-Trp(Boc)-Cys(Trt)-Tyr(tBu)-
Glu(OtBu)-Thr(tBu)-Glu(OtBu)-Gly-Thr(tBu)-Gly-Gly-Gly-Lys(Dde)-
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Resin.

The NovaPEG Rink Amide resin (Merck Millipore, loading 1.4
mmol/g, 0.3 g) was used as solid support. For loading of the resin 3
equiv. of Fmoc-protected amino acid Lys(Dde), 3 equiv. of oxyme and
3 equiv. of DIC were dissolved in DMF (2 mL) and the reaction mixture
was added to the resin. The reaction mixture was shaken overnight at
room temperature. The resin was washed three times with DCM (20
mL) and DMF (20 mL). For Fmoc-deprotection the resin was treated
two times for 15 min. with 20% piperidine/DMF (10 mL). A standard
protocol was used for solid phase peptide synthesis: 4 equiv. Fmoc-
protected amino acid, 4 equiv. oxime, 4 equiv. DIC was dissolved in
DMF (2 mL). The reaction mixture was shaken for 3 h at room
temperature. At the end of the sequence, the last amino acid (Ala) was
deprotected and acetylated. For the acetylation 10 equiv. of acetic
anhydride and 20 equiv. of DIPEA were added to a solution of DMF (3
mL) and then added to the resin and shaken for 30 min.

Formation of the disulfide bonds of c-Met-peptide-THP and THP
coupling

S-t-Bu  was removed by treating the resin with 20%
mercaptoethanol in DMF (10 mL) and shaken for 3 h. Finished the
reaction the resin was treated with 10 equiv. of DTNP in DCM (10 mL)
for 1 h. Then the resin was treated with 1% TFA in DCM (10 mL) in the
presence of TIPS as the scavenger. The reaction was repeated 3 times
for 5 minutes, then the resin was washed three times with DCM (20
mL) and DMF (20 mL). After the formation of the C13-C21 disulfide
bond, the lysine in 1 position was selectively deprotected (Dde
removal) in presence of a solution of hydrazine 2% in DMF (10 mL).
The reaction was repeated 2 times for 30 minutes, then the resin was
washed three times with DCM (20 mL) and DMF (20 mL). After the
removal of the Dde the THP (19) was coupled using HATU as coupling
agent. 5 equiv. of HATU and 5 equiv. of DIPEA were added to a solution
of 5 equiv. of THP (19) in DMF (3 mL), then the solution was added to
the resin and shaken for 24 h. After the coupling of the hexadentate
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tris(3,4-hydroxypyridinone), the peptide was removed from the resin,
Trt groups were removed and the second disulfide bond was made in
air-oxidation condition. For the cleavage of the peptide from the solid-
phase, the resin was treated two times for 15 min. with a solution of
TFA/TIPS/thioanisole/Water (97/1/1/1, 10 mL). The solution was then
concentrated and the crude product isolated by precipitation into cold
diethyl ether. The precipitate was collected by centrifugation and
dried in vacuum. The crude products were analyzed by RP-HPLC and
mass spectrometry analysis. Afterward, the obtained linear peptide
was dissolved in a solution of NHsHCO3 (0.1 M; pH 7-8, 3 mL). The
reaction mixtures were stirred at room temperature for 24 h and
monitored by LC-MS analysis. The final compound was
chromatographed via preparative HPLC/UV using H,0/0.1% TFA as
eluent A and CH3CN/0.1% TFA as eluent B. The elution program used a
linear gradient of 0%—40% of eluent B in 60 min. The detection
wavelength was 281 nm and the flow rate was 15 mL/min. The isolated
fractions were further analyzed by analytical HPLC-DAD, using the
same eluent A and B of the preparative purification. The elution
program used a linear gradient of 0%—95% of eluent B in 20 min using
a C18 column at a 0.3 mL/min flow rate.

Synthesis of GLP-1-peptide-THP

The linear sequence of GLP-1-peptide-THP was synthesized using
standard solid-phase peptide synthesis:
Ac-Ser-Pro-Pro-Pro-Ala-Gly-Ser-Ser-Pro-Gly-Gly-Asn-Lys-Leu-Trp-Glu-
Ile-Phe-Leu-Arg-Val-Ala-Glu-Glu-Glu-Met-GlIn-Lys-Ser-Leu-Asp-Ser-
Thr-Phe-Thr-Gly-Glu-Gly-His-Lys(Dde)—resin.

The 2-Chlorotrityl chloride resin (Merck Millipore, loading 1.0-1.8
mmol/g, 0.4 g) was used as solid support. For loading of the resin 3
equiv. of Fmoc-protected amino acid Lys(Dde), 3 equiv. of oxime and
3 equiv. of DIC were dissolved in DMF (2 mL) and the reaction mixture
was added to the resin. The reaction mixture was shaken overnight at
room temperature. The resin was washed three times with DCM (20
mL) and DMF (20 mL). For Fmoc-deprotection the resin was treated
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two times for 15 min. with 20% piperidine/DMF (10 mL). A standard
protocol was used for solid phase peptide synthesis: 4 equiv. Fmoc-
protected amino acid, 4 equiv. oxime, 4 equiv. DIC was dissolved in
DMF (2 mlL). The reaction mixture was shaken for 3 h at room
temperature. At the end of the sequence, the last amino acid (Ser) was
deprotected and acetylated. For the acetylation 10 equiv. of acetic
anhydride and 20 equiv. of DIPEA were added to a solution of DMF (3
mL) and then added to the resin and shaken for 30 min. After the
removal of the Dde in presence of a solution of hydrazine 2% in DMF
(10 mL), the THP (19) was coupled using HATU as coupling agent. 5
equiv. of HATU and 5 equiv. of DIPEA were added to a solution of 5
equiv. of THP (19) in DMF (3 mL), then the solution was added to the
resin and shaken for 24 h. After the coupling of the hexadentate
tris(3,4-hydroxypyridinone), the peptide was removed from the resin.
For the cleavage of the peptide from the solid-phase, the resin was
treated two times for 15 min. with a solution of
TFA/TIPS/thioanisole/Water (97/1/1/1, 10 mL). The solution was then
concentrated and the crude product isolated by precipitation into cold
diethyl ether. The precipitate was collected by centrifugation and
dried in vacuum. The crude products were analyzed by RP-HPLC and
mass spectrometry analysis. The final compound was
chromatographed via preparative HPLC/UV using H20/0.1% TFA as
eluent A and CH3CN/0.1% TFA as eluent B. The elution program used
a linear gradient of 0%—40% of eluent B in 60 min. The detection
wavelength was 281 nm and the flow rate was 15 mL/min. The isolated
fractions were further analyzed by analytical HPLC-DAD, using the
same eluent A and B of the preparative purification. The elution
program used a linear gradient of 0%—95% of eluent B in 20 min using
a C18 column at a 0.3 mL/min flow rate.

Materials for Gallium radiolabeling

Gallium-68 was eluted from an Eckert & Ziegler (E&Z Radiopharma
GmbH) %8Ge/%8Ga generator producing 200-400 MBq of ®Ga, using 5
mL of 0.1 M hydrochloric acid and collected in five 1 mL fractions.
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Radiation was counted using a Capintec CRC-25R. High-performance
liguid chromatography (HPLC) was performed on an Agilent
Technologies 1260 Infinity with inbuilt degasser and quaternary pump,
ultraviolet (UV) detection at 220 nm and radioactive detection was
done by a Bioscan Inc. B-FC-3200 photomultiplier tube (PMT) detector.
HPLC data were collected and analyzed on Laura software. The
reverse-phase method used is shown in Method 1.

The size exclusion method used is 100% PBS, flow rate 0.8 mL/min, no
gradient, 20-minute run time.

Time / min Solvent %
A B
95
5 95
20 5 95
25 5 95
25.1 95 5
30 95 5

Method 1: A = water + 0.05% trifluoroacetic acid. B = acetonitrile +
0.05% trifluoroacetic acid. Flow rate: 1 mL/min.

Analytical reverse-phase HPLC was performed on an Agilent Eclipse
XDB-C18 column with 5 um particle size and column dimensions of 4.6
x 150 mm. Size exclusion HPLC was performed on a Phenomenex
BioSep 5pum SEC-s2000 145 A column with dimensions of 200 x 7.8
mm. Radio instant thin layer chromatography (ITLC) was developed on
Agilent Technologies glass microfibre chromatography paper
impregnated with silica gel and analyzed using a Lablogic Flow-count
TLC scanner and a BioScan B-FC-3200 PMT detector using Laura
software. ITLC methods were the acetate method (1 M ammonium
acetate in water/methanol (1:1)) and the citrate method (0.175 M
citric acid, 0.325 M trisodium citrate in water).

Sample preparation for Gallium radiolabeling
Stock solutions of four c-Met-peptide-THP in water were prepared
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at a concentration of 1 mg mL-1 (244 uM) using 0.60, 0.27, 0.52 and
0.14 mg of sample respectively. Stock solutions of two GLP-1-peptide-
THP samples in water were prepared at a concentration of 5 mgmL 1
(836 M) using 0.8 and 0.45 mg of sample respectively. Stock solutions
were stored at 20 °C when not in use.

c-Met-peptide-THP radiolabeling

Stock solution of c-Met-peptide-THP (17.5 uL, 4.26 nmol) was
added to %8GaCls; (250 pL, 5-90 MBq). Sodium bicarbonate solution in
water (26 pL, 1 M) was added immediately. The mixture was agitated
and the pH was checked to ensure it was in the range 6.5-7.5.
Radiochemical yield and purity was evaluated after 5 min using ITLC by
both the acetate method (®8Ga Rf = 0, [%®Ga]GaTHP Rf = 0.8-1,
[®8Ga]GaTHP cMet Rf = 0) and citrate method (%®Ga Rf = 0.8-1,
[68Ga]GaTHP Rf = 0, [68Ga]GaTHP-cMet R: = 0) and after 10 min by
HPLC (Reverse phase: unbound ®Ga Rt = 1.9 min, [®8Ga]GaTHP-cMET
R: = 13-14 min. Size Exclusion: unbound ®Ga Rt = 8-13 min,
[®8Ga]GaTHP-cMet = 14-15 min).

GLP-1-peptide-THP radiolabeling

Stock solution of GLP-1-peptide-THP (5 uL, 4.26 nmol) was added to
68GaCl3 (250 uL, 5-90 MBq). Sodium bicarbonate solution in water (26
uL, 1 M) was added immediately. The mixture was agitated and the pH
was checked to ensure it was in the range 6.5—-7.5. Radiochemical yield
and purity was evaluated after 5 min using ITLC by both the acetate
method (°8Ga Rf = 0, [*8Ga]GaTHP Rf= 0.8-1, [®®Ga]GaTHP GLP-1 Rf=0)
and citrate method (%8Ga Rf = 0.8-1, [*3Ga]GaTHP Rs = 0, [*8Ga]GaTHP-
GLP-1 Rf = 0) and after 10 min by HPLC (Reverse phase: unbound %Ga
Rt = 1.9 min, [®®Ga]GaTHP-GLP-1 R: = 13.7-13.9 min. Size Exclusion:
unbound %8Ga R; = 8-13 min, [®8Ga]GaTHP-GLP-1 = 12-15 min).
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ITLC acetate unbound %8Ga
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ITLC acetate c-Met-peptide-THP
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ITLC acetate GLP-1-peptide-THP
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Reverse phase HPLC unbound gallium
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Reverse phase c-Met-peptide-THP
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Reverse phase HPLC GLP-1-peptide-THP
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