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Abstract

The aim of this project is the investigation of the novel non-proteinogenic §-
amino acid cis-3-(aminomethyl)cyclobutane carboxylic acid (ACCA) and its
possible applications.

ACCA was obtained after a 7 steps synthesis, from commercially available
starting materials. The important characteristics of ACCA are the locked cis
conformation of the amino and carboxylic acid groups and the presence of the
cyclobutane moiety that render it a constrained molecule and therefore
particularly interesting as building block for organic synthesis and
peptidomimetics drug design. For these reasons ACCA can be considered a
very versatile and useful molecule, with applications in different research fields,
some of which are described herein.

A small library of dipeptides was also synthesised coupling ACCA with
proteinogenic amino acids.

Considering ACCA resemblance with the neurotransmitter glutamic acid, the
neural activity of the &-amino acid, its ester and dipeptides have been
investigated on rat C6 glioma cells through glutamate uptake experiments,
showing an interesting increase in glutamate uptake.

Herein the incorporation of ACCA in a macrocycle tetrapeptide mimic, with
potential as ligand for metal ions is also reported.
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Introduction

1.1-Serendipity in chemistry

Serendipity is by definition the "faculty of making fortunate discoveries by
accident”.”

A surprising number of important chemical discoveries come from fortuitous
events. Penicillin is the classical example, but there are many other cases for
instance in the field of polymers and dyes. A curious example in this regard is

Perkin’s discovery of the first synthetic dye, mauveine (Fig. 1.1).2

Fig. 1.1 portrait of William Perkin with a sample of clothe dyed with mauveine and mauveine

chemical structure

William Henry Perkin entered the Royal College of Chemistry in London at the
age of 15 and soon became staff assistant in Hoffman’s group. In 1856, during
the Easter vacation, he was working in the rudimental laboratory in his room on
quinine synthesis starting from naphthalene. The project was challenging
considering that the structure of quinine was not known yet. In one of his
attempts, he reacted allyl iodide on toluidine and oxidised the product with
potassium dichromate obtaining a red/brown precipitate.

Not satisfied by the result he changed the base toluidine for aniline sulphate.
When he added the potassium dichromate he generated a black precipitate.
Trying to recover the desired product, he extracted the back mixture with

methanol and the organic solvent turned to a purple colour, similar to mauve.
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Attracted by the interesting hue, Perkin decided to test the product as a dye,
apparently using a piece of silk taken from his sister’'s wardrobe. What he found
was that the dye, later named mauveine, was resistant to water and light. After
optimising the synthetic procedure, he sold the dye to a Scottish company. Here
he learned that purple was a valued colour, but was expensive to extract from
natural sources (generally colours were obtained from vegetables, minerals and
animals) and was not particularly resistant. Thus, at the age of 18, William
Henry Perkin decided to patent the discovery, starting the business and
research on synthetic dyes.

As it often happens in research, also in our case a serendipitous discovery gave
birth to this thesis project, developed around the novel non-proteinogenic amino
acid cis-3-(aminomethyl)cyclobutan carboxylic acid ACCA (Fig. 1.2).

O
@)
9§ -oH o
HZN/\_J?"/ H HOJ\g/
H NH,
ACCA anticapsin

Fig 1.2 ACCA and anticapsin chemical structure

While working on the synthesis of an analogue of the natural antimicrobial
amino acid anticapsin (Fig. 1.2), an unwanted side reaction generated the
interesting precursor of ACCA. The origin of ACCA and the development of this
thesis project will be treated in more details in chapter 2.
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1.2-Peptidomimetics

A large majority of molecules present in living organisms and in Nature are
proteins or peptides. Examples are neurotransmitters, neuromodulators,
hormones, antibiotics, enzymes, some alkaloids, and some toxins or venoms. A
striking number of them, with diverse biological activity, have been isolated from
natural sources and characterised in the last fifty years.

Biological activities occur through the interactions of substrates with enzymes
and receptors. Synthetic analogues can mimic natural compounds and
therefore have the ability to interfere with the natural biological processes. For
this reason, peptides that act as agonists or antagonists of natural molecules
(peptidomimetics) can have medicinal properties and are of great interest in
research.*

One of the big issues in the use of natural molecules for medicinal purposes is
their poor bioavailability. They are easily recognised by endo- and
exopeptidases and then degraded.* Also their typical flexibility represents a
problem since it means poor specificity. In fact, in solution, peptides can adopt
many different conformations, and the one required to bind to the receptor may
not be the most stable one. Another drawback is given by their hydrophilicity,
which makes them unable to pass through lipophilic cellular membranes (e.g.
blood brain barrier) to exert their therapeutic action intracellularly. This delivery
problem is often detected when scientific experiments pass from in vitro to in
vivo trials.

Research in peptidomimetics obtained through small modifications or de novo
synthesis, aims to develop new bioactive compounds with enhanced
pharmacological properties.**

Conformationally constrained molecules play an important role in this field.
Conformational constriction minimises the problem of protein flexibility and
increases the binding affinity between the drug and the receptor.”

There are many techniques to give rigidity to peptides or to increase their
proteolytic stability, such as introducing small modification to the structure or
inserting non-natural amino acids in the peptide chain (Fig. 1.3). Examples are

substitutions (generally alkylation or dialkylation) to the a-carbon or to the
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nitrogen, insertion of D-amino acids, -amino acids or cyclic molecules (proline
analogues are widely used, like imidazole and tetrazole) or again amino acids
with sterically hindered side chains.

H O R H O R H O R H O R
/N\;)kN/H‘/ /NA)kNJ\( /N\__)kNJ\K /N%N/S(
R H o Rr H o R I o R H o

peptide a-carbon substituted N-substituted peptide with
peptide peptide D-amino acid

/wm* /HNIK . &(

[3-amino acid peptide with

peptide cyclic molecule ] . .
hindered side chain
peptide

Fig. 1.3 strategies for modification of natural peptides

Modification can also be made on the peptide backbone (Fig. 1.4). The amide
bond can be replaced with an appropriate isosteric group, such as CS-NH
(thiopeptide), CH2-NH (reducing the amide to amine, electronic properties
change quite drastically) or CO-CH, (carbapeptide). The NH could be replaced
with O to form an ester (depsipeptide) or the a-C can be substituted with NH
(azapeptide) or with C=C (vinylogous peptide).>*

Another approach for backbone modification is the use of retro-inverso isomers,
where L-amino acids are replaced by D-amino acids, but with an opposite
direction. One problem in this case is the inversion of the charges at the original
N- and C-termini, which need to be maintained. In order to do so, moieties
properly charged can be added at the extremities.*
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O R S R R O R
H H H H
R H o R H o R o) R 0
peptide thiopeptide reduced amide carbapeptide
H O R H 0O R H O O H R
/N\)J\O/'\H/ /N\»)J\N’NT( /N\/\)J\ )J\/NWK'\N/
R 0 R 0 R R o H
depsipeptide azapeptide vinylogous peptide retro-inverso
peptide

Fig. 1.4 peptides with modification on the backbone

An interesting example is represented by oligopyrrolinones. Oligopyrrolidones
are part of the vinylogous peptide family since they possess a C=C double bond
between the NH and the CO, where these double bonds are part of the cyclic
structure pyrrolinone (Fig. 1.5). This constrained peptide is able to generate f3-
strand conformations. Compared to equine angiotensinogen, which shows a
parallel p-sheet structure in its crystalline form, the olygopyrrolinone motif has
an almost identical secondary structure: same dihedral angles ¢, y, ®, same
orientation of the side chains, hydrogen bond donor and acceptors in the right
positions.®
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olygopyrrolinone

original peptide

Fig. 1.5 example of oligopyrrolinone compared to the p-sheet structure of equine

angiotensinogen

A peptidomimetic category not mentioned previously is the peptoids group.
Peptoids are peptide-like compounds where the NH and the CH, in the amino
acids swap positions, so that the side chain R is no longer connected to the
carbon, but to the nitrogen (Fig. 1.6). The residues are connected together in an
inverse manner compared to natural amino acids, resembling retro-inverso
peptidomimetics. The absence of NH groups reduces the possibilities of H-
bonds and gives to peptoids more flexibility. Furthermore, these compounds are
resistant to proteolytic enzymes, but keep the same activity of corresponding
natural peptides, therefore are more promising as orally active drugs.3

O Ry o)
/\NJ\/N\H/\NJ\ peptoid
R O Rs

H O R, H (0]
/N\.)kN)\[(N\.)]\ original peptide
Rik H O Rs

Fig. 1.6 comparison between peptoid and peptide generic structures

The interest in this class of peptidomimetics is recently increasing. Peptoids are
generated through a straightforward synthetic process, are metabolically stable,
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can cross cell membranes and find applications in different fields as therapeutic
and diagnostic agents, molecular transporters, nanomaterials and many others.
In the last year for instance fluorescent pH sensor peptoids have been studied
(Fig. 1.7).

_N 0
N
o
A &
N NH
N N
HooC © hooc ©

Fig. 1.7 fluorescent pH sensors peptoid

A widely used trick to achieve constrained peptides is the imitation of g-turns. A
B-turn is a peptidic structural motif formed by four amino acids in a row (i to i+3),
which produce a change in direction, without forming a-helices or -sheets and
the distance between the first and last a-carbon is less than 7 A (hydrogen
bond between the first and last amino acid of the turn). Although B-turns are the
most common, smaller and bigger turns also exist (-, a-, y- and d-turns with
respectively 6, 5, 3, and 2 amino acids).?

Other important motives, often reproduced in peptidomimetics are Q-loops,
large conformationally stabilized curves (6-16 residues).

To form these curved structures, proline and proline derivatives (Fig. 1.8) are
often employed. These constrained structures can influence heavily the peptide
secondary structure since it prefers the cis conformation and therefore forces
the ¢ angle to around -65°, impeding a-helix generation, but favouring turns.

Not only Pro is used for these purposes, but also derivatives (Fig. 1.8).°
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7/

D\COOH 52 ~COOH D‘COOH O¢/\\>\{<ﬂ"
”{\%
Pro 2,4-Me-Pro A3Pro Oxd

Fig. 1.8 Pro and derivatives used for turn formation

In Gentilucci’s group, the insertion of oxazolidin-2-one (Oxd) into peptides has
been studied (Scheme 1.1), starting from arylsulphonyl peptides in the
presence of bis(succinimidyl) carbonate (DSC) and diisopropyl-ethyl amine
(Pr,EtN) and the influence of various factors (solvent, base, carbonate and

sulphonyl group) has also been investigated.®

a: L-Ser; R: PhMe

0
0
o osc R 2 YN Hi b: D-Ser; R: PhMe
R- s Ala-Ser-Phe—NH, —— > O//S\N _SNH, € L-Ser; R: PANO,
H :
0

'ProEtN d: L-Ser; R: Me

O O 2
1a-d 2a-d \©

Scheme 1.1 Oxd formation reaction

The presence of Oxd induces B-turns in the peptide structure (Fig. 1.9).™

Fig. 1.9 example of peptide containing Oxd forming a [S—turn10
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Cyclisation of the entire molecule can also be used to mimic turns and loops
and give rigidity to the overall structure.

1.2.1-Cyclobutane in peptidomimetics

One of the techniques previously mentioned adopted in peptidomimetics is the
inclusion of cyclic moieties into peptides. An interesting cycle that can be
exploited for this purpose is cyclobutane.

The reactivity of such structure can be placed between the very reactive
cyclopropane and the very stable cyclopentane.

For instance, bromine and sulphuric acid react rapidly with cyclopropane, giving
1,3-dibromopropane and 1-propylsulphuric acid, but they do not interact with
cyclobutane. Cyclobutanes can react instead with transition metal species
provoking the cleavage of the C-C bond. With bigger cycloalkanes this reaction
is no longer possible."

The cyclobutane unit is a recurrent restricted element in natural compounds
found in bacteria, fungi, plants and other organisms and can be observed also
in primary and secondary metabolites. More than 200 cyclobutane-containing
alkaloids and other synthetic compounds show interesting biological properties,
like antibacterial and anticancer activity.'*"®

Eder and colleagues isolated nakamuric acid, its corresponding methyl ester
and the metabolites sceptrin and debromosceptrin (Fig. 1.10) from the
Indopacific sponge Agelas nakamurai. All these structures showed antibacterial

activity against several Gram-positive and Gram-negative bacteria.”>'*
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Br H H
0 N R 0 N,
SRS C o S S Oy
N N ‘\\\\ NH e) N N ‘\\\\ ‘NH [©)
Br. H H ' CFsCO0 R H H ‘ 2 CF3C0O0
H . H .
I\ N— COOR [\ N— NH
N N / @,,' ~==NH,
H o) H o} N
H
nakumeric acid sceptrin

Fig. 1.10 nakumeric acid (for R = H) and nakumeric acid metyl ester (R = CHj3); sceptrin (for R =
Br) and debromosceptrin (for R = H) chemical structures

Other examples of cyclobutane moieties found in nature are shown in Fig. 1.11.
These structures are isolated from the seeds of the legume Atelia herbert
smithii, found in the Santa Rosa National Park in Costa Rica and possess anti-

feedant properties.'>'®

©/COOH COOH ﬁ/COOH
NH NH, NH,

HO o HO
2,4- methanoproline 2,4-methanoglutamic 1-amino-3-(hydroxymethyl)
acid cyclobutane carboxylic acid

Fig. 1.11 2,4- methanoproline, 2,4-methanoglutamic acid and its hydroxy amino acid chemical
structures

Many plant species in the family of lycopodiaceae contain bioactive alkaloids,
some of which incorporate cyclobutane.'”8°

The compound in Fig. 1.12 and other similar alkaloids, containing the four

membered ring, are isolated from Cocoa leaves.?

10
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o-truxilline

Fig. 1.12 a-truxilline chemical structure

Many more examples are described in the work of Dembitsky.'?

The use of this strained motif has widely spread in the field of organic synthesis
only in the last 40 years, even if it has been known for more than a century.
Often the four-membered cycle is inserted in the structure to exploit its tension
and torsional effect, important characteristics in peptidomimetics.

Reactions that can take place on the cyclobutane are ring opening, ring
enlargement (to five- or six-membered cycles) and ring contraction (to
cyclopropanes). The synthetic techniques to generate these structures are
cyclization of acyclic starting materials, ring expansion of cyclopropanes and
the most common is photochemically induced [2+2] cycloaddition.?"#

Some examples of compounds of pharmaceutical interest, containing the four-
membered ring, obtained through ring expansion (Scheme 1.2), ring contraction
(Scheme 1.3) and [2+2] cycloaddition (Scheme 1.4), are reported below. The
derivatives most recurrent in nature and in synthetic compounds are
cyclobutanones and cyclobutenones.?® Many other applications of cyclobutane
derivatives in organic synthesis, are described in the reviews by Lee-Ruff and

Mledenova and by Namyslo and Kaufmann.?%?

11
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TBSO
S7§><] i) MsClI, TEA S—7"n.
O

Scheme 1.2 oxathianylmethyl-substituted cyclopropane rearrangement to give cyclobutanone
via mesylation25

i) CpoZr(Bu),

o) OH
\\" “OBn ii) Pd(PhsP), i\" “OBn
OBn Sml,, r.t. OBn

Scheme 1.3 ring restriction of substituted tetrahydrofuran to cyclobutane by zirconocene and
subsequent boron trifluoride-ether complex reactions®

hv, PhCOCH3

or Cu(OTH/ELD Ph

=N

OH

Scheme 1.4 [2+2] photoaddition reaction to generate 3-azabicyclo-[3.2.0]-heptane, important

pharmacophore for psychotic diseases and intermediate for the synthesis of azepams27

The cyclobutane moiety can be found in nucleotides with antiviral and

28,29

antineoplastic activity and it has been employed to synthesise fatty acids,

terpenes, steroids and amino acids.?®%

The latest, in particular, are widely studied in drug design and drug
development because of their versatility and they can find applications in
different fields.>*?

A number of papers have been published on amino acids containing a
cyclobutane ring. Burgess and colleagues prepared the N-protected 1,3-
cyclobutane amino acids (1S,3R)-3-((tert-butoxycarbonyl)amino)-2,2-

dimethylcyclobutanecarboxylic acid and (1S,3R)-3-(((tert-

12
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butoxycarbonyl)amino)methyl)-2,2-dimethyl-cyclobutane carboxylic acid starting
from a-pinene (Fig 1.13).3

|o XHN_ V% o
XHN/,.ﬁé“"J\OH r

O
a-pinene 1,3-cyclobutane amino acids
Fig. 1.13 a-pinene, (1S,3R)-3-((tert-butoxycarbonyl)amino)-2,2-dimethylcyclobutanecarboxylic

acid and (1S,3R)-3-(((tert-butoxycarbonyl)amino)methyl)-2,2-dimethylcyclobutanecarboxylic
acid chemical structures (where X = Boc or Fmoc)

Andre et al. synthesized (+)-(1R,2S) and (-)-(1S,2R) stereoisomers of 2-
(aminomethyl)cyclobutane-1-carboxylic acid as analogue of the GABA
neurotransmitter. The key reaction was a photochemical [2+2] cycloaddition of

ethylene and an unsaturated y-lactam (Scheme 1.5).%°

COCH

:>H+| N—R

NH,

Scheme 1.5 retrosynthetic approach to 2-(aminomethyl)-cyclobutane-1-carboxylic acid®

Komarov and collaborators developed a library of spiro-[3.3]-heptane bicyclic
glutamate analogues (Fig. 1.14).%

HzNwCOOH
HOOC

H

Fig. 1.14 spiro-[3.3]-heptane bicyclic glutamate analogues

13
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This constrained cyclobutyl amino acids can also be incorporated in more

complex structures like dipeptides, leading sometimes to unusual conformations

and hydrogen-bonding interactions (Fig. 1.15).3"2840

0O
N 0O
oJ{A
vt
H =, o
0 @ )
K /\)\\NH
H

O CbzNH

)
, )

Fig. 1.15 a) tetrapeptide incorporating two units of (-)-2-aminocyclobutane-1-carboxylic

Iz

acid alternate to two a-alanine residues, b) bis-(cyclobutane)-p-dipeptides chemical

structure

This kind of amino acid has also been incorporated in peptides and peptide
dendrimers (Fig. 1.16).414344

14
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H4CO W //2
0° L]
J@TNH

HNTQ\)NJ/
N0 0 ome y 9
OH / \\ N)\WN\/\X\H/ J:I
¢ >‘ z NH
H 0 CHs W

NH
o=
a) CHs b) NHCbz
Q COOBu
H,CO00C” "N 0 /_/7
H NH
HN
o) /—/_<\o

o HN
AN J/ b
N O
H,CO0C H HN \_\_./(O COOCHs
é \<
tBuOOC

Fig. 1.16 a) glucopeptide*’, b) octamer* and c) peptide dendrimer** containing cyclobutane

Iz
@)

BuOOC

c)

The interesting aspect of the inclusion of cyclic structures in peptides is the
diminishment of the conformational freedom, which can increase the affinity and
the selectivity with the receptor, the bioavailability and the stability to enzymatic
hydrolysis.*®

15
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1.2.2-Cyclic peptides in peptidomimetics

Among peptides, a big number of biologically active compounds have been
found and for this reason there is a great interest in the synthesis of peptide-like
molecules for therapeutic applications. Unfortunately, often problems such as
metabolic stability, membranes permeability and poor specificity are
encountered. The main issues are their high flexibility, the presence of charges
at the peptide ends and the poor bioavailability due to degradation via
peptidases. A possible solution can be found in cyclisation.*®*

Once in the cyclic form, peptides loose their conformational freedom and
flexibility with significant advantages. The restricted conformation improves
efficacy and selectivity towards the target. The absence of charged extremities
renders them lipophilic and thus able to cross cell membranes, even though this
is not valid for larger macrocycles. Furthermore cyclic peptides present better
bioavailability due to their resistance to proteases and therefore they are
biologically active for longer periods of time.?*®

Especially cyclopeptides with sizes between 500 and 2000 Da (just above small
molecules) are good candidates for drug design.*® In the case of small
molecules, 500 Da is the upper limit for cell permeability and oral bioavailability
(Lipinski’s rule of 5), but cyclic molecules can behave differently showing good
pharmacodynamic and pharmacokinetic properties even at higher molecular
weights.*°

An example is cyclosporine (MW = 1202 g/mol), an immunosuppressant cyclic
peptide, orally available and selective towards the intracellular protein target.>
Peptide size is fundamental when it comes to selectivity. For instance
macrocycles containing RGD peptides, small cyclic peptides formed by arginine
(R), glycine (G) and aspartic acid (D), have big differences in selectivity. Cyclic
compounds with high molecular weights (over 600 Da) can be effective with big
and difficult targets via peptide-peptide interaction, while a small cycle wouldn’t
work.”’

Macrocyclic compounds are formed by 12 or more atoms, they have a higher
degree of complexity compared to linear peptides and diverse functional groups

arranged to maintain a rigid structure. These characteristics give higher protein
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target affinity and selectivity. Despite their pre-organisation, they are not entirely
rigid compounds; there is a sort of equilibrium between pre-organisation and
flexibility to adapt to the target binding site to better interact with it.*®->2

The interest for cyclic peptides started in 1944, with the discovery of Gramicidin
S (Fig. 1.17), isolated from the bacterium bacillus brevis,?®. Its first application
was during the Second World War to treat gunshot wounds and since then the
research on cyclic peptides has grown exponentially.51

gramicidin S

Fig. 1.17 Gramicidin S chemical structure

Several natural cyclic peptides with interesting properties have been
discovered. A number of cyclopeptides is found in marine organisms, like the
class of compounds extracted from Lissoclinum, which contain heterocycles
and show cytotoxic activities or ulicyclamide, lissoclinamide 7°* and dolastatin
3, isolated from the sea hare Dolabella auricularia, with antineoplastic activity
(Fig. 1.18).>°

Some other examples of earthly origin are the insecticides family of destruxins®®
extracted from the fungus oospora destructor, the antibiotic family of polymixins
found in gram positive bacteria such as paenibacillus polymyxa,® the phytotoxin
tentoxin from the fungus Alternaria alternata and HC-toxin from the fungal plant
pathogen Cachliobolus carbonum (Fig. 1.18) and many more could be
mentioned.>"*’
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Fig. 1.18 examples of natural cyclic peptide: isolated from marine organisms (dolastatin 3), of
earthly origin (tentoxin)

Some cyclopeptides are also fundamental in our body. For instance the
hormone oxytocin (Fig. 1.19) is a neuromodulator, involved in sexual
reproduction, maternal behaviours and social recognition, also called “love
hormone”.%8°

Somatostatin (Fig. 1.19) is another very important cyclopeptidic hormone, which
inhibits the secretion of compounds like the growth hormone and is involved in

the treatment of hormone-related disorders.®°

NH \OH Oj/
H
o N "o HN
m OH
o o)
NH
H2N O 2
oxytocin somatostatin

Fig. 1.19 examples of natural peptides in the human body
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These natural molecules served as inspiration to generate new synthetic
libraries of analogues and cyclic peptide-like compounds for biomedical
purposes.

Unfortunately, when synthesising natural cyclic peptides analogues, the
cyclisation step is difficult to achieve and often renders the overall synthesis
challenging.®’

A big contribution was made by Seebach in the field of biologically active
natural cyclic tetrapeptides; for example he worked with p>-peptides (namely
peptides formed by a-unsubstituted-p-chiral-f-amino acids), cyclic molecules
able to generate unnatural biopolymers able to adopt fascinating secondary
structures like self-assembling transmembrane ion channels.®>®* Such peptides
assume flat conformations and interact together through extended hydrogen
bonding between the backbones of two successive peptides generating tubular
channel structures.

Cyclo[(-B3-HTrp)s-] and cyclo[(-p>-HTrp-p-HLeu).-] were studied using liposome
based proton transport assays and single channel conductance experiments by
Ghadiri’s group (Fig. 1.20) showing effective ion transport activity for K*.%°

00 00
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R oHm o H
28 29
R
R—NVLN JI{I/VKN/
H |'_| H H
28 2%
R
Ry JI,S&W
H\ |'_| H H
o oj
R
H

Fig. 1.20 example of self-assembling transmembrane ion channel
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Other examples of synthetic cyclic peptides with diverse applications are
octreotide, a somatostatin analogue and potent inhibitor of the growth hormone
and tyroid-stimulating hormone,®® and the pro-drug largazole and largazole thiol
(Fig. 1.21).%"

Peptides, and in particular cyclopeptides, are often studied in cancer research,
as explained by Janin in his review.?® In the article a large number of peptides
are divided in five groups on the basis of their mechanism of action: compounds
interacting with receptors, compounds interacting with nucleic acids, protein-
protein interaction inhibitors, inhibitors of enzymes and proteins with
mechanisms not known yet.

Examples of anticancer agents are apicidin analogues (Fig. 1.21), inhibitors of
histone deacetylase (HDAC), falling within the category of enzyme

inhibitors.%%"°
NHz | Q HY)O
O N
O NH i g ON
N N 0 HN N
HO (\f( H 74 N oH
o 55 O H \N _\ o OCH; O
HO NJ o) Oﬁ)%,/ED
H hn N NH
L x\j
o} ¢
NH,
octreotide largazole apicidin

Fig. 1.21 examples of synthetic cyclic peptide drugs

Still in the area of medical application, Chia’s group synthesised an analogue of
cyclo-[Gly-Ser-Pro-Glu] (cyclo-[GSPE]), an antibacterial peptide from the marine
bacteria strain Ruegeria using a solid support. This analogue is part of the
category of the 12-membered head to tail cyclic tetrapeptides, rigid compounds
present in nature and able to mimic reverse turns in solution. This characteristic
gives them a role in molecular recognition for protein-receptor interactions.”

From spectroscopic studies and calculations, they found three different
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conformations, in a ratio 4:2:1, where the most abundant one is a reverse turn
conformation with cis-frans-cis-trans pattern. This interesting behaviour was
previously reported for this class of molecules when dissolved in hydrogen bond
perturbing solvents such as water.”?

Opioid cyclic peptides are often studied to find analogues with improved
efficacy for pain relief.*” Examples are analogues of endomorphins, mammalian
endogenous opioid tetrapeptides found in the brain, with high affinity for the u-
opioid receptors. Few cyclic analogues were  studied like
ciclo[[cAmp]ZEndomorphin—2], where Pro? was substituted with cis-4-amino-L-
Pro (cAmp) to allow the cyclisation73 and ciclo[-Tyr-D-Pro-D-Trp-Phe-Gly-],

which showed agonist properties (Fig. 1.22).”47°

HN ' o)
NH ”
N HN
N
O
o © NH HNI\©
N >_/ @)
NH2 | 0
HO _
HO
c[[cAmp]*Endomorphin-2] c[-Tyr-D-Pro-D-Trp-Phe-Gly-]

Fig. 1.22 endomorphins analogues

For a completely different application, recently, Merck synthesised a RGD-like
cyclic peptide formed by arginine, glycine, aspartate, D-phenylalanine and
aminocyclohexan carboxylic acid. This compound is called “Ronacare®
Cyclopeptide 5” and is the first cyclic and homodetic peptide (all the constituent
amino acids are linked together covalently through peptide bonds) for cosmetic
anti-age products. Its cyclic structure is ideal to better bind integrin receptors on
the cell surface with high selectivity, mimicking natural processes for skin
reparation. Integrins are cell adhesion molecules and regulate cell motility,

growth and survival.”®"”
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Attractive applications for cyclopeptides are also found in the area of
nanomaterial. In fact cyclic peptides can stack together through hydrogen
bonding and serve as building block monomers for nanotubes,”® with possible
applications as drugs or as drug delivery agents.”

Cyclopeptides show interesting properties not only in their apo form, but also
when coordinated to metal ions.

Cyclic peptide complexes have already been studied in the literature for various
applications in different fields, such as diagnosis and therapies (scintigraphy

8082 and membrane ion transport.®®

and radiotherapy),®? selective ligands,
An interesting work in this regard was conducted by Ranganathan.?* He built a
number of non-natural cyclic peptides based on the model of valinomycin, a
natural 36-membered cyclododecadepsipeptide, K* selective membrane ion
carrier. Firstly he wanted to generate ball-like molecules, hydrophobic on the
outside; he achieved this incorporating 2-5 small highly lipophilic molecules
(e.g. adamantan) in alternation with amino acids (Fig. 1.23).

The results showed that the smallest macrocycle, with two adamantan
molecules, is selective towards Na®, while the one with three was more
selective towards K" and the bigger ones were not very efficient in binding ions.
The next step was the synthesis of a different class of valinomycin analogues to
mimic the depsipeptide structure (alternation of amides and esters) to increase
flexibility and transport efficiency, using serine CH,OH side chain to form the
esters. Compounds in Fig. 1.16 and larger analogues with 3 adamantans
resulted to be good transporters for Na*, Mg®* and Ca?".

22



Chapter 1

Introduction

a)

b)
Fig. 1.23 valinomycin analogues: a) amino acids alternated with lipophilic adamantan (n = 2-5)

and b) serine-base cyclodepsipeptide

Other interesting results were obtained with aromatic cyclodepsipeptides (Fig.

1.24), exploiting cation m-interactions, as in the case of the hosts pyridinium and

N-methyl acridinium ions.

H5CO

LD
NG

N-methyl acridinium

)
NG
H

pyridinium

Fig. 1.24 example of aromatic cyclodepsipeptides analogue of valinomycin and hosts
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1.2.3-Synthetic approaches to cyclic peptides

Despite the great advantages and the wide range of applications of cyclic
peptides, from drug discovery to nanomaterials, this class of molecules started
to be thoroughly investigated only recently. This is especially due to the
difficulties in their preparation, which sometimes is even impossible, using
traditional techniques. Linear peptides, in order to cyclise, must adopt a
conformation entropically unfavoured. Other factors that also influence the final
cyclisation yield are ring size, peptide sequence and reaction conditions.*®
Especially for cycles of medium and small size, the geometry of the peptide at
the energy ground state is not ideal to gain a closed conformation.

The cyclisation of peptides is typically achieved via amide bond formation
connecting the C and N termini of a linear peptide in high dilutions, but this
reaction does not work well for tetrapeptides and pentapeptides, due to the high
energy barrier.®® This problem is usually not present with larger peptides (more
than seven amino acids), even though intermolecular reactivity issues can be
still encountered.”’

An example that clearly shows the difficulties with this class of compounds is
the work of Schmidt and Langner, done in 1997. They attempted the synthesis
of small natural peptides, four and five amino acids length, without any success,
but obtaining instead dimerisation, trimerisation and epimerisation.®®

There are four different possibilities of cyclisation for an open peptide: head to
tail (connection between the C-terminus in one end of the open peptide and the
N-terminus at the other end), head to side chain, side chain to tail and side

chain to side chain (Fig. 1.25).
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Fig. 1.25 the four ways in which peptides can cyclise

To build the cycle, a variety of coupling reagents have been used, from the
classic carbodiimides, to triazole derivatives, to phosphate-based agents, to the
more modern and more reactive uronium coupling reagent HATU, HBTU and
COMU. The best results are generally obtained with HOAt-based reagents and
especially HATU and the other new generation coupling reagents.?”#

A number of reactions can be selected for the final cyclisation of peptides, such

4791 and condensation

as lactamisation,®® lactonisation,” disulphide bridges
between glutamic or aspartic acid and lysine side chains.*?

To avoid or, at least, minimise oligomerisation and polymerisation side
reactions, macrocyclisations need to be carried out in high dilution conditions,
usually at submillimolar concentration. To avoid inconvenient large volumes to
work up and long reaction times that come with high dilution conditions, some
tricks to create pseudo-dilution environment can be used, such as syringe-
pumps® or anchoring the peptide to a solid support.***® With this second
methodology, the peptide has to be attached through a side chain, usually
aspartic acid or glutamic acid carboxylate, and has to be cyclised in a head to

tail fashion before cleaving it from the support®. Many examples of peptide

25



Chapter 1

Introduction

cyclisation on solid support have been reported, like Finn’s cyclodimerisation
using click ch(-:'mistry.96 Thakkar et al. studied on-resin cyclisation of medium
and large size cycles (from cyclohexapeptides and above) using PyBOP as
coupling reagent, which achieved quantitative yields for all the sequences, with
negligible quantities of dimerisation.*

The most used type of peptide cyclisation is the head to tail method. The ring
size could play an important role as well as the ring disconnection. In fact steric
hindrance at the disconnection site can decrease the cyclisation yield, like in the
case of N-alkyl, o,a-substituted or p-branched amino acids or when the two
residues to couple have the same stereochemical configuration.®’

Typically, in synthetic chemistry, the key to obtain the desired product is having
the right balance between entropy and enthalpy. In particular for peptide
cyclisation, the vicinity of the two reactive peptide edges increases the chance
for the reaction to take place. For this reason, bringing the N- and C-termini
near to each other, before the cyclisation step, lowers the activation energy
barrier for the peptide closure. In order to render this pre-organised
conformation possible, intramolecular interactions such as covalent bonds, H-
bonding, electronic interactions need to be exploited.®” The pre-organisation
elements that take advantage from intramolecular interaction (mainly hydrogen
bonds and transient B-sheet structures) are loops and reverse turns.®”’
Unfortunately, these motives are not easily formed in short peptides since they
do not have enough atoms in their chains and external help is needed.
Hydrogen-bonding plays a fundamental role in peptide secondary structure and
conformation-directed macrocyclisation reactions.”® The total synthesis of the
antibiotic Ramoplanin A2 (Scheme 1.6) and the more recent synthesis of a
library of analogues based on a 12 membered cyclic peptide using HATU, give

good examples of their importance (Scheme 1.7). 879919
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Scheme 1.6 retrosynthesis of the cyclic peptides ramoplanin A2
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Ramoplanin A2 was built from three subunits assembled together. After their
synthesis, subunit 1 and 2 were the most difficult to combine together. The
carboxylate activation of the second subunit gave rather elimination of the
acyloxy substituent, until the best option of DEPBT as coupling reagent was
found. The reaction with the third subunit was performed using EDCI and HOAt
after removal of the protecting groups. The final step of macrocyclisation was
obtained using the same coupling reagent in good yields. The efficacy of the
synthesis was probably due to the pre-organisation achieved through the
careful insertion of B-sheets and a D-amine terminus, in addition to the
hydrogen bond contribution.

In Chen’s library (Scheme 1.7) the cyclisation step was possible also thanks to
hydrogen bonds. These interactions played an important role in determining the

different permeability properties of the analogues.'®

P 0 R
OH > O N RN N
N
. HE:NHRH . HXNH H
HN A~ o NJ}(N\/\NH o NJ}(N\/\NH
e Ho b H R
template analogues

P = protecting group
R = functional group (benzyl, amide, sulphonamide, etc.)

Scheme 1.7 12 membered cyclic peptide template and analogues

As useful as hydrogen bonds, though less common, are m-interactions, which

can play a pivotal role as in the case of cyclophane macrocycles synthesis.101
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Fig. 1.26 cyclophane macrocycle synthesis exploiting m-interactions

As it can be noted in Fig. 1.26, the dicarbohydrazides prefer an anti-orientation.
Computational calculations suggest the stabilisation by strong n — x*
interactions and intramolecular H-bonds, which drive the reaction towards
macrocyclisation rather than polymerisation. The macrocyclic product assumes,
in solution, the favoured conformation through hydrogen bonding and m-m
stacking.

There are different strategies to assist macrocyclisation through conformational
pre-organisation, some could be defined “internal”, which involve covalent
modifications and some other “external”, concerning molecular scaffolds.

An example of internal aid for loop formation is represented by the introduction
of cis-amide bonds and D-amino acids in the peptide chain. Proline and Pro-
mimetics are in fact often used for these purposes.'%%"%

An example of external element is represented by molecular imprinted cavities,
reported by Tai and Lin (Fig. 1.27). Using high temperatures, linear peptides
were induced to bind to the polymeric cavities and assume the less stable
turned conformation before the cyclisation step.'%

A polymeric template was employed, with cavities in which the linear peptide
could bind to, through intermolecular interactions, assuming a forced loopy
conformation to help cyclisation.
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Fig. 1.27 peptide cyclisation driven by molecular imprinted cavities

Also templates such as cations, anions and uncharged organic molecules have
often been used.®” This technique takes inspiration from nature, where some
cyclic peptides like gramicidin, valinomycin and anatamanide behaves as
ionofores stably binding cations.”’

Templates are able to organise the molecules in a way that favours the
reaction, which would not happen or would not be efficient in its absence.?®’

One of the first works, where this method was adopted is explained by Beck et
al. Two dipeptide esters were brought together through interaction with a metal
ion (Ni**, Pd®* and Cu?") aiding the nucleophilic attack of the amines to the
esters in basic conditions and allowing the formation of the C,-symmetric cyclic
tetrapeptide. In order for this dimerisation to happen, the dipeptides need to

coordinate to the metal centre in a trans manner (Scheme 1.8).6%1%
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Scheme 1.8 macrocyclisation using templating metal ions: dipeptide dimerisation
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Ye and co-workers showed instead that cyclisation of linear peptides can occur
choosing a suitable metal, depending on the peptide size: Na* works better for
pentapeptides, while the larger Cs* for heptapeptides.'®

An entropically favoured method to obtain small macrocycles is the
intramolecular ring contraction from a larger and easier to prepare cyclic

peptide, usually as result of a S- to N-acyl rearrangement (Scheme 1.9).

87,107,108
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Scheme 1.9 S- to N-acyl rearrangement for peptide cyclisation; a) cyclisation at pH 7.5, b) S-N

acyl rearrangement, c) Zn reduction

Despite the reversibility of this process, it is favoured over dimerisation or
polymerisation since the macrothiolactone intermediate brings the N and C
termini to be reacted close together in space, driving the acyl transfer.?

In Zhu's group they adopted the “substrate tailoring technique” using the
formation of the heterocycle oxazole to drive the macrocyclisation reaction.®
The favourable formation of the five membered ring oxazole lowers the entropic

and enthalpic barrier allowing the macrocyclisation (Scheme 1.10).
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NH, NH, + 0 0

2 X C6H13CHO

-

Scheme 1.10 substrate tailoring technique for macrocyclisation through formation of the

heterocycle oxazole

Many other strategies have also been exploited for peptides and peptide-like

187 among which the most

110,111

cyclisation, with various levels of success,
interesting are activation of the carbonyl group with a thioester, ring-

112

closing metathesis,"'? electrostatically controlled'® macrocyclisations®® and

others that have not been mentioned here.
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1.3-Amino acid neurotransmitters and peptidomimetics

A field of research where peptidomimetics may be extensively employed is
neurological disorders. In the brain, small molecules like amino acids have
specific and very important functions, and at the same time can be involved in
diseases. For this reason scientists are working to find mimetic compounds of
these important molecules able to reproduce the same kind of activity with

improved efficacy and selectivity.

A neurotransmitter is a chemical compound that transmits a signal between
nerves, from the presynaptic neuron to the postsynaptic neuron, consequently
to a nerve impulse.”™ This impulse, also called depolarisation or action
potential, is due to the movement of ions through the voltage-gated ion
channels and initiates the cascade of events that guarantees the signal

transmission (Fig. 1.28).""°

Synaptic
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T

receptors

Fig. 1.28 schematic representation of a synapse

Neurotransmitters are found in synaptic vesicles in the axon terminal and they
are released into the synaptic cleft and diffused after neuronal stimulation. Here
they bind to specific receptors on the membrane of the postsynaptic site
causing the propagation of the signal and consequently a biological effect.''

There are different classes of neurotransmitters such as monoamines (e.g.
dopamine, norepinephrine, serotonin) and peptides (e.g. somatostatin,
substance P, opioids), but among the most important we find amino acid
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neurotransmitters.

Two main neurotransmitters in the mammalian central nervous system (CNS)
are the amino acids L-Glutamic acid, which is responsible for excitatory synaptic
transmission and y-aminobutyric acid (GABA), responsible for inhibitory synaptic
transmission. Other endogenous important amino acids are glycine and taurine,
which are inhibitory neurotransmitters.’”''® It is important to maintain a
balanced chemical concentration of neurotransmitters to guarantee the neural
activity in the brain; this principle in fact has widely been exploited in
pharmacological modulation of behaviour, in therapies for emotional and
affective problems, in cognitive and motor disturbances."® Neural activities that
can be modulated interfering with this balance are arousal, attention, mood,
learning, memory, motivation, sleep and dreaming.'®

GABA is biosynthesised via enzymatic decarboxylation from glutamic acid and
is involved in anxiety, insomnia, epilepsy, restlessness, aggressive behaviours
and also in alcohol and drug addiction.""

For these reasons, many research groups are working on new GABA
analogues which target GABA receptors with possible applications in the
treatment of anxiety and depression, to name a few.

In this study, the synthesis of glutamic acid analogues is investigated because,
unlike GABA, there are very few drugs in clinical trials despite its high

involvement in brain functions and neurological diseases.
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1.3.1-Glutamate

L-Glutamic acid (Glu) is one of the 20 proteinogenic amino acids and one of the
main excitatory neurotransmitters in the mammalian CNS, involved in cognition,
memory and learning."’

The majority of glutamate is contained in the cytosol of presynaptic vesicles in
the brain nerve cells and only a minimal fraction is outside (4 uM), for a total of
5-10 mmol per Kg (wet weight)."? The highest concentration is found inside
nerve terminals.'?®

Compared to the cerebrospinal fluid, plasma has a high level of glutamate
because the blood-brain barrier prevents direct transfer of glutamate to the
brain.

Depolarisation of the presynaptic neuron stimulates glutamate exocytosis and
activation of receptors. Receptor activation occurs when glutamate binds to
their active site. This process is very quick thus, as soon as the
neurotransmitter detaches from the receptor, it needs to be inactivated to avoid
further stimulation, which would lead to dangerous hyperactivation of the
receptor (excitotoxicity: glutamate toxic extracellular concentration > 10 uM).
The concept of excitotoxicity if often associated with neurodegenerative
diseases.

Nerve cells die because glutamate chronically activates its receptors, especially
N-methyl-D-aspartate (NMDA) receptors, leading to a rise in intracellular
calcium concentration with consequent mitochondrial damage and irreversible
disruption of intracellular homeostasis.'*

For this reason the glutamate concentration needs to be kept low, not only to
avoid excitotoxicity, but also to allow a high signal-noise ratio for the signal
transmission.

The main pathway for inactivation of glutamate is removal from the extracellular
fluid via transporter proteins, present in neurones and glial cells (supportive and
protective cells for neurons).

An alternative could be diffusion, but it works quickly only for very short
distances (a few hundred nanometres) and for low extracellular glutamate

concentration. Thus, glutamate uptake is the mechanism responsible for the
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long-term maintenance of low extracellular glutamate levels and therefore
responsible for protection of the neurones from excessive extracellular
glutamate.

Like glutamate, glutamate transporters are also involved in neurological
diseases; in fact transporter malfunctioning is closely correlated with brain
dysfunction such as cerebral ischemia, hypoglycaemia, amyotrophic lateral
sclerosis, Alzheimer's disease, traumatic brain injury, epilepsy and
schizophrenia.

1.3.2-Glutamate receptor proteins

Glutamate receptor proteins are ion channels permeable to cations (conduction

of Na* or both Na* and Ca**) and for this reason they are referred to as

ionotropic glutamate receptors.'#>'?

Structures of natural glutamate analogues able to activate these receptors are

shown in figure 1.29.
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Fig. 1.29 glutamate receptors agonists: N-methyl-D-aspartate (NMDA), a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA), kainic acid (KA)

Many research groups focus their attention on glutamate analogues able to
inhibit or enhance the interactions with the receptors, hence the signal
transmission. However, so far very few compounds were found to be effective
and progressed into clinical trials. The molecules synthesised in this thesis will
be tested for their interaction with glutamate transporter proteins rather than the

receptors.
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1.3.3-Glutamate transporter proteins

Glutamate transporter proteins are present in both neurons and glial cells, but
the majority of the transport takes place into the latter, therefore, only
transporters present in glial cells are of interest for this study.

In glial cells, Glu transporter proteins are found in the plasma membranes.
There are two categories of plasma membrane glutamate transporters, high
affinity (Na* dependent, K, = 1-100 uM) and low affinity (Na® independent, K,
> 500 uM).'®

High affinity glutamate transporters are driven by the gradients of Na® and K* (1

K" ion is exchanged for 3 Na* ions and 1 H*) ¥/

and for this reason they are
also called sodium dependent glutamate transporters or simply excitatory amino
acid transporters (EAATSs). They are divided in five groups, but only EAAT1 and
EAAT2 are present in glial cells. Their mechanism of action is reported in Fig.

1.30.
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Fig. 1.30 mechanism of action of EAATSs (Glu is red, Na* orange, H" grey, K" green). The first

step consists of 1 Glu, 3 Na” and 1H" binding to the facing outward open transporter. After the
binding, the gate hairpin 2 (HP2) closes the transporter and the inward facing gate haiprpin 1

(HP1) opens up letting Glu, Na* and H” into the cell. K” binds to the transporter generating a

conformational change so to close HP1 and open HP2. The K ion is finally released

extracellularly and the transporter is ready to start the cycle again'®

1.3.4-Glutamate metabolism

Glutamate is synthesised de novo from glucose and glutamine (GIn) in both
glial cells and neurones.'® In glial cells glutamate is recycled via the glutamine-
glutamate cycle (Fig. 1.31): the uptaken glutamate is transformed in glutamine
by the ATP-dependent enzyme glutamine synthetase. After being released into
the extracellular fluid, glutamine goes into neurons where is re-converted into

glutamate by the enzyme glutaminase.
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Fig 1.31 glutamine-glutamate cycle steps: Glu exocytosis from nerve terminal (ATP and ca®
dependent); Glu uptake by presynaptic (VI), postsynaptic (I) and extrasynaptic (glial cells) (ll)
glutamate transporters; conversion of Glu to glutamine in glial cells (glutamine synthetase; ATP-
dependent process); glutamine release from glial cell via glutamine transporter (lll); glutamine

conversion to Glu in neurones (glutaminase); Glu loading into synaptic vesicles via vesicular

glutamate transporter (V) 123

Once inside the cell, glutamate can be reused for different purposes such as
signal transmission and for metabolic processes (protein synthesis, energy
metabolism, ammonia fixation). Furthermore, glutamate is involved in the
synthesis of folic acid, GABA and glutathione.'?*'%

The latter, in particular, is a fundamental molecule for cell survival. Glutathione
(L- y-glutamyl-L-cysteinyl-glycine, GSH, Fig 1.32) is formed from the three
amino acids glutamic acid, cysteine, glycine, and is an important antioxidant in
living cells.

Glutamate is involved in the synthesis of GSH via the cystine-glutamate
exchanger (Xc), a sodium independent, chloride dependent protein.'®""*? The
main function of this low affinity protein, firstly described by Bannai in the
1980s, is to exchange stoichiometrically one molecule of intracellular glutamate
for one molecule of extracellular cystine (oxidised form of cysteine: Cys-S-S-
133,134

Cys, Fig. 1.32) through the cell membrane.

Cysteine gets oxidised very easily to cystine and the oxidising conditions
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present extracellularly favour the occurrence of this process, while the opposite
happens inside the cell, where the main form is cysteine. Intracellular free
cysteine is however kept low to avoid the risk of auto-oxidation, which would
perturb the redox balance.®

SH
0] 0] H O NH, O
N HO S.
NH, o) o) NH,
glutathione cystine

Fig. 1.32 cystine and glutathione chemical structures

Cystine is reduced to cysteine intracellularly and for this reason its
concentration inside the cell is very low. On the contrary, the concentration of
glutamate is higher inside the cell than outside. This trans-membrane gradient
provides the driving force for the uptake of cystine and no electrochemical
sodium gradient is needed (Fig. 1.33).123134.136.137
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Fig. 1.33 glutamate and its metabolism in neurons and glial cells;"* in the glial cell the high

affinity glutamate transporter (orange protein circled in blue) and cystine glutamate exchanger

(green protein circled in red) are highlighted*

Cystine is the primary source of cysteine, which is necessary for different
functions, the most important being the biosynthesis of glutathione via the «y-
glutamyl cycle.”® Glial cells are responsible for cystine uptake through X
antiporter and GSH synthesis. High affinity glutamate transporter proteins work
in fact in cooperation with the cystine-glutamate exchanger, recycling the
glutamate released extracellularly by the latter and avoiding excitotoxicity. A too
high concentration of extracellular glutamate would result in inhibition of cystine-
glutamate exchangers, due to competition of extracellular glutamate with
cystine and therefore inhibition of glutathione synthesis. Low levels of
glutathione can cause derangement of brain functions and eventually result in

cell death.'°

’ Reprinted from The Journal of Pharmacology & Therapeutics, Vol. 132, Issue 3, C. Pittenger, M. H.
Bloch, K. Williams, “Glutamate abnormalities in obsessive compulsive disorder: Neurobiology,
pathophysiology, and treatment”, pag. 318, copyright 2011, with permission from Elsevier
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Since EAATs provide the intracellular glutamate used by the X. for the
exchange with cystine, inhibition of the Glu transporter has also an inhibitory
effect on the exchanger.”®"'' Glutamate can be experimentally used as a
substrate for X in place of cystine (avoiding the problem of reduction to
cysteine) and cystine has been proven to be a low affinity substrate for the high
affinity Glu transporters (however, this does not provide a pathway for cystine

uptake due to the too low affinity compared to glutamate).'®

1.3.5-Glutamate in diseases
1.3.5.1-Diseases involving EAATs

The involvement of glutamate and its receptors in nervous system disorders
has been recognised for more than 40 years. Over the years an increasing
number of studies have demonstrated the neurotoxicity of excitatory amino
acids and only in the late 1980s glutamate receptor antagonists experiments
started to show some activity, but no cure for neural diseases has yet been
discovered.'??

There are several mechanisms that can contribute to glutamate-mediated
toxicity in neurons, for example over-activation of glutamate receptors. The
overproduction can be caused by stress, acute neurological disorders as

142-144

trauma and ischemia and by chronic neurodegenerative diseases such as

Parkinson’s, Alzheimer’s and Huntington’s. 130145147

Under brain pathological conditions or cellular injury, like stroke, trauma,
multiple sclerosis and meningitis, there may be problems associated with the
blood-brain barrier and the concentration of cerebrospinal glutamate can rise
from 1 uM up to 20 uM."*'%°

Another factor that could produce an increase in extracellular glutamate is
sodium-dependent glutamate reverse transport. This behaviour can happen for
instance in ischemia, where cellular ion gradients are compromised.'®® Also
cysteine-glutamate exchangers release big quantities of glutamate due to up-

regulation of the X exchanger in malignant glioma cells.’
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It has been reported that old people have a lower expression of a specific EAAT
and lower glutamate uptake and this decline seems to be more enhanced in the
case of Alzheimer’s disease.'?

Amyotrophic lateral sclerosis is a common disease that provokes the loss of
motor neurons in adults and progressively brings to paralysis and eventually
death within 5 years. Although the precise mechanism is not known, it is
believed that in this pathology, mitochondrial dysfunction leads to increased
Ca*" concentration and release of reactive oxygen species that inhibit glial
EAATSs, disrupting the glutamate clearance.'?*'®

Another motor dysfunction is Parkinson’s disease, which is caused by
degeneration of the nigrostriatal dopamine neurons. L-DOPA therapy is the
classical treatment for Parkinson’s disease, but newer therapies are aimed at
the glutamate-mediated cell death; main approaches are blocking glutamate
receptors or activation of glutamate transporters, like in the case of the drug
riluzole (Fig. 1.34).122149

Voutsinos-Porche’s and other studies reported that seizures can occur as a
consequence of down-regulation of glutamate transporters.'® Some cures for
epilepsy in fact up-regulate glutamate transporters. An example is the drug

carbamazepine (Fig. 1.34).""

riluzole carbamazepine

2

Fig. 1.34 riluzole and carbamazepine chemical structure

Excitotoxicity may also be involved in alcoholism or alcohol withdrawal,
hypoglycaemia and schizophrenia.'®?"°

To date, a wide range of glutamate analogues have been synthesised, studied
and tested towards different glutamate receptors and transporters.

In some cases, basic modifications have been made on the glutamate
backbone to improve the selectivity, for instance introducing substituents in the

4-position, such as simple methyl or larger structures as N-2,2-diphenylethyl-2-
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aminocarboxyethyl group.'®

The inclusion of cyclic structures is one of the most commonly employed ways
to give rigidity to the molecule and consequently increase the selectivity
towards the target of interest. Different ring sizes can be found in the literature
(e.g. cyclopropane, cyclopentane), but here are reported some examples
containing cyclobutane, which is the most interesting ring for this thesis

purposes (Fig. 1.35).'%

O
NH, OH
H/D\k HOOC\<>/NH2 NH
HOOC y COOH H" "“COOH O
\\
OH
L-CBG ACC azetidine containing
analogue

Fig. 1.35 glutamate analogues containing cyclic structures; where L-CBG = L-2-(2-

carboxycyclobutyl) glycine, ACC = 1-aminocyclobutane-1,3-dicarboxylate

Examples are L-2-(2-carboxycyclobutyl) glycines (L-CBGs). The four
stereoisomers L-CBG-Il, L-CBG-Il, L-CBG-Illl and L-CBG-IV were found to be
active against EAATs."® Other examples of active cyclic glutamate analogues
are 1-aminocyclobutane-1,3-dicarboxylate (ACC), which were synthesised by
different groups.'®®3+37

Interesting analogues containing azetidine 1,2- and 1,3-dicarboxylic acid were
synthesised through Wittig olefination as a key step, followed by stereoselective
rhodium catalysed hydrogenation.'®

All the compounds mentioned so far have the common characteristic of being
a-amino-dicarboxylic acids with the acid groups usually separated by 2-3
methylenes. It is generally believed that these features shouldn’t be changed to
allow interaction with the receptors and only some variations in the structure
could be allowed at the distal carboxyl group, like derivatisation, replacement,
inclusion of the a-amino group in the cyclic structure and modifications at the

carbon skeleton.'?®
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More recently, however, new types of glutamate analogues without the second
carboxylic acid moiety have been investigated (Fig. 1.36).

(+)-HIP-B UCPH-101

Fig. 1.36 glutamate analogues non-dicarboxylic acid; where (+)-HIP-B = (+)-3-hydroxy-4,5,6,6a-
tetrahydro-3aH-pyrrolo[3,4-d]-isoxazole-6-carboxylic acid, UCPH-101 = 2-amino-4,7-diaryl-5-

oxo-tetrahydro-4H-chromene-3-carbonitriles

In 2012 Callender et al. published the work on the new compound (+)-3-
hydroxy-4,5,6,6a-tetrahydro-3aH-pyrrolo[3,4-d]-isoxazole-6-carboxylic acid ((+)-
HIP-B), active as EAAT3 inhibitor."® Another example is 2-amino-4,7-diaryl-5-
oxo-tetrahydro-4H-chromene-3-carbonitriles (UCPH-101), considered one of
the best EAAT1 selective inhibitors discovered in the recent years.'®

In contrast with the majority of the compounds seen so far, there is a different
class of glutamate analogue, able to increase the protein transporter ability (Fig.
1.37).
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Fig. 1.37 some examples of glutamate analogues that enhance the activity of EAATSs, where
GPI1-1046 = (S) -3-(pyridin-3-yl) propyl 1-(3,3-dimethyl-2-oxopentanoyl) pyrrolidine-2-
carboxylate; MS-153 = (R) -(5-methyl-4,5-dihydro-1H-pyrazol-1-yl) (pyridin-3-yl) methanone'*®

Excitatory amino acid transporters are sensitive to changes in oxygen/energy
level changes and they easily fail to work in abnormal brain conditions. Thus it
is important to have drugs able to increase the uptake of excitotoxic glutamate
in  neurotoxic/neurodegenerative  circumstances, making the damaged
transporter work again.

Furthermore, in a limited number of cases, the origin of psychiatric disorders
may be hypofunction of glutamatergic signaling. In fact, encouraging results on
depression have been obtained after increasing synaptic Glu uptake. 2816162
There are two different ways of enhancing the transporter activity: by increasing
its expression (at a transcriptional, translational or posttranslational level) or by
direct interaction at the level of the protein.

Only a small number of molecules are able to directly interact with the
transporters. An example is the approved drug for amyotrophic lateral sclerosis,
previously mentioned, riluzole (Fig 1.34), which unfortunately is not selective.
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1.3.5.2-Diseases involving X.

Recently, the cystine-glutamate exchanger dysfunction has been implicated in a
number of diseases, above all in tumour growth, but has also been proposed as
a source of glutamate dysregulation in brain disorders.'?*'¥? These proteins
may also play a role in drug addiction, where a decrease in cystine-glutamate
exchange has been registered with increased glutamergic transmission.'®

The only way for tumours to expand in the brain is to kill other cells. In order to
do so and be able to proliferate, glioma cells (a type of tumour developed in
glial cells in which the cystine-glutamate exchanger is up-regulated) release
excitotoxic glutamate through X.."*' This abnormal release of Glu in exchange
for cystine, allows for extra production of GSH, which gives the tumour cells
greater protection and resistance to reactive radicals and also to radiation,
chemotherapy and other standard anti-cancer therapies. Effective strategies
have not been found yetand are urgently needed."®

It has been shown by Sato et al. that tumour necrosis enhances the sodium
independent cystine transporter in mouse peritoneal macrophages.’?*'®* This
continuous glutamate release causes a change in the glutamate gradient and
therefore forces an inverse behaviour of the exchanger which recycles
glutamate and takes it up instead of cystine resulting in decreased levels of
glutathione production.?*'"

Xc exchangers are good targets for cancer therapy, where it is possible to find
selective drugs exploiting the differences in tumour cells with healthy cells.
Analogues of glutamate and cystine have already been identified (e.g. L-
homocysteate, L-quisqualate, L-a-aminoadipate, 4-carboxyphenylglycine).'®
Inhibition of X; would reduce cystine uptake and GSH production and
furthermore, would reduce glutamate excitotoxicity, decreasing tumour growth
and rendering tumour cells more susceptible to chemotherapy.”""** Inhibitors
have to be non-substrate, otherwise glutamate would still be released
extracellularly. However, this technique seems to impact more on extracellular
Glu than intracellular GSH and therefore it would be more promising in the
treatment of CNS malfunctions, than for tumour cure.'*®

An interesting example of a drug acting on the X. is sulfasalazine (Fig. 1.38),
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which acts on the glutamate antiporter decreasing GSH and tumour

propagation.’®

2N O:570
NcN

OH
HO™ ~O

Fig. 1.38: sulfasalazine chemical structure

Despite the numerous efforts of researchers all over the world in finding
effective glutamate analogues to target high affinity glutamate transporter and
cystine/glutamate exchanger proteins, a specific cure to neurological disorders
in which excitotoxicity is involved, has not been found so far. For this reason it
is important to keep working in this field in order to find selective

inhibitors/activators.
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Chapter 2

Synthesis of a novel constrained &-amino acid and its dipeptides

2.1-Introduction

After ACCA precursor 7a was obtained serendipitously (see paragraph 2.2.1),
its interesting structure, containing the constrained cyclobutane core, inspired
this project. The presence of NH, and COOH in the ACCA structure, allowed for
its incorporation in peptidic structures to investigate the effect of the constriction
on the secondary structure. We decided to start studying shorter structures like
dipeptides to understand the efficiency of amide formation of ACCA, using
peptides coupling procedures.

Since one of the techniques used in peptidomimetics is the inclusion of cyclic
moieties into peptides, the presence of the cyclobutane ring in the ACCA
structure led us to believe that this compound can easily find application as
peptidomimetic.
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2.2-Results and discussion

2.2.1-Synthesis of the novel non-proteinogenic 6-amino acid ACCA

The 7 steps synthesis of the non-proteinogenic d-amino acid (ACCA, 9) has
been developed in a previous PhD project, starting from the commercially
available methyl propiolate 1 and benzylamine 2a and is here optimised
(Scheme 2.1).

(0] 0] (0]
CO,Me RN RN RN
m + RNH, 3, I b o
O~ "OMe O~ "OMe OH
1 2a-b 3a-b 4a-b 5a-b
(e
(0] 0] o
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Scheme 2.1 Synthesis of conformationally constrained amino acid salt 9. Reagents and
conditions: a) (i) THF, -10 °C —rt, 1 h; (ii) Acryloyl chloride, rt, 12 h 43 %; b) H,, Pd/C, NaHCO3,
EtOH, rt, 12 h, 95 % or HCO2NH,, Pd/C, EtOH, 68 °C, 1 h; c) LiBH4, THF, 0 °C —rt, 12 h, 87 %;

d) (i) CH3SO,ClI, TEA, CH,CIy, -10 °C —rt, 16 h; (ii) Nal, acetone, reflux, 24 h, 79 %; or PPhs,
Imidazole, I,, toluene, 3 h, 68 %; ) LHMDS, THF, -20 °C, 1 h, 86 %; f) NH3 (1), Li (s), THF,
‘BUOH, -78 °C, 96 %; g) HCI 2 M, reflux, 12 h, 99 %

Dr. Elaine O’Reilly was working on the synthesis of the anticapsin analogue
reported in Scheme 2.2 and her synthetic approach consisted in the coupling of
compound 6a with diketopiperazines' after deprotonation of the alpha-carbon
using a strong base (LHMDS), but this coupling product was never achieved.
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diketopiperazine 6a coupling product anticapsin analogue

Ho)k._/E
NH,

anticapsin

Scheme 2.2 retrosynthesis to the anticapsin analogue

To try and understand the reason why this reaction was failing, which previously
worked very well with other iodide molecules,?> compound 6a was reacted alone
with LHMDS, without the diketopiperazine, achieving in unexpectedly high yield
compound 7a. The presence of the intramolecular cyclobutane ring, just beside
the hydrolysable amide moiety, seemed very attractive as precursor for a cis-
locked amino acid, ACCA.

Our approach to the synthesis of ACCA 9 involves the construction of the
nitrogen ring as described by Cook and colleagues.? Initially the formation of an
enamine intermediate occurs via the conjugate addition of methyl propiolate 1
and benzylamine 2a as mixture of the cis/frans isomers 45:55 and undergoes
subsequently an aza-annulation reaction with acryloyl chloride, generating the
ester 3a in 43 % yield over two steps. A possible explanation for the low yield is
that only one of the two stereoisomers undergoes the aza-anulation reaction. If
the enamine intermediate is isolated and characterised with "H-NMR spectrum,
it is possible to notice the presence of the two isomers (Fig. 2.1) with no need of
purification. This first part of the reaction proceeds in fact very neatly; it is the
second part of the reaction, after addition of acryloyl chloride, which gives many
impurities and lowers the final yield.
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Fig. 2.1 enamine formed from conjugate addition of methyl propiolate 1 and benzylamine 2a

The racemic ester 4a has been generated by hydrogenation of compound 3a in
95 % vyield. This compound has been already studied by Gray et al., using
kinetic resolution, giving the enantio-enriched compounds in high yields.4
Compound 4a was subsequently converted to the racemic alcohol 5a using
lithium borohydride, in 87 % yield and converted further to the iodo-derivative
6a via a mesylate intermediate in 79 % yield over the two steps. This approach
can also be substituted by the direct iodination (Appel reaction) of 5a, affording
6a after treatment with triphenylphosphine, imidazole and iodine, in toluene for
3 hours.’ Compared to the two-step procedure, the latter is much quicker, but
the purification of the desired compound from the side product
triphenylphosphine oxide is difficult and, when successful, it gives lower yields
(68 % versus 79 %).

An already exploited alternative technique of halogenation of compound 5a is
the direct bromination described in the literature by Gray and Gallagher which it
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was not attempted in this project.4

A rapid intramolecular nucleophilic substitution was observed after treating 6a
with LHMDS, vyielding 7a in 86 %. Galeazzi and collaborators previously
reported this type of intramolecular cyclisation, which they employed in the
synthesis of cis-2-aminomethylcyclobutane carboxylic acid in both enantiomeric
forms.® Compound 7a is then deprotected under Birch conditions generating the
bicyclic derivative 8 in 96 % yield. The three dimensional structure of 8 was
confirmed by X-ray crystallography (Fig. 2.2).

-
-

Fig. 2.2 X-ray crystal structure of bicyclic amide 8

The Birch reduction is an excellent chemical reaction widely exploited in organic
chemistry, which works in high yields and in short time with no need to further
purify the product.

The mechanism (Scheme 2.3) involves a two-electron transfer, where the
transfer of one electron is alternated with the uptake of H* to protonate the
radical anion.

A metal, lithium or sodium, is dissolved in liquid ammonia releasing an electron.
This "solvated electron" has a characteristic "royal blue"/black colour,
depending on the concentration. An alcohol, usually tert-butanol, is needed as

proton donor and is used in stoichiometric amount.’
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Scheme 2.3 mechanism of Birch reduction

The conditions just described, required from the reaction, are quite hazardous,
due to the presence of ammonia (which has to be condensed from gas phase to
liquid) and reactive flammable metals. Furthermore the reaction apparatus set
up, illustrated in Fig. 2.3, is complex.

dry ice + acetone
-78°C

v

NH, inlet —s =

Ny(l) + acetone
-78°C

Fig. 2.3 apparatus set up for Birch reaction
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Milder and safer conditions are used in the reaction with cerium ammonium
nitrate (CAN). This oxidising compound is able to cleave p-methoxy-benzyl
groups (PMB) but not benzyl groups. For this reason the synthesis of ACCA
was also attempted using p-methoxy-benzyl amine 2b.

As in the previous case, also this mechanism implicates the transfer of two

electrons (Scheme 2.4).

JO H,0 - Hgo Q
N -e
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Scheme 2.4 mechanism of CAN oxidation

CAN is a very stable Ce (IV) compound and is reduced to Ce (lll) after uptake
of an electron from the PMB group. The PMB compound gains a water
molecule and then looses a proton. This process is repeated a second time
involving a second CAN molecule and generating the deprotected product 8
and PMB aldehyde.?

Several attempts were done with this alternative reaction for the deprotection of
the lactam 7b, but the yields were never as good as with the Birch reduction (50
% vs. 96 %) so the idea of substituting Birch conditions with CAN was
abandoned, but it remains a good and green alternative.

Compound 8 was hydrolysed in acidic environment affording amino acid salt 9
as a brown solid in quantitative yield. The NMR spectrum at this stage looks
clean with no need of purification (Fig. 2.4), but when Dowex 50wx8-200 resin
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is used to purify the amino acid, the pure compound (95 % vyield) appears like a
pale beige solid, suggesting that probably some brown impurities, not
detectable with NMR analysis, are present after the hydrolysis.

CH,NH,*

CHCO CH,CH CH,CH

A Al

2.60 255
f1 (ppm)

Fig. 2.4 'H-NMR spectrum of ACCA 9 with no purification

Looking at the “conformationally locked” nature of the cyclic precursor 8, only
the cis isomer is obtained. This is confirmed by spectroscopic analysis and by
crystallographic data on the t-Boc protected derivative 12 (Fig. 2.5).

Fig. 2.5 X-ray crystal structure from two different angles of Boc protected ACCA 12

To investigate further the possibility of epimerisation, amino acid 9 was also
treated with a strong base (NaOH 2 M) and stirred overnight at 100 °C with no
changes noticed in its '"H-NMR spectrum, denoting a great stability of this
compound. Another proof of ACCA cis conformation comes from the NOESY
spectrum (Fig. 2.6).
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CH,NH,*

Fig. 2.6 NOESY spectrum of ACCA 9

Is it possible to notice in fact, that after irradiation of the proton CHCO (red), no
peak of CH,NH3" is visible in the spectrum, indicating that these two protons do
not interact through space, because too distant from each other. This means
that they are in a frans conformation and consequently the carboxylic group

must be in the cis conformation with respect to CH,NH;".
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2.2.2-Coupling of ACCA with other proteinogenic amino acids

A small library of dipeptides containing ACCA 9 and a proteinogenic amino acid
11a-c was prepared.

To perform the coupling reaction, protection of the ACCA C-terminus and of the
proteinogenic amino acid N-terminus needed to be carried out to avoid side
products of unwanted coupling reactions.

The ACCA carboxylic acid moiety was protected through esterification.

The methyl ester was successfully synthesised using SOCI, in methanol, but
ACCA methyl ester resulted to be unstable and easily hydrolysed back to the
amino acid over time. Furthermore it appeared to be difficult to work with, due to
solubility issues. Another esterification method was then adopted, generating
the relative propyl ester. Successful esterification procedures are described in
the literature using Lewis acids such as TiCls and ZrCls; the technique here
adopted was developed in a neighbouring group and therefore tried out in this
project.g’10

A catalytic quantity of zirconium was found to be an effective catalyst for the
esterification of amino acid 9. The reaction proceeds with high efficiency in n-
propanol yielding amino ester 10 in 89 % yield (Scheme 2.5).

O ©
Cl® < Cl ® QR
H3N’\<>)\OH _a) H3N’\<>)\O
H W H H
9 10

Scheme 2.5 esterification of ACCA 9. Reagents and conditions: a) ZrCl, 20 % mol, n-propanol,
45 °C, 24 h, 89 %.

The protecting groups exploited for the N-terminus were tert-butyloxycarbonyl
(‘Boc) or 9-fluorenylmethyloxycarbonyl (Fmoc). Amino acids already protected
11a-c are commercially available.

The coupling between 10 and 11a-c gives the protected dipeptides 12a-c
(Scheme 2.6).
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R: a = CH,Ph (PheACCA)
b = CH(CHj3), (ValACCA)
¢ = H (GlyACCA)

Scheme 2.6 synthesis of protected ACCA dipeptides. Reagents and conditions: a) HATU,

'Pr,EtN, CH,Cl,, 18 h, 76-92 %

The formation of the amide bond can be identified by nuclear magnetic

resonance spectroscopy. In fact the amide bond is visible in the "H-NMR

spectrum appearing as a small and broad peak around 5.5-6 ppm, as shown in
the example for Boc-Phe-ACCA-Pr 12a in Fig. 2.7.

@ A ul

T T T T T T T T T T T
6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 15 1.0
f1 (ppm)

Fig. 2.7 'H-NMR spectrum of the protected dipeptide 11a
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In the case of the self-coupling product 14, ACCA-Pr 10 was coupled with Boc-
ACCA 13 (Scheme 2.7).

O"Pr H H
Cl
® 14
HM%

Scheme 2.7 synthesis of protected self-coupling dipeptide Boc-ACCA-ACCA-Pr. Reagents and
conditions: a) HATU, 'Pr,EtN, CH,Cl,, 18 h, 93 %

The amine protection of ACCA 9 was achieved reacting the deprotected amino
acid with the anhydride di-tert-butyl-dicarbonate (Boc,0O) yielding compound 13
in 95 % vyield as a brown solid (Scheme 2.8).

N =P
Cl ©) O O//< 0]
H H H H

9 13

Scheme 2.8 synthesis of Boc-ACCA 13. Reagents and conditions: a) Boc,O, NaOH 2 M,
dioxane/ water 2:1, 2 h, 95 %

First attempts for this reaction were carried out using N,N-
Diisopropylcarbodiimide (DIC, Fig 2.8), but it was not a reliable coupling agent
for our purposes and best results were then achieved using O-(7-
Azabenzotriazol-1-yl)-N,N,N’,N-tetramethyluronium hexafluorophosphate
(HATU, Fig 2.8). This more modern coupling agent is part of the uranium

reagents family and it is the most active.”""
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N N
| A N FUF
No N ,|\TF/I\F
N=C=N S
/N\
DIC HATU

Fig. 2.8 peptide coupling agents

Carbodiimides are widely used in literature and their mechanism of action as

coupling reagent is shown in Scheme 2.9."*°

A\
0]
n
H Q Q
RlB l:\f)kR R'< )]\
H

Scheme 2.9 mechanism of DIC

The mechanism of uronium salts is similar to the one for carbodiimides
(Scheme 2.10). In both cases the nitrogen atom of the coupling reagent pulls
the bonding electrons, generating a partial negative charge on the nitrogen and
a partial positive charge on the carbon. This electrophilic carbon can be
attacked from the nucleophilic deprotonated carboxylic acid.

The attack of the amine to the carboxylic acid is favoured more in the reaction
with HATU due to the presence of a very good leaving group (triazole-

pyridinolate), which renders the carboxylic acid more reactive.
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Scheme 2.10 mechanism of HATU

The two main steps in the coupling with uronium salt are therefore, activation
and coupling. In the first step HATU reacts with the deprotonated carboxylic
acid forming the active intermediate 7-azabenzotriazol-1-yl ester; in the second
step the free amine attacks the active intermediate generating the amide bond.
The rate of both steps depends on the characteristics of the amino group and
carboxylic acid, so it may vary case by case.'®'’

The carboxylic acid was deprotected through basic catalysis and that was the
common denominator among all the deprotection procedures adopted for the
different dipeptides. The N-terminus ‘Boc protecting group in 12a was removed
under standard acidic conditions. In the literature the Boc protecting group is
often cleaved using trifluoro-acetic acid (TFA)."®'® In our case the reaction with
TFA/CH,CI; 1:5 works in an hour at 25 °C (83 %), but hydrolysis with HCI/Et,O

was preferred (Scheme 2.11).
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Scheme 2.11 deprotection of Boc-Phe-ACCA-Pr 12a. Reagents and conditions: (i) NaOH 2 M,
CH3CN, 45 °C, 3 h, 95 %; (ii) HCI/Et,O, CH,Cly, 4 h, 95 %

For the latter reaction, the non-aqueous environment allowed for the
precipitation of the deprotected amino acid product 15a as an off white solid
with 95 % yield, making the work up significantly easier.

The cleavage of the N-terminus Fmoc protecting group was expected to take
place under basic conditions used for the ester cleavage, namely hydrolysis in
NaOH. Unfortunately, when this procedure was attempted with Gly-ACCA
(15¢), an unexpected behaviour was noted. The "H-NMR spectrum showed a
splitting of all the signals (Fig. 2.9), which was initially thought to be due to
epimerisation of the compound. Two-dimensional NMR studies could not
explain what the second compound was, but it was clear that neither

diasteromers nor rotamers were involved in the phenomenon.
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Fig. 2.9 'H-NMR spectrum of Gly-ACCA 12c deprotected using hydrolysis in NaOH

To make sure that the unwanted behaviour was not due to the Fmoc protecting
group, the reaction was tested on FmocVal. When 12b was hydrolysed in
NaOH (Scheme 2.12), both NH, and COOH were cleved at the same time
providing a clean spectrum in 90 % yield.

0

o]
OnPr
i J i /\JOH
FmocHN N . Iy L) H,N N o
H i) H o<
12b

5
15b

Scheme 2.12 deprotection of Fmoc-Val-ACCA-Pr 12b. Reagents and conditions: NaOH 2 M,
dioxane/water 7:3, 45 °C, 3 h, 90 %
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Once it was proved that the Fmoc was not the responsible for the unexpected
behaviour observed with 11c, a different approach was investigated. A stepwise
deprotection protocol was employed, using a milder base for the first step.
Initially piperidine was attempted for the selective cleavage of the Fmoc group,
but the product could not be isolated with a sufficient degree of purity.
Triethylamine (TEA) proved to be the best choice, even if a longer reaction time
was needed. Compound 14c was achieved after refluxing it overnight and
followed by purification with 50wx8-200 ion exchange chromatography with
excellent yields. The ion exchange resin purification step was sufficient to
catalyse the hydrolysis of the ester protecting group, affording the free
carboxylic acid in 90 % yield (Scheme 2.13).

i Jonpr g i NJO?/OH
|
FmocHN I\~ . HN I~
H { H 4

12¢ 15¢

Scheme 2.13 deprotection of Fmoc-Gly-ACCA-Pr 12¢. Reagents and conditions: CH,CI,/TEA
1:1,45°C, 24 h, 90 %

This hydrolysis technique was previously described in the literature.?*?’

For the deprotection of the self-coupling product 14, the procedure already
employed for 12a was used, yielding compound 16 in 81 % yield over the two
deprotection steps (Scheme 2.14).

©
Cl
BocHN n © 0
i
H ~ N N /H ) H\ n N N IH
H H H ii) iy H g
14 16

Scheme 2.14 deprotection of Boc-ACCA-ACCA-Pr 14. Reagents and conditions: (i) NaOH 2 M,
CH2CN, 45 °C, 3 h, 90 %; (ii) HCI/Et,0, CHCI,, 4 h, 90 %
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2.3-Conclusions

An efficient route has been developed for the synthesis of cis-3-(amino-
methyl)cyclobutane carboxylic acid (ACCA), a novel non-proteinogenic 6-amino
acid. The overall procedure gives ACCA in 23 % vyield.

The main interesting characteristics of this achiral molecule are the cyclobutane
core and its conformational rigidity. Due to the synthetic strategy employed,
only the cis isomer is formed upon hydrolysis. NMR and X-ray crystallography
data prove that no epimerisation of the amino acid occurs under the reaction
conditions used.

This conformationally constrained &-amino acid can find applications in the field
of peptidomimetics and can also be widely exploited as synthetic building block.
Finally, a small library of dipeptides has been synthesised through HATU
assisted coupling of ACCA with the proteinogenic amino acids Phe, Val, Gly.
The dipeptide of ACCA coupled with itself was also synthesised.
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2.4-Experimental

General Methods:

HATU and FmocVal were purchased from IRIS Biotech GmbH; all the other
chemicals were purchased from Sigma Aldrich unless otherwise stated. Dry
solvents were obtained from a Puresol Grubbs Speciality Chemicals and
Stream. When necessary, all reactions were performed under an atmosphere of
nitrogen using oven-dried glassware. Oxygen-free nitrogen was obtained from
BOC gases and used without further drying.

Proton and carbon nuclear magnetic resonance spectra ('H and ">C-NMR
respectively) were recorded on 400 MHz (operating frequencies: 'H, 399.75
MHz; *C, 101.00 MHz), 500 MHz (operating frequencies: 'H, 499.72 MHz; "*C,
125.65 MHz) and 600 MHz (operating frequencies: 'H, 599.78 MHz; '°C,
150.82 MHz) FT spectrometers. "H-NMR spectra are herein reported, while 3C-
NMR spectra are in appendix 1. Tetramethylsilane (6 = 0.00 ppm) was used as
an internal reference in the deuterated chloroform (CDCI3) for '"H NMR spectra.
The middle CDCls solvent peak was referenced to 77.16 ppm for '*C NMR
spectra. The residual solvent peak in deuterated methanol (CDs;OD) was
referenced to 3.31 ppm and 49.00 ppm for '"H NMR and "*C NMR spectra
respectively. The residual solvent peak in deuterated water (D,O) was
referenced to 4.79 ppm for '"H NMR. The coupling constants (J) are in Hz and
the chemical shifts () are given in parts per million. High resolution mass
spectra were obtained on a Waters/Micromass instrument, optical rotations
were measured at 20 °C on a Perkin-Elmer 241 polarimeter and melting points
were measured on a Stuart™ melting point apparatus SMP 10. Evaporation in
vacuo refers to the removal of solvent on a Buchi rotary evaporator with an
integrated vacuum pump. Thin-layer chromatography (TLC) was carried out on
aluminium backed 60 F254 silica gel.

Compounds 3 and 4 were prepared as described in the work of Cook and

colleagues, with minor adjustments.®
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Methyl 1-benzyl-6-oxo0-1,4,5,6-tetrahydropyridine-3-carboxylate (3a):

0
i) BaNH,, THF
CO,Me  -10°Crt,3h  BnN
\h ii) C3H5CIO N
0°Crt, 12h
OMe
1 3a

BnNH, 2a (9.27 g, 86.50 mmol) was added to a stirred solution of methyl
propiolate 1 (8.00 g, 95.16 mmol) in THF (250 mL) at -10 °C. The solution was
allowed to warm slowly to room temperature and stirred for 3 hours. The
mixture was brought again to 0 °C and acryloyl chloride (7.70 mL, 95.15 mmol)
was added. The reaction was allowed to warm slowly to room temperature and
was stirred for 12 hours. The precipitate was filtered off and the solution was
washed with saturated aqueous NaHCOj; (200 mL). The organic layer was
separated and the aqueous layer was extracted with Et,O (100 mL x 3). The
organic layers were combined, dried over MgSO,4 and concentrated in vacuo.
The crude oil was purified by silica gel column chromatography
(cyclohexane/Et,0, 70:30) to give 3a (9.2 g, 43 %) as a yellow oil. (Rf = 0.36,
Cyclohexane/EtOAc, 50:50). 8H (600 MHz; CDCl3) 7.37-7.21 (6H, m, PhH and
NCH) 4.74 (2H, s, PhCHy), 3.71 (3H, s, OCHj3), 2.64 (4H, s, COCH,CH,). 6C
(151 MHz; CDCl3) 169.6, 166.6, 139.4, 136.5, 128.8, 127.8, 127.6, 108.9, 51.5,
49.9, 30.7, 19.8. m/z (ES+) 246.1119 (M+H" C14H16NO; requires 246.113).

The reaction of p-methoxybenzyl amine 2b gave 3b in 56 % yield as a yellow
oil. (Rf = 0.58, Cyclohexane/EtOAc, 50:50). 6H (400 MHz; CDCl3) 7.28 (1H, s,
NCH), 7.18 (2H, d, CH3OPhH) 6.88 (2H, d, PhHCH2N) 4.67 (2H, s, PhCH>),
3.80 (3H, s, CH30Ph), 3.72 (3H, s, OCHs), 2.62 (4H, s, COCH,CH,); 8C (101
MHz; CDCls3) 169.7, 166.8, 159.3, 139.5, 129.3, 128.6, 114.1, 108.8, 55.4, 51.7,
49.3, 30.7, 19.8. m/z (ES+) 298.1055 (M+Na" CisH7NO4Na required
298.1068).
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Preparation of () Methyl 1-benzyl-6-oxopiperidine-3-carboxylate (4a)
Method 1:

O 0]
H,, Pd/C, Na,COs
BnN EtOH, rt., 12 h BnN
« .
0] OMe o OMe
3a 4a

A solution of 3a (8.60 g, 35.09 mmol), Na,COs3 (11.15 g, 105.27 mmol) and 10
% Pd/C (3.71 g, 10 mol %) in EtOH (55 mL) was stirred under an atmosphere of
H, for 12 hours. The solids were removed by filtration and the mixture was
concentrated in vacuo. The crude oil was purified by silica gel column
chromatography (cyclohexane/EtOAc, 60:40) to give 4a (8.42 g, 95% yield) as a
clear oil. (Rf = 0.10, Cyclohexane/EtOAc, 50:50). 8H (400 MHz; CDCl3) 7.38-
7.18 (5H, m, PhH), 4.68 (1H, d, J = 14.6 Hz, PhCH,), 4.53 (1H, d, J = 14.6 Hz,
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PhCH), 3.65 (3H, s, OCHs;), 3.48-3.35 (2H, m, NCH), 2.83-2.74 (1H, m,
CHCO,CH3), 2.60 (1H, dt, J = 17.7 and 4.4, COCH;), 2.53-2.42 (1H, m,
COCHy;), 2.18-2.1 (1H, m, COCH,CH), 2.06-1.95 (1H, m, COCH,CH). 6C (101
MHz; CDCI3) 172.6, 169.0, 136.8, 128.6, 128.1, 127.5, 52.1, 50.2, 48.0, 39.1,
30.7, 23.9. m/z (ES+) 248.1275 (M+H" C14H1sNO; requires 248.1287).

The reaction of 3b gave 4b as a clear oil in 95 % yield. (Rf = 0.20,
Cyclohexane/EtOAc, 50:50). 8H (500 MHz; CDCI;) 7.20 (2H, d, J = 8.6 Hz,
CH3;OPhH), 6.86 (2H, d, J = 8.6 Hz, PhHCH2N), 4.63 (1H, dd, J = 14.5 and 4.0
Hz, PhCH3), 4.44 (1H, dd, J = 14.5 and 3.8 Hz, PhCH), 3.80 (3H, s, OCHj3),
3.66 (3H, s, CH3;OPh), 3.44-3.35 (2H, m, NCHy), 2.79-2.72 (1H, m,
CHCO,CHz3), 2.61-2.55 (1H, m, J = 17.8 and 5.4 Hz, COCH,), 2.49-2.42 (1H, m,
COCHzy), 2.16-2.10 (1H, m, COCH,CH,), 2.02-1.94 (1H, m, COCH,CH.). 6C (75
MHz; CDCI3) 169.6, 166.1, 159.2, 139.1, 129.0, 128.6, 114.2, 108.6, 55.2, 51.5,
49.2, 30.8, 19.8. m/z (ES+) 300.1212 (M+H" C15H19NO4Na requires 300.1223).

Method 2 (ammonium formate):

(0]
HCO,NH,, Pd/C
BnN EtOH,68°C,1h BnN
“ -
(0] OMe @) OMe
3a 4a

A solution of 3a (4.5 g, 18.36 mmol) was dissolved in EtOH (100 mL) with 10 %
Pd/C (2.00 g, 1.84 mmol). Ammonium formate was added (11.8 g, 187 mmol)
and the reaction was refluxed at 68 “C for 1 hour. The solids were removed by
filtration and the mixture was concentrated in vacuo. The crude oil was purified
by silica gel column chromatography (cyclohexane/EtOAc, 50:50) to give 4a
(4.13 g, 91 % yield) as a clear oil.

79



Chapter 2

Synthesis of a novel constrained &-amino acid and its dipeptides

1400
1300
1200

1100

iy WS

4 700
F-600
F-s500
400
300
7 5
6 6 F-200
JJ 3 11 2 2 k100
L J W [Ty
— T L R — o e
o o N~ o) N w O N @ ©
@ e o ~o= QO N F-100
< R o e - <
20 1s 1

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 ‘:'18( 4.)6 44 42 40 38 36 34 32 30 28 26 24 2
ppm:

Preparation of (£)1-Benzyl-5-(hydroxymethyl)piperidin-2-one (5a):

LiBHy4, THF
BnN 0°C-rt.,12h BnN

>

(@) OMe OH
4a 5a

(x)4a (5.23 g, 23.85 mmol) was dissolved in anhydrous THF (35 mL) and
cooled to 0 °C. LiBH4 (1.04 g, 47.70 mmol) was added and the solution was
allowed to warm to room temperature and stirred overnight. The reaction was
quenched at 0 °C with water (20 mL) and then with 10 % HCI. The organic layer
was separated and the aqueous layer was extracted with EtOAc (20 mL x 4).
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The organic layers were combined, dried over MgSO,4 and concentrated in
vacuo. The crude oil was purified by silica gel column chromatography
(cyclohexane/EtOAc, 60:40) to give ()5 (4.03 g, 87 % yield) as a clear oil. (Rf =
0.11, EtOAc, 50:50). 8H (600 MHz; CDCl3) 7.33-7.18 (5H, m, PhH), 4.59 (1H, d,
J = 14.6 Hz, PhCHy;), 4.53 (1H, d, J = 14.6 Hz, PhCHy), 3.53 (1H, dd, J = 10.7
and 5.6 Hz, CH,OH), 3.44 (1H, dd, J = 10.7 and 7.2 Hz, CH,OH), 3.30 (1H, dd,
J=12.2, 5.2 Hz, NCHy), 2.99 (1H, dd, J = 12.2 and 10.1 Hz, NCH), 2.92 (1H,
br s, OH), 2.51 (1H, ddd, J = 17.8, 5.8 and 3.4 Hz, COCH), 2.39 (ddd, J = 17.8,
11.3 and 6.5 Hz, COCHy;), 2.04-1.95 (1H, m, CHCH,OH), 1.89-1.82 (1H, m,
COCH,CHy), 1.54-1.46 (1H, m, COCH,CH,). 8C (151 MHz; CDCI3) 170.0,
137.0, 128.5, 127.9, 127.3, 64.3, 50.3, 49.8, 36.4, 31.1, 23.8. m/z (ES+)
220.1329 (M+H" C43H1gNO requires 220.1338).

The reaction of 4b gave (+)5b as a clear oil in 85 % yield. (Rf = 0.5, EtOAc 100
%). dH (400 MHz; CDCl3) 7.18 (2H, d, J = 8.6 Hz, CH3;0PhH), 6.86 (2H, d, J =
8.6 Hz, PhHCH3N), 4.52 (1H, s, PhCH), 3.79 (3H, s, CH3OPh), 3.60-3.56 (1H,
dd, J = 10.6 and 5.6 Hz, CH,OH), 3.51-3.46 (1H, dd, J = 10.6 and 7.2 Hz,
CH,0OH), 3.33-3.29 (1H, dd, J = 5.2 and 1.3 Hz, NCHy), 3.02-2.96 (1H, dd, J =
10.0 and 12.0 Hz, NCH), 2.57-2.55 (1H, ddd, J = 17.8, 6.0 and 3.5 Hz,
COCH,;), 2.46-2.37 (ddd, J = 17.7, 11.2 and 6.5 Hz, COCH), 2.06-1.96 (1H, m,
CHCH,0H), 1.92-1.85 (1H, m, COCH2CH,), 1.56-1.46 (1H, m, COCH,CH,). 6C
(101 MHz; CDCls) 170.1, 159.4, 130.0, 129.7, 114.4, 65.1, 55.7, 50.1, 49.9,
36.9, 31.3, 24.3. m/z (ES+) 250.1443 (M+H" C44H20NO; requires 250.1454).
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Preparation of () 1-Benzyl-5-(iodomethyl)piperidin-2-one (6a):

i) CH3SCIO,, TEA
BnN CH,Cl,, -10 °C-rt., 16 h  BnN

ii) Nal, acetone
reflux, 24 h
OH I
5a 6a

(x)5a (3.92 g, 13.18 mmol) was dissolved in anhydrous CH,Cl, (25 mL). The
solution was cooled to -10 °C and TEA (2.0 g, 19.77 mmol) was added,
followed by the slow addition of CH3SO,Cl (1.81 g, 15.19 mmol). The solution
was allowed to warm slowly to room temperature and stirred overnight. The
organic layer was concentrated in vacuo and dissolved in acetone (50 mL) and
Nal (3.98 g, 26.58 mmol) was added to the stirring solution. The mixture was
stirred under reflux for 24 hours. The organic solvent was removed in vacuo
and H20O (40 mL) was added along with EtOAc (50 mL) the organic layer was
separated and the aqueous layer was extracted with EtOAc (20 mL x 5). The
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organic layers were combined, washed with brine, dried over MgSO, and
concentrated in vacuo. The crude oil was purified by silica gel column
chromatography (cyclohexane/EtOAc, 70:30) to give (+)6a (3.36 g, 79 % yield)
as a yellow/orange oil. (Rf = 0.12, Cyclohexane/EtOAc, 50:50). 6H (500 MHz;
CDCl3) 7.3-7.22 (5H, m, PhH), 4.63 (1H, d, J = 14.7 Hz, PhCHy), 4.54 (1H, d, J
= 14.7 Hz, PhCHy), 3.34 (1H, m, NCHy), 3.08 (2H, m, CHl), 2.97 (1H, dd, J =
12.0 and 9.5 Hz, NCHy), 2.56 (1H, ddd, J = 17.7, 6.2 and 3.6 Hz, COCHy), 2.45
(1H, ddd, J = 17.7, 11.2 and 6.2 Hz, COCHy), 2.06-1.95 (2H, m, COCH,CH,),
1.66-1.54 (1H, m, CHCHql). 8C (126 MHz; CDClI3) 169.0, 136.8, 128.5, 128.0,
127.4, 52.3, 50.1, 35.9, 30.7, 27.7, 7.9. m/z (ES+) 329.0273 (M+H". C43H16INO
requires 329.0277).

The reaction in two steps of 5b gave (+)6b as a dark yellow oil in 77 % yield. (Rf
= 0.32, EtOAc 100%). 6H (400 MHz; CDCIl3) 7.21 (2H, d, J = 8.5 Hz,
CH3OPhH), 6.87 (2H, d, J = 8.5 Hz, PhHCH2N), 4.59 (1H, d, J = 14.4 Hz,
PhCH), 4.46 (1H, d, J = 14.4 Hz, PhCHy), 3.80 (1H, s, CH3OPh), 3.37-3.32
(1H, m, NCHy), 3.13-3.05 (2H, m, CHal), 2.98-2-93 (1H, dd, J = 12.0 and 9.6 Hz,
NCHy), 2.59-2.52 (1H, ddd, J = 17.8, 6.0 and 3.6 Hz, COCH), 2.49-2.40 (1H,
ddd, J = 17.4, 11.0 and 6.3 Hz, COCHy), 2.05-1.95 (2H, m, COCH,CH,), 1.65-
1.54 (1H, m, CHCHqal); 6C (101 MHz; CDClI3) 169.5, 159.5, 130.0, 129.5, 114.5,
55.7, 52.7 50.1, 36.5, 31.3, 28.3, 8.4. m/z (ES+) 360.0469 (M+H". C14H19INO,
requires 360.0461).
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Direct iodination:

PPhs, imidazole O
BnN I5, toluene BnN
50°C, 3 h
OH |
5a 6a

Racemic alcohol (+)5a (0.42 g, 1.9 mmol) was dissolved in toluene (19 mL).
PhsP (0.55 g, 2.1 mmol), I (0.53 g, 4.18 mmol) and imidazole (0.29 g,
4.29mmol) were added. The mixture was refluxed at 90 °C for 3 hours. Na,COs3
saturated water was added to the reaction mixture, toluene was separated and
the aqueous layer was extracted with EtOAc (15 mL x 3). The organic layers
were combined, dried over MgSO4 and concentrated in vacuo. The crude oil
was purified by alumina gel column chromatography (CH.Cly/cyclohexane
70:30) yielding (x) 1-benzyl-5-(iodomethyl)piperidin-2-one (x)6a (0.43 g, 68%
yield) as a yellow/orange oil.
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Preparation of 3-Benzyl-3-aza-bicyclo[3.1.1]heptan-2-one (7a):

Q LHMDS, THF, )O
BnN -20 °C-r.t., 1h BnN
I
6a 7a

(x)6a (3.2 g, 9.72 mmol) was dissolved in anhydrous THF (50 mL) and LHMDS
(1M soIn./THF, 9.72 mL) was added at -20 °C. The solution was stirred for one
hour before being quenched with H,O (15 mL). EtOAc (20 mL) was added and
the organic layer was separated. The aqueous layer was extracted with EtOAc
(15 mL x 3). The organic layers were combined, dried over MgSO, and
concentrated in vacuo. The crude oil was filtered through a short silica column
(cyclohexane/EtOAc, 2:1) to give 7a (1.82 g, 86 % yield) as a yellow/orange oil.
(Rf = 0.24, Cyclohexane/EtOAc, 50:50). 8H (500 MHz; CDCl3) 7.36-7.22 (5H,
m, PhH), 4.61 (2H, s, PhCHy), 3.26 (2H, d, J = 1.5 Hz, NCH), 2.84 (1H, q, J =
5.7 Hz, COCH), 2.72-2.65 (1H, m, NCH,CH), 2.38-2.28 (2H, m, COCH(CHH)_),
1.73-1.63 (2H, m, COCH(CHH),). 6C (126 MHz; CDCl3) 175.7, 137.4, 128.5,
128.0, 127.2, 50.0, 48.0, 41.1, 33.2, 30.9. m/z (ES+) 202.1222 (M+H" C43H1sNO
requires 202.1232).

The reaction of 6b gave 7a as a crude oil was filtered through a short silica
column (cyclohexane/EtOAc, 70:30) in 84 % vyield as a yellow/orange oil. (Rf =
0.39, Cyclohexane/EtOAc, 50:50). 8H (500 MHz; CDCl3) 7.19 (2H, d, J = 8.6
Hz, CH3;0PhH), 6.86 (2H, d, J = 8.6 Hz, PhHCH2N), 4.54 (2H, s, PhCHy), 3.79
(1H, s, CH30Ph), 3.25 (2H, d, J = 2.5 Hz, NCH), 2.85-2.81 (1H, q, J = 5.8 Hz,
COCH), 2.70-2.66 (1H, m, NCH.CH), 2.35-2.28 (2H, m, COCH(CHH),), 1.67-
1.62 (2H, m, COCH(CHH),). 6C (126 MHz; CDCls3) 175.9, 159.1, 129.8, 129.7,
114.2, 55.5, 50.1, 47.7, 414, 33.5, 31.2. m/z (ES+) 254.1157 (M+Na"
C14H47NO2Na requires 254.1668).
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Preparation of 3-aza-bicyclo[3.1.1]heptan-2-one (8) from 7a:

') NHs (I), Li (s), 0]
'BUOH, -78 °C
BnN > HN
7a 8

7a (1.5 g, 7.45 mmol) was dissolved in anhydrous THF/'BuOH, 10:1 (10 mL)
and the mixture was added to a stirring liquid ammonia at -78 °C. Metallic Li
pellets were added slowly to the stirring solution until a constant blue/black
colour was observed. The reaction was then quenched by the addition of solid
ammonium chloride. After removal of the NH3;, EtOAc (30 mL) and H>O (8 mL)
was added. The organic layer was separated and the aqueous layer was
extracted with EtOAc (15 mL x 3). The organic layers were combined, dried
over MgSO,4 and concentrated in vacuo. The crude oil was filtered through a
short silica column (cyclohexane/EtOAc, 1:1) to give 8 (800 mg, 96 % yield) as
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a yellow oil. (Rf = 0.1, EtOAc, 50:50). 8H (500 MHz; CD30D) 7.46-7.13 (1H, m,
NH) 3.43 (2H, d, J = 2.0 Hz, NCHy), 2.81-2.71 (1H, m, NCH,CH), 2.60 (1H, q, J
= 5.6 Hz, COCH), 2.48-2.37 (2H, m, COCH(CHH),), 1.70-1.62 (2H, m,
COCH(CHH),). 5C (126 MHz; CD;OD) 181.5, 46.3, 42.0, 34.3, 31.4. m/z (ES+)
111.0684 (M+H" CsHgNO requires 111.0684).

Preparation of 3-aza-bicyclo[3.1.1]heptan-2-one (8) from 7b:

7b (0.51 g, 2.2 mmol) was dissolved in CH3CN/H;O, 3:2 (25 mL) and
ammonium cerium nitrate (CAN, 4.2 g, 7.7 mmol) was added to the solution.
The reaction was left under stirring for 4.5 hours. CH3CN was then removed in
vacuo and the water phase was extracted with CH,ClI, (15 mL x 5). The organic
layers were combined, dried over MgSO4 and concentrated in vacuo to give 8
with no need of purification (122 mg, 50 % yield) as a yellow oil.

h
1054 = -
:—2.08{ % N

. |1.041
2.1
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Preparation of cis-3-(Aminomethyl)cyclobutane carboxylic acid (ACCA, 9):

0 HCI 2 M, reflux o Ou_oH
12 h cl
HN > ® J
HaN™ ™ H
H
8 9

8 (220 mg, 1.98 mmol) was refluxed in 2 M HCI (10 mL) overnight. The H,O
was removed in vacuo to give 9 (328 mg, quantitative yield) as a beige solid
with no further purification required. Mp: 169-170 °C. 8H (500 MHz; CDsOD)
3.18-3.08 (1H, p, J = 8.9 Hz, COCH), 2.96 (2H, d, J = 7.4 Hz, NCHy), 2.63-2.51
(1H, m, NCH.CH), 2.46-2.37 (2H, m, COCH(CHH),;), 2.02 (2H, m,
COCH(CHH),); 6C (126 MHz; CD3;0D) 176.8, 45.5, 34.9, 30.2, 29.9. m/z (ES+)
130.0863 (M+H" CgH12NO; requires 130.0868).

R
5

®
HaN™ H

6 5 3 2

A S
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Preparation of (3-(Propoxycarbonyl)cyclobutyl)methanaminium chloride
(ACCA-Pr, 10):

ZrCl, (20 % mol)

C? O\ _oH "Propanol, 45 °C o O« _ompr
® § 24 h Cl ® /
HaN > H > HsN : ‘H
H H
9 10

9 (370 mg, 2.86 mmol) was dissolved in n-propanol (10 mL) and ZrCls (133 mg,
0.572 mmol, 20 mol %) was added. The solution was refluxed for 24 hours
before being concentrated in vacuo. The crude oil was dissolved in CHCI3 (2
mL) and left overnight. The precipitate was filtered off and the solution
concentrated in vacuo to give 10 (570 mg, 89 % yield) as an off-white solid. 10
could also be purified using silica gel column chromatography (EtOAc/CH3;0H,
from 100:0 to 80:20) with same yield. Mp: 159-161 °C. 8H (400 MHz; CD3;0OD)
3.46 (2H, t, J = 6.7 Hz, CH,CH,CHj3), 3.08 (1H, m, COCH), 2.93 (2H,d, J=7.4
Hz, NCH3), 2.60-2.49 (1H, m, NCH,CH), 2.43-2.33 (2H, m, COCH(CHH);), 1.98
(2H, ddd, J = 18.7, 9.3 and 2.4 Hz, C=0OCH(CHH)), 1.56-1.43 (2H, m,
CH,CHj3), 0.88 (3H, t, J = 7.4 Hz, CH,CHs); 6C (101 MHz; CD3;0D) 176.7, 64.7,
45.4, 34.8, 30.1, 29.9, 26.6, 10.5. m/z (ES+) 172.1342 (M+H" CgH1sNO;
requires 172.1338).
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Preparation of 3-(((tert-butoxycarbonyl)amino)methyl)cyclobutane

carboxylic acid (Boc-ACCA, 13):

O oy Boc:0,NaOH2M o O\_oH
C?@J dioxane/water, 0 °C )( )iy
LN i 0" NN H
E " A
9 13

9 (150 mg, 0.9 mmol) was dissolved in dioxane and water 2:1 (12 mL) and
cooled to 0 °C. 2 M NaOH solution (5 mL) was added and the solution was
stirred for 10 min before adding 2 eq of bis-tert-butyl dicarbonate (390 mg, 1.8
mmol). The reaction was left under stirring for 3 hours and then the solvent was
removed in vacuo. The aqueous layer was extracted with Et,O (15 mL x 2) and
adjusted to pH 3 by the addition of 1 M HCI. The acidified aqueous layer was
extracted with CH>Cl, (15 mL x 5) and the combined CH,Cl, layers were dried
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over MgSO4 and concentrated in vacuo to give 13 (227 mg, 95 % yield) as a
brown solid. No further purification was required. (Rf = 0.28, EtOAc/CH;OH
90:10). Mp: 63-65 °C. dH (400 MHz; CDCl3) 5.99 (1H, br s, COOH), 4.61 (1H, br
s, NH), 3.13 (2H, s, NCHy), 3.07-2.98 (1H, quin, J = 8.9 Hz, C=0OCH), 2.51-2.36
(1H, m, NCH.CH), 2.37-2.25 (2H, m, C=0OCH(CHH),, 2.00-2.09 (2H, m,
C=0CH(CHH),, 1.44 (9H, s, C(CHj3)3); 6C (101 MHz; CDCI3) 180.8, 156.5, 79.5,
45.7,34.5,31.4, 28.8, 28.4. m/z (ES+) 252.1212 (M+Na"* C11H19NO4Na requires
252.1212).
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General method: coupling of protected dipeptides

9, the N-protected amino acid (10a-c and 13), and O-(7-Azabenzotriazol-1-yl)-
N,N,N’,N’-tetramethyluronium hexafluorophosphate (HATU, 1 eq) were
dissolved in anhydrous CH>Cl, (20 mL). The solution was cooled to 0 °C and
N, N-diisopropylethyl amine (3 eq) was added. The reaction was stirred at room
temperature overnight. The solvent was evaporated in vacuo and the crude oil
dissolved in CH2Cl2 (15 mL) and washed with NaHCO3 (15 mL), acetic acid 10
% (15 mL x 2) and brine (15 mL). The combined organic layers were dried over

MgSO, and concentrated in vacuo.

Preparation of propyl (S)-3-((2-((tert-butoxycarbonyl)amino)-3-phenyl
propanamido)methyl)cyclobutane carboxylate (Boc-Phe-ACCA-Pr, 12a):

0

0
S) o"P
Cl ' O"Pr
® 0
HaN" H iPr,NEt, HATU BocHN N y

10 CH,Cl,, 18 h H 4

BocHN COOH 12a

11a
12a was prepared following the general procedure, by reacting 9 (300 mg, 1.45

mmol) with N-Boc-L-Phenylalanine 11a (500 mg, 1.89 mmol). The crude oil was
purified by silica gel column chromatography (cyclohexane/EtOAc, 100:0 then
70:30) to give 12a as a white solid (557 mg, 92 % yield). (Rf = 0.65,
cyclohexane/EtOAc, 50:50). [a]p?%: +1.6° (c 13-10° CHCI3). Mp: 106-108 °C. 8H
(500 MHz; CDCl3) 7.33-7.17 (5H, m, PhH), 5.85 (1H, s, NHCOCH), 5.08 (1H, s,
NHBoc), 4.27 (1H, dd, J = 14.6, 7.3 Hz, CHCH,Ph), 4.02 (2H, t, J = 6.7 Hz,
CH,CH,CH3), 3.26-3.12 (2H, dd, J = 12.8 and 6.5 Hz, NCHy), 3.11-3.04 (1H,
dd, J = 6.5 and 13.6 Hz, CH,Ph), 3.04-2.98 (1H, dd, J = 7.7 and 13.6 Hz,
CH,Ph), 2.97-2.88 (1H, m, COCH), 2.34-2.27 (1H, m, NCH,CH), 2.25-2.12 (2H,
m, COCH(CHH)y), 1.93-1.79 (2H, m, COCH(CHH),), 1.68-1.61 (2H, m,
CH,CHj3), 1.41 (9H, s, C(CHz3)3), 0.93 (3H, t, J = 7.4 Hz, CH,CHs). 8C (125.65
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MHz; CDCl3) 175.2, 171.6, 155.7, 137.3, 129.7, 128.9, 127.1, 80.2, 66.2, 56.4,
45.0, 39.4, 34.4, 30.8, 29.1, 28.8, 22.3, 10.6. m/z (ES+) 417.2370 (M+H".
Ca23H33N205 requires 417.2389).
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Preparation of propyl (S)-3-((2-((((9H-fluoren-9-yl)methoxy)carbonyl)
amino)-3-methylbutanamido)methyl)cyclobutane carboxylate (Fmoc-Val-
ACCA-Pr, 12b):

(<;9| © O"Pr
® N © O"Pr
HaN™ H ip 0
: r,NEt, HATU FmocHN o~
> N

10 CH,Cl,, 18 h H 4

FmocHN COOH 12b

L

11b

12b was prepared according to general procedure, by reacting 9 (180 mg, 0.86
mmol) with N-Fmoc-L-Valine 11b (580 mg, 1.7 mmol). The crude oil was
purified through a silica gel column chromatography (cyclohexane/EtOAc from
100:0 to 40:60) giving 12b as a yellow solid (155 mg, 76 % vyield). (Rf = 0.86,
EtOAc). [o]p®®% -13.0° (¢ 10.2:10° CHCI;). Mp: 152-154 °C. 8H (500 MHz;
CDCl3) 7.75 (2H, d, J= 7.5 Hz, Ar), 7.58 (2H, d, J= 7.4 Hz, Ar), 7.39 (2H, t, J =
7.4 Hz, Ar) 7.29 (2H, m, Ar), 6.29 (1H, s, NHCOCH), 5.57 (1H, d, J = 8.2 Hz,
NHFmoc), 4.43-4.39 (1H, m, CHxFmoc), 4.35-4.32 (1H, m, CH,Fmoc), 4.19
(1H, t, J = 7.0 Hz, FmocCH), 4.01 (2H, t, J = 6.7 Hz, CH,CH,CHj3), 3.96-3.94
(1H, m, CHCH(CHs)), 3.36-3.27 (1H, m, NCH;), 3.27-3.18 (1H, m, NCH,),
3.05-2.93 (1H, m, COCH), 2.53-2.38 (1H, m, NCH.CH), 2.29-2.24 (2H, m,
COCH(CHH),), 2.16-2.07 (1H, m, CH(CHj3)2), 2.01-1.90 (2H, m, COCH(CHH).),
1.68-1.56 (2H, m, CH,CHs;), 0.92 (6H, m, CH(CHs), and 3H, t, J = 7.4 Hz,
CH,CHs). 6C (125.65 MHz; CDCl3) 175.5, 171.4, 156.6, 144.0, 141.6, 128.2,
127.4, 125.3, 120.1, 67.3, 66.3, 60.8, 47.3, 44.2, 34.0, 31.1, 30.7, 28.8, 28.7,
22.2, 19.4, 18.1, 10.6 m/z (ES+) 515.2521 (M+Na". CyoHzsN20OsNa requires
515.2522).
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Preparation of propyl 3-((2-((((9H-fluoren-9-yl) methoxy)carbonyl)amino)
acetamido)methyl)cyclobutane carboxylate (Fmoc-Gly-ACCA-Pr, 12c):

S Q O"Pr
Cl @ -, @) O"Pr
HaN™ H ProNEt , HATU - HN\)(J)\ /\0?/
> moc i
H oo CH,Cl,, 18 h NN H
H <
+ H
FmocHN___COOH 12¢
1Mc

12c was prepared according to General Procedure, by reacting 9 (240 mg, 1.15
mmol) with N-Fmoc-Glycine 11c (350 mg, 1.18 mmol). The crude oil was
purified through a silica gel column chromatography (cyclohexane/EtOAc from
100:0 to 20:80) giving 12c as a white solid (437 mg, 0.97 mmol, 84 % yield). (Rf
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= 0.75, EtOAc/CH30H, 90:10). Mp: 111-113°C. 8H (500 MHz; CDCl3) 7.79-7.75
(2H,d, J=7.6 Hz, Ar), 7.61-7.6 (2H, d, J=7.4 Hz, Ar), 7.41-7.38 (2H,t, J=7.5
Hz, Ar), 7.34-7.29 (2H, m, Ar), 6.15 (1H, s, NHCOCH,), 5.49 (1H, s, NHFmoc),
4.44 (1H, d, J = 6.9 Hz, CH,Fmoc), 4.23 (1H, t, J = 6.9 Hz, CHFmoc), 4.02 (1H,
t, J = 6.7 Hz, CH.CH,CHj3), 3.86 (2H, d, J = 4.6 Hz, NHCH,CO), 3.30 (2H, t, J =
6.1 Hz, NCH;), 3.03-2.96 (1H, quin, J = 8.8 Hz, C=0OCH), 2.53-2.44 (1H, m,
NCH,CH), 2.35-2.26 (2H, m, COCH(CHH),), 2.02-1.92 (2H, m, COCH(CHH)y,),
1.67-1.60 (2H, m, CH,CH.CHj3), 0.92 (3H, t, J = 7.4 Hz, CH,CHs). 8C (125.65
MHz; CDCl3) 175.5, 169.0, 143.6, 141.6, 127.7, 127.2, 125.5, 120.0, 67.3, 66.2,
47.4, 44.3, 44.0, 34.2, 30.7, 28.4, 21.8, 10.3. m/z (ES+) 473.2033 (M+Na".
Ca6H30N20sNa requires 473.2052).
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Preparation of propyl 3-((3-(((tert-butoxycarbonyl)amino)methyl)
cyclobutanecarboxamido)methyl)cyclobutane carboxylate (Boc-ACCA-
ACCA-Pr, 14):

o)

S) /\\Lij;?/onpr
Cla
HaN- 2 A ' BocHN
A iProNEt , HATU oc o)
10 > R
CH,Cly, 18 h H

SN
+ HoHog
/\JO}/OH 14
BocHN" N\ “H
H
13

14 was prepared according to General Procedure, by reacting 9 (181 mg, 0.87
mmol) with 13 (195 mg, 0.85 mmol). The crude oil was purified through a silica
gel column chromatography (cyclohexane/EtOAc from 100:0 to 0:100) giving 14
as a clear yellow solid (194 mg, 58 % yield). (Rf = 0.13, EtOAc/cyclohexane,
50:50). Mp: 62-64 °C. 8H (400 MHz; CDCls3) 5.60 (1H, s, NHC=0OCH), 4.72 (1H,
s, NHBoc), 4.02 (2H, t, J = 6.5 Hz, CH,CH,CH3), 3.25 (2H, t, J = 5.9 Hz, NCHy),
3.13-3.11 (2H, m, BocNCHy), 3.04-2.95 (1H, m, CHCOQ"Pr), 2.92-2.79 (1H, m,
CHCON), 2.55-2.37 (2H, m, NCH,CH and BocNCH,CH), 2.33-2.21 (4H, m,
OCOCH(CHH)2 and NCOCH(CHH),), 2.01-1.92 (4H, m, OCOCH(CHH), and
NCOCH(CHH),), 1.69-1.60 (2H, m, CH»,CHj3), 1.44 (9H, s, C(CHj3)s), 0.92 (3H, t,
J = 7.4 Hz, CH,CHj;). 8C (101 MHz; CDCl3) 175.7, 175.4, 156.4, 79.6, 66.5,
45.9, 44 .6, 36.6, 34.4, 31.2, 28.9, 28.8, 22.4, 10.7. m/z (ES-) 381.2408 (M-H"
C20H33N205 requires 381.2389).
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Preparation of (S)-1-(((3-carboxycyclobutyl)methyl)amino)-1-oxo-3-

phenylpropan-2-aminium chloride (Phe-ACCA, 15a):

0
0 © OH
o O"Pr )NaOH2MCH,CN Cl @ © J
BocHN N o 45°C,.2h N NN “H
H H i) HCI/Et,O H
CH,Cly, 4 h
12a 15a

12a (550 mg, 1.31 mmol) was dissolved in 20 mL of CH3CN and NaOH 2 M (8
mL) was added. The reaction was left under stirring for 2 hours at 45 °C before
bringing the solution to pH 3 with HCI 1 M and extracting it with CH2Cl, (15 mL x
5). The organic layers were combined, dried over MgSO,4 and concentrated in

98



Chapter 2

Synthesis of a novel constrained &-amino acid and its dipeptides

vacuo. The white solid obtained was dissolved in CH2Cl; (20 mL) and HCI in
Et;O 3 M (0.4 mL) was added at 0 °C. The reaction was stirred for 4 hours.
The white precipitate was filtered off and washed with Et;O (190 mg, 0.69
mmol) with an overall yield (over the two steps) of 53 %. (Rf = 0.08,
EtOAc/CH3OH 90:10). [a]p?®: +26.0° (¢ 7.6:10™ CH3OH). Mp: 170-172 °C. sH
(400 MHz; CD5;0D) 7.46-7.18 (5H, m, PhH), 4.08 (1H, t, J = 7.4 Hz, CHCH2Ph),
3.253.15 (2H, m, NCHy) 3.12-3.05 (2H, m, CH,Ph), 3.05-2.93 (1H, m, COCH),
2.45-2.26 (1H, m, NCH2CH), 2.28-2.15 (2H, m, COCH(CHH),), 1.90-1.81 (2H,
m, COCH(CHH),). sC (101 MHz; CDs0OD) 177.1, 169.6, 135.7, 130.6, 129.9,
128.7, 55.8, 45.4, 38.6, 34.7, 31.8, 29.9. m/z (ES+) 277.1552 (M+H"
C15H21N203 requires 277.1552).
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Preparation of (S)-3-((2-amino-3-methylbutanamido)methyl)cyclobutane
carboxylic acid (Val-ACCA, 15b):

0] 0)
O"Pr
I J CH3;OH/di it /\JOH
ioxane .
FmocHN NN Iy 3 . H:N NN “H
H |:| NaOH 2 M, 4 h, 45 °C H I:I
12b 15b

12b (48 mg, 0.09 mmol) was dissolved in dioxane/ methanol 7:3 (7 mL) and
NaOH 2 M (2 mL) was added. The reaction was left under stirring for 4 hours at
45 °C. The solution was concentrated in vacuo, and the water layer was
extracted with Et,O (10 mL) and CHxCI; (10 mL x 2). The aqueous layer was
neutralised with HCI 1 M and purified with DOWEX 50WX8-200 ion exchange
column affording 15b as a yellow solid (18 mg, 0.078 mmol, 90 % yield). (Rf =
0.55, CH30H). Mp 195-196 °C. [a]p®®: +118.0° (c 0.5:10° CHsOH). 8H (500
MHz, CD30D) 3.50 (1H, s, CHCH(CHzs).), 3.23 (1H, d, J = 6.2 Hz, NCH>), 2.90
(1H, quint, J = 8.9 Hz, COCH), 2.50-2.39 (1H, m, NCH,CH), 2.35-2.20 (2H, m,
COCH(CHH),), 2.08-2.16 (1H, m, CH(CHj3)2), 1.99-1.92 (2H, m, COCH(CHH).),
1.06-0.98 (6H, dd, J = 6.8, 3.9 Hz, CH(CHs)2). 6C (125.65 MHz; CD;0D) 180.1,
169.4, 60.4, 45.3, 37.1, 31.8, 30.4, 30.2, 19.2, 18.2. m/z (ES+) 229.1546 (M+H"
C11H21N203 requires 229.1552).
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Preparation of cis-3-((2-aminoacetamido)methyl)cyclobutane carboxylic
acid (Gly-ACCA, 15c):

i Jonpr ﬂTEAz/S?ZSg © i /\JO?/OH
reflux, , °
FmocHN\)J\N 4 “H > HzN\)]\N y
H 3 :
H H H

Dowex column

12¢ 15¢

12c (185 mg, 0.41 mmol) was dissolved in CHxCly/triethylamine 1:1 (20 mL).
The reaction was left under stirring for 24 hours at 45 °C. The white precipitate
was filtered off and washed with acetonitrile. The filtrate solution was
concentrated in vacuo and the crude yellow solid was purified with DOWEX
50WX8-200 ion exchange column, affording 15¢ as white solid (69 mg, 0.37
mmol, 90 % vyield). (Rf = 0.3, CH30H). Decomposition temperature: 200 °C. sH
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(500 MHz; D,0) 3.87 (2H, br s, NHCH,CO), 3.30 (2H, d, J = 6.4 Hz, NCH),),
3.00-2.92 (2H, m, COCH), 2.52-2.42 (1H, m, NCH,CH), 2.33-2.27 (3H, m,
COCH(CHH),), 1.88-1.81 (2H, m, COCH(CHH),). 5C (125.65 MHz; D,0) 184.9,

166.8, 44.2, 40.5, 36,5, 29.5, 29.3. m/z (ES+) 187.1082 (M+H" CgH1sN,O3
requires 187.1083).
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Preperation of (3-(((3-carboxycyclobutyl)methyl)carbamoyl)cyclobutyl)
methanaminium chloride (ACCA-ACCA, 16):

©
0 i) NaOH 2 M, CH3CN < @
BocHN opr ')YNa ,» L3 0
HE SN “H ii) HCI/Et,0 H SN vy
T b H <
H H CH,Cl,, 4 h H H
14 16

14 (180 mg, 0.47 mmol) was dissolved in CH3CN (15 mL) and NaOH 2 M (5
mL) was added. The reaction was left under stirring for 2 hours at 45 °C before
bringing the solution to pH 3 with HCI 1 M and extracting it with CH2Cl, (15 mL x
5). The organic layers were combined, dried over MgSO4 and concentrated in
vacuo giving to give a dark yellow oil, 84 mg (0.25 mmol) of which was
dissolved in CH2Cl, (10 mL). HCI in Et,O 5 M (0.1 mL) was added and the
reaction was stirred for 4 hours. The clear yellow precipitate was filtered off and
washed with Et;O (38 mg, 0.14 mmol) affording 16 in an overall yield (over the
two steps) of 56 %. (Rf = 0.025, EtOAc/CH3;0OH 90:10). Mp: 156-158 °C. §H
(500 MHz; CDs0OD) 3.17 (2H, d, J = 6.5 Hz, CONHCH,), 3.06-2.94 (4H, m,
COCH, NCOCH, CH2N), 2.60-2.50 (1H, m, CONCH.CH), 2.48-2.39 (1H, m,
NCH.CH), 2.37-2.32 (2H, m, OCOCH(CHH)y), 2.29-2.23 (2H, m,
NCOCH(CHH),), 2.03-1.92 (4H, m, OCOCH(CHH), and NCOCH(CHH),). sC
(101 MHz; CD3s0D) 177.2, 176.9, 45.3, 45.0, 36.3, 34.9, 32.2, 29.9, 29.7, 29.6.
m/z (ES+) 241.1564 (M+H" C12H21N203 requires 241.1552).
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Biological investigation of ACCA and its dipeptides

3.1-Introduction

Glutamate is a key player not only in maintaining a healthy nervous system, but
it also plays a fundamental role in a wide number of neuronal diseases. For this
reason, many research groups are working on the development of new
glutamate analogues.

The considerable flexibility of the glutamate molecule (Glu) allows several
conformations very close in energy to each other and therefore, Glu can
assume different shapes and binds differently to the active sites of transporters,
receptors and enzymes." This characteristic makes the discovery of analogues
more challenging. It is essential to exploit constrained structures to better target
specific proteins and specific binding sites successfully. In fact, the most
promising pharmacological drug candidates are the ones showing significant
selectivity.

One of the techniques often employed to give constriction is the insertion of
cyclic moieties. The presence of cyclobutane in the structure and its similarity

with glutamate render ACCA a good candidate as glutamate analogue.
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3.2-Results and discussion
In this thesis the neural activity of ACCA (9), its ester (10) and its dipeptides

(15a-c), described in chapter 2 (Table 3.1) were examined as glutamate

analogues, focusing on the interaction with glutamate transporter proteins in

glial cells.
o ON—OH © Oy ompr o O\ OH
cl e e 9
® H HsN
HaN™ H HaN™ ™ NN H
H H HoR
9 10 15a
ACCA ACCA-Pr Phe-ACCA

0
i NJOH ?i@ *y-or
AN u J
Hog v :

H ~ONT NS H
HoPg
15b 15¢
Gly-ACCA ACCA-ACCA

Table 3.1: ACCA (9), ACCA-Pr (10), Phe-ACCA (15a), Gly-ACCA (15b) and ACCA-ACCA
(15¢) chemical structures

The similarity of ACCA with the main neurotransmitters in the mammalian CNS,
glutamic acid and GABA (Fig. 3.1), renders this novel amino acid very
interesting for possible applications in the treatment of neuronal injuries and
diseases. In particular, we will focus our attention on the study of the
compounds listed in table 3.1 as glutamate analogues, even if it would also be
interesting to test them as analogues of GABA.
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O @) O @)
HoN
H2N/\<>)kOH HOWOH 2 \/\)J\OH
NH,
ACCA glutamic acid GABA

Fig. 3.1: ACCA and main excitatory (glutamic acid) and inhibitory (GABA) neurotransmitters in

the mammalian CNS; the similarities in the backbones are highlighted in red

ACCA has never been synthesised and investigated before, but in the literature
the neural activity of compounds with similar structures is described (see
paragraph 1.3.5.1, pag. 44).

The ester (10) and the dipeptides (15a-c) are less hydrophilic than ACCA and
therefore it is more likely for them to go through cell membranes, for instance
the blood brain barrier. For this reason it is interesting to study their biological
activity. Furthermore some dipeptides or structures containing amide bonds
have been found active as glutamate analogues in recent years, such as the
compounds reported in Fig. 3.2.%*

CF;
Py
N
o} 0 B
= o}
oo~ Ao o i
~_OH 3 @
S NH2 O 0
H  pp NH, O Br
DPAG TFB-TBOA WAY-213613
on N,OMe (
) NN-R N _s N__OH M
NN Y ) Y HNLO
L~s o N0 NN A
HoN COOH
pyridothienopyrimidinone ceftriaxone lidocaine

Fig. 3.2: glutamate analogues containing amidic bond, where DPAG = (2S,4R)-2-amino-4-(3-
((2,2-diphenylethyl)amino)-3-oxopropyl)pentanedioic acid, TFB-TBOA = (2S,3S)-3-[3-[4-
(trifluoromethyl) benzoylamino]benzyloxylaspartate, WAY-213613 = (S)-2-amino-4-((4-(2-

bromo-4,5-difluorophenoxy)phenyl)amino)-4-oxobutanoic acid
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Even more glutamate analogues containing amide bonds were discovered only
in the last year, such as Esaprazol, IKM-159 and argiotoxin-636 to name a few
(Fig. 3.3).°" It is possible that the amide moiety helps the interaction with the
binding sites being both a H-donor and acceptor in hydrogen bonding.

N
H
Esaprazol
OH H O 0 NH
/@d{N\)J\HW”/\/\”/\/\HJ\_/\/\”J\NHZ

argiotoxin-636
Fig. 3.3: new glutamate analogues containing the amide moiety, where IKM159 =
(4aS,5aR,6R,8aS,8bS)-5a-(carboxymethyl)-8-oxo-2,4a,5a,6,7,8,8a,8b-octahydro-1H-
pyrrolo[3',4":4,5]furo[3,2-b]pyridine-6-carboxylic acid

In our case, the simple Gly and the more hindered Phe were chosen to couple
with ACCA because they are involved in neurotransmission: phenylalanine is a
part of the molecule 1-3-4-dihydroxy-phenylalanine (L-DOPA), precursor of the
important neurotransmitter dopamine, while glycine is directly involved in the
inhibitory neurotransmission.

All the efforts towards the cure of defects in glutamate-mediated
neurotransmission diseases in the last decades unfortunately have provided
very few positive results. The majority of the work done was developed mainly
on Glu receptors therefore, more recently, more laboratories moved their
attention towards EAATSs.?
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The C6 glioma cell line (Fig. 3.4), which derives from rat brain tumour induced
by N-nitrosomethyl-urea, endogenously expresses the EAAC1 (orthologue of
human EAAT3) subtype of glutamate high affinity transporter. They also
express the X cystine-glutamate exchanger.® Gliomas are cancer cells
developed in the supportive cells of the brain, the astrocytes. They behave
similarly to neurons, but they are easier to culture. For all these reasons, C6
GLIOMA cells were chosen as a model system for the study of glutamate
transport in the experiments herein described.’

ANAL D

Fig. 3.4: rat C6 GLIOMA cells in DMEM medium

Glial cells, as neuronal cells, are fundamental for the control of extracellular
glutamate concentration in the CNS, through sodium dependent transporters. It
is recognised that a number of transporters is regulated by protein kinase C and
phosphatidylinositol 3-kinase and among them is EAAC1.° Considering the
important role of these transporter proteins in maintaining the glutamate level
and their involvement in neurodegenerative diseases, their regulation is a topic
of great interest in research.

Glial cells not only express EAATSs, but also the cystine/glutamate exchanger
(Xc, Fig. 3.5) so it is interesting to study the behaviour of our drugs with both
types of transport.
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Cystine/Glutamate
exchanger: Na*
independent
transport

Excitatory amino acid
transporter: Na*
dependent transport

Fig. 3.5: neuronal synaptic cleft and enlargement of a glial cell with its protein transporters'

For these experiments, high concentrations of Glu are used (up to 200 uM),
forcing the cystine-glutamate exchanger to work in a reverse mode and to take
up glutamate instead of cystine. A standard amount of radioactive *H-labeled
glutamate is added to the samples to monitor the glutamate uptake in C6
glioma cells exploiting its radioactivity (scintillation counts).

Experimental procedures are explained in detail in paragraph 3.4 and all the
data are presented as percentage of control, where control refers to a C6

glioma cell suspension, in only media, with no drug present.

TReprinted from Pharmacology & Therapeutics, Vol. 132, Issue 3, C. Pittenger, M. H. Bloch, K. Williams,
“Glutamate abnormalities in obsessive compulsive disorder: Neurobiology, pathophysiology, and
treatment”, pag. 318, copyright 2011, with permission from Elsevier
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3.2.1-Trypan blue dye exclusion toxicity assay

The first set of experiments executed was the Trypan blue dye exclusion toxicity

assay. Trypan blue (Fig. 3.6) is a stain designed to only enter dead cells.

NH, H,N
OH HO
HO3S (" )-soH
S VaVarn W
SO,H HO,S

Fig. 3.6: trypan blue chemical structure

Viable cells are very selective for molecules that can cross the cell membrane,
thus big molecules such as trypan blue can not go into the cytoplasm. In the
case of dead cells, the membrane is compromised, therefore their selectivity is
lost and the dye is no longer stopped (plasma membrane permeability is one of
the early indicators of cell death). Dead cells with the dye inside appear blue,
due to the presence of the dye in their cytosol, while viable cells appear white
under the microscope so they are easily distinguishable (Fig. 3.7). In this way
the trypan blue dye exclusion assay permits one to count the number of viable

cells in a cell suspension.®

Fig. 3.7: trypan blue treated cells seen under the microscope
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After incubating the cells free from the drugs (control) and with the drugs in
DMEM culture medium (enhanced with 10 % foetal bovine serum, 1 %
penicillin/streptomycin and 2 mM L-glutamine) for 24 hours at 37 °C (80-90 %
confluency), the toxicity assay was performed. Each drug was seeded three
times and each experiment was repeated in triplicate for different
concentrations: 10, 50, 100 and 200 uM (Fig. 3.8). The viable cells were

counted using Invitrogen Countess automated cell counter.

Control  Drug 1 Drug2 Drug3

k, 'ilA N :
Fig. 3.8: C6 glioma cells in DMEM medium seeded into 12 well dishes ready for trypan blue dye

exclusion assay

Firstly, cell morphology was checked to see whether the drugs have an
influence on it. In the case of the drugs used for these experiments the
morphology was unchanged, as shown in Table 3.2.
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cells + ACCA

cells + Gly-ACCA cells + PrACCA cells + ACCA-ACCA

Table 3.2: C6 glioma cells, seeded for 24 hours with the different drugs; no change in

morphology is registered compared to the control

The results of the toxicity assay, represented below, show no toxicity up to 200
uM concentration of the drugs. At this concentration, ACCA, Phe-ACCA and
Gly-ACCA all showed a reduction in cell viability after 24 h incubation, as it is
suggested from the registered decrease in viable cells number, but only for
ACCA this data was statistically significant (Fig. 3.9).
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Trypan blue toxicity assay n=3
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Fig. 3.9: trypan blue dye exclusion assay for C6 glioma cell line in presence of different drugs at
different concentrations, reported in % of control, where the control is set at 100 % and is

represented by the red line

In conclusion, these results showed that the drugs are not toxic for the cells up
to 200 uM concentration, which states the higher limit for the glutamate uptake
assays that will be explained later.

Through the counter it was also possible to record the size of the cells. Dead
cells, as expected, are much smaller in size compared to viable cells, as shown
in the example reported below (Fig. 3.10). However the size changes did not

correlate with increasing concentrations of the drugs.
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Fig. 3.10: comparison between size of viable and dead cells following incubation with

increasing concentrations of ACCA (0.1-200 uM)

3.2.2-Analysis of L-[*H]-glutamate transport in C6 glioma cells

After growing C6 glioma cells (in DMEM culture medium enhanced with 10 %
foetal bovine serum, 1 % penicillin/streptomycin and 2 mM L-glutamine at 37
°C) in 12 well plates for 24 hours as a monolayer, at a density of 0.2x10° cell/mL
(80-90 % confluency), solutions of different concentrations of glutamate, mixed
with a standard amount of *H-labelled glutamate, were given to the cells in
triplicate. In order to verify the kinetics of the Glu transport in both the high
affinity glutamate transporters (EAATs) and low affinity glutamate transporters
(Xc), the experiments were performed in presence and also without Na®. It was
possible to estimate the Na* dependent transport subtracting the values of the
sodium free transport (obtained from the samples without Na*) from the total
transport (obtained from the samples with Na*). To understand the amount of
Glu taken up at the different concentrations (0, 10, 25, 50, 200 uM), the cells
were lysed with 0.25 M NaOH and the radioactivity (proportional to the amount
of Glu in the cells) was measured via scintillation counter and corrected for the

protein concentration, which was estimated with Bradford protein assay."’

117



Chapter 3

Biological investigation of ACCA and its dipeptides

Kinetic studies indicated a linear uptake for the sodium independent transport
up to 200 uM and a Michaelis-Menten kinetic for the sodium dependent
transport, with a K, value of 5.3 uM and a Vimax of 504.4 pmol-mg™-min™ (Fig.
3.11). The K, value obtained is comparable to the ones reported by Davis and
co-workers (Km = 16.8 uM and Vmax = 567 pmol'mg”*min”') and Robinson and
Dowd (Km = 13 uM and Vimax = 430 pmol'mg”:min™) for the same cell line.*'?
This difference could be caused by different experimental factors, such as

higher cell passage number and different radiolabelled isotope stock.

[3H]-Glutamate uptake in C6 glioma cells (n=3)

600+
c P . -& Total transport
% A -~ Na’ dependent
‘© 400+ transport
o
& = 504.4 pmol-mg-'-min-! ~®- Na'’independent
£ transport
?
Q
o
S
o

0 50 100 150 200
Glutamate concentration (uM)
K, =5.3 uM

Fig. 3.11: kinetic studies through Glu uptake in C6 glioma cells for sodium dependent and

independent transport

For the protein concentration determination, Bradford reagent was used. The
Bradford protein assay is a colorimetric assay performed using a dye
(Coomassie Brilliant Blue G-250, Fig. 3.12) which changes colour from red to
blue when bound to proteins."’
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In this way it is possible to understand how much protein is contained in each
sample, measuring the absorbance of the lysate mixed with the dye and
comparing the result with a calibration curve, calculated using known
concentrations of the standard protein, bovine serum albumin (BSA).

The concentration of protein in each well was calculated from the absorbance
data directly from the spectrometer using the standard curve slope. The values
were then corrected for the appropriate dilution factor.

From the kinetic experiments it was possible to decide the experimental
conditions to use in the next uptake assays. For the Na® dependent transport,
10 uM seemed to be a suitable choice, in between the K, value and the
saturation concentration (maximum Glu transport activity). Na* independent
transport has low affinity for glutamate and therefore it is slow and does not
reach saturation in the experimental conditions used, but it is possible to
choose a high enough concentration of glutamate so that it is still possible to
detect (200 uM).

These concentrations were kept constant for the uptake experiments in
presence of the different drugs, while the drugs concentration was increased
from O uM (control) to 200 uM.
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[3H]-Glutamate uptake in presence of drugs (n=3)
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Fig. 3.13: Glu uptake experiments: (a) in presence of the drugs for Na* independent transport
([Glu] = 200 uM) and (b) for Na* dependent transport ([Glu] = 10 uM); results are expressed as
% of control, where the control is set at 100 % and is represented by the red line

120



Chapter 3

Biological investigation of ACCA and its dipeptides

The results obtained are shown in Fig. 3.13. For the sodium independent
transport, representing the cystine-glutamate exchanger, there is only one
significant value, ACCA-Pr ester, which showed an increase in the amount of
Glu taken up by the antiporter at 200 uM concentration. This is a very
interesting result, even more considering that we expected the opposite
behaviour, given its similarity with Glu inhibitors already studied in the literature,
some of which are described in the introduction (paragraph 1.3.5.1, pag. 44).
ACCA instead seems to act as inhibitor for the sodium dependent uptake
(EAAC1) at 200 uM, but unfortunately it is not possible to rely on the data due
to the toxicity shown before at that concentration. In conclusion for this part of
experiments, only 200 uM ACCA-Pr showed some neural activity.

To investigate the drugs further, a new set of glutamate uptake experiments
was performed, pre-incubating the drugs with the cells for 18 hours. The
concentration of Glu was maintained the same as before and the concentration
of each drug was kept at 100 uM (Fig. 3.14).
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18 h Na' independent transport (n=3)
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Fig. 3.14: 18 h pre-incubation Glu uptake experiments: (a) at 100 uM drug concentration, for
Na® independent transport ([Glu] = 200 uM) and (b) for Na*” dependent transport ([Glu] = 10
uM); results are expressed as % of control, where the control is set at 100 % and is represented

by the red line
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The results obtained in this case were more interesting. For the sodium
independent transport, the two drugs Phe-ACCA and Gly-ACCA significantly
increased the glutamate uptake and the same behaviour was registered for Gly-
ACCA in the sodium dependent transport. The fact that Gly-ACCA is active in
both Na* dependent and independent transport, while Phe-ACCA is active only
in the case of Na’ independent transport, means that the latter is selective
towards only one of the two glutamate transport mechanisms present in glial
cells, making it even more interesting and potentially more important from a
pharmaceutical point of view.

To make sure that the effect wasn’t due to Phe and Gly alone (degradation of
the dipeptides by peptidases was considered only as an extreme possibility),
the uptake experiments were performed also with these two amino acids, but as
expected no activity was found (Fig. 3.14).

Measurement at 50 and 100 uM concentration of Phe-ACCA and Gly-ACCA for
24 h pre-incubation were also executed to see whether the same trend was
evident with a longer pre-incubation time and with half of the drug concentration
previously used (Fig. 3.15).
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Fig. 3.15: 24 h pre-incubation Glu uptake experiments at 50 and 100 uM concentration of Phe-
ACCA and Gly-ACCA: (a) for Na" independent transport ([Glu] = 200 uM) and (B) for Na*

dependent transport ([Glu] = 10 uM) (b); results are expressed as % of control, where the

control is set at 100 % and is represented by the red line

124



Chapter 3

Biological investigation of ACCA and its dipeptides

After 24 h pre-incubation, Phe-ACCA was still active at both 50 and 100 uM for
sodium independent transport, while Gly-ACCA only at 50 uM concentration. In
the case of sodium dependent transport, only Gly-ACCA at 100 uM was
statistically relevant. This suggests an experimental error for the measurement
of Gly-ACCA activity at 100 uM for the sodium independent uptake, considering
that it seems to be more active that Phe-ACCA. Another set of experiments
should have been repeated in this case.

In light of the reported results, the same trend observed after 18 hours
incubation was maintained after 24 hours; the two dipeptides tested are more
active in increasing glutamate uptake via sodium independent transport
compared to the sodium dependent one, meaning a better interaction with the
cystine-glutamate exchanger compared to EAATS.

Another interesting result is the fact that, overall, Gly-ACCA is more effective
than Phe-ACCA, but it is less selective, while Phe-ACCA is less effective, but
more selective towards the exchanger.

Considering the similar behaviour previously observed for ACCA-Pr in the
sodium independent transport, it would be interesting to test in the future if that
increase persists in pre-incubation experiments.

The up-regulation of the protein transporters measured can occur in two
possible different ways: increase of the transporter activity through direct
interaction or increase of the number of transporters available.

In the majority of the cases, when a drug enhances the glutamate uptake after
pre-incubation, the mechanism of action is not a direct interaction but it rather
takes place at a transcriptional, translational or posttranslational level increasing
the transporter expression.

In order to prove this theory, protein expression by immunodetection (Western
Blot) experiments need to be done to measure the transporters protein
concentration in presence of the active drugs compared to the transporter
alone.

It would also have been interesting to synthesise and test the dipeptide with
cysteine (Cys-ACCA), considering that cystine is a substrate for the X¢
exchanger.
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3.3-Conclusions

Herein ACCA and some derivatives have been tested as glutamate analogues.
We can affirm that the 5 drugs analysed have minimal cytotoxicity profiles on
C6 glioma cells when incubated for 24 h, but among them only 3 were active:
ACCA-Pr in sodium independent transport at a concentration of 200 uM, Phe-
ACCA at 100 uM in sodium independent transport after 18 h pre-incubation and
finally Gly-ACCA at 100 uM in both sodium independent and sodium dependent
transport after 18 h pre-incubation. A similar trend was registered after 24 h pre-
incubation. The activity observed was not the inhibitory effect expected, but a
very interesting behaviour as transporter enhancement was found.

Recently it has become increasingly clear how much glutamate transporter
proteins (EAATs and X;) are involved in neurological disorders and injuries and
for this reason they are good drug targets.

Glutamate receptors have been widely studied in this context, but little
improvements have been made recently, therefore research of new drugs
candidates targeting glutamate transporters should be the way to go for the
future.

A number of neuronal dysfunction is due to high extracellular glutamate
concentrations and limited glutamate uptake or malfunctioning of the protein
transporters. In these cases, drugs able to increase the Glu uptake enhancing
the transporters activity could be beneficial.

In light of the consideration just made, ACCA-Pr, Phe-ACCA and Gly-ACCA

could find pharmaceutical application as glutamate transport enhancer drugs.
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3.4-Experimental

Cell behaviour is influenced by the environment in which they live, in particular,
biochemical and physiological properties depend on interactions with the culture
medium (namely a synthetic material designed to support the growth of cells
with the addition of a serum, which is needed to promote cells growth). Different

batch of medium and serum can affect the experimental reproducibility.”

Materials: Bradford dye reagent, glutamate sodium salt, HEPES, BSA, glucose,
NaOH, choline chloride, KCI, MgCl,, NaCl, CaCl,, were purchased from Sigma
Aldrich. Dulbecco’s modified Eagle’s medium (DMEM) was purchased from
Lonza, trypsin and PBS from Invitrogen, *H-glutamate from Perkin Eimer (NET
490, 250 uCi, 9.25 MBq), Ecosint A scintillator cocktail from National
Diagnostics.

Cells culture conditions:

Rat C6 glioma cells (obtained from American Type Culture Collection) were
grown in Dulbecco’s modified Eagle’s medium (DMEM) enhanced with 10 %
foetal bovine serum, 1 % penicillin/streptomycin and 2 mM L-glutamine in T75
cell culture flasks at 37 °C in a humidified incubator at 5 % CO, and 95 % air.

Cells were grown as a monolayer and regularly harvested twice weekly.

Experiments involving the drugs were executed starting from stock solutions: 10
mM in deionised water and DMSO in ratio 1:1 for ACCA, ACCA-Pr, ACCA-Phe
and ACCA-ACCA and 2 M in water for ACCA-Gly The stock solutions were
stored in the fridge. Control experiments included the appropriate percentage of
DMSO.

Viability analysis with Trypan Blue Assay:

C6 glioma cells were seeded at a density of 0.1x10° cell/mL in 12 well plates
and grown overnight under normal cell culture conditions. When 80-90 %
confluency was reached, solutions of the drugs were prepared from a 10 mM

127



Chapter 3

Biological investigation of ACCA and its dipeptides

stock solution at 10, 50, 100, 200 uM concentrations in fresh medium, adding a
DMSO vehicle of 0.5 %.

The old cell medium was discarded and 2 mL of each drug solution were added
to the cells in triplicate. The cells were then placed back into the incubator for 6
and 24 h. At the assay endpoint the medium from each well was removed to
labelled Eppendorf tubes. The cells were washed with 500 pL of pre-warmed
sterilized phosphate buffered saline solution (PBS, containing NaCl, KClI,
NaHPO4, KH,PO4) and 200 uL of 0.05 % trypsin/EDTA was added to each
well. Following cell detachment, the cells from each well were re-suspended in
the original cell culture medium pertaining to that well. The cell solutions were
spun at 1200 RPM for 4 min using a SIGMA 2-5 bench top centrifuge. The
supernatant was removed and the cells were re-suspended in 200 uL of serum
free media and 200 pL of 0.4 % trypan blue solution was mixed together. Viable
cells were then counted using Invitrogen Countess automated cell counter. The
viability results were expressed as percentage of the control value (cell

suspension in culture medium with no drug added).

L-PH]-Glutamate uptake assay:

C6 glioma cells were seeded at a density of 0.2x10° cell/mL in 12 well plates
and grown for 24 h under normal cell culture conditions.

Solutions of L-glutamate 0, 50, 100 and 200 uM combined with L-[*H]-glutamate
0.5 uM were prepared in Krebs-HEPES buffers Na® free (KHB-F: 10 mM
HEPES, 120 mM choline chloride, 3 mM KCI, 2 mM MgCl, 2 mM CaCl; and 2.2
mM glucose adjusted to pH 7.4) and Krebs-HEPES buffers Na* plus (KHB-P:
10 mM HEPES, 120 mM NaCl, 3 mM KCI, 2 mM MgCl,, 2 mM CaCl; and 2.2
mM glucose adjusted to pH 7.4). Each well from one of the two 12 well plates
was washed with 1 mL of warm KHB-F, after removing the medium. The assay
was started by replacing the buffer from the first well with 1 mL of the first test L-
glutamate solution. After 20 seconds the next well was treated in the same way.
Each solution was tested in triplicate before moving to the next concentration.
The kinetic analysis of L-glutamate transport activity was monitored for exactly 5
min, thereafter 1 mL of a solution 20 mM of unlabelled ice-cold L-glutamate in
KHB-F was added to stop the transporter action and therefore the uptake. Each
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well was washed one more time with the ice-cold glutamate solution and 500 uL
of NaOH 0.25 mM was added to lyse the cells overnight. The same procedure
was repeated with the second 12 well plate using KHB-P instead of KHB-F.

The cell lysates were subjected to liquid scintillation counting for determination
of radioactivity and values were adjusted to protein content, calculated with
Bradford assay. All results were expressed as percentage of the control value,
as specific transport of L-[°H]-glutamate (pmol/mg protein/min).

Radioactivity determination by scintillator counter:

400 pL of the cell lysates were transferred to scintillation vials containing 4 mL
of Ecosint A scintillator cocktail. Determination of radioactivity levels was carried
on with a Beckman LS60001C Scintillation counter.

Protein Determination by Bradford Assay:

10 pl of each cell lysate were mixed with 40 yL of Bradford reagent and 150 pL
of deionised water in triplicate in a 96 well plate. The absorbance was read at
Asgs for each well using a Spectra Max 190 spectrometer from Molecular
Devices. A protein standard curve was prepared using lyophilized bovine serum
albumin (BSA), reconstituted with deionised water to yield a 0.1 mg/mL solution
(Fig. 3.16). The absorbance of samples ranging from 0.25-2.5 pg/mL
concentration of BSA was used to construct the standard curve. Samples from
cells typically had an Asgs in the range of 0.01 to 0.06 (approximately 50-70 ug
protein per well).
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Fig. 3.16: example of standard curve for Bradford protein assay; linear fit: y = A + Bx, where A
= 0.00809 and B = 0.009331; R*= 0.85

Statistical analysis

Graph Pad Prism software (San Diego, CA) was used for the analysis of the
data. All the experiment results are presented as mean + SEM and are
analysed statistically by one-way analysis of variance (ANOVA), followed by the
Newman-Keuls multiple comparison test. Values of P < 0.05 were considered to
be significant.

Data for the measurement of L-[°H] Glutamate uptake were analysed using non-
linear regression by applying the Michaelis-Menten equation and representing
the Vimax and K.
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Chapter 4

Synthesis of a tetrapeptide-like macrocycle incorporating ACCA

4. 1-Introduction

Considering the recent interest in macrocyclic molecules as peptidomimetics
and their advantages already described (paragraphs 1.3 and 1.4), we decided
to take advantage of ACCA cis locked conformation for the generation of a
cyclopeptide-like molecule.

In fact, one of the tricks usually adopted in order to facilitate the challenging
macrocyclisation reaction is the introduction of constrained molecules.
Furthermore, ACCA, being a non-proteinogenic amino acid, can not be
recognised by endo- and exopeptidases, and therefore it can be a good
candidate as metabolic stable drug.

Before building the macrocycle, an accurate research of the possible
commercially available linkers was conducted. p-Aminomethyl benzoic acid
(AMBA) was chosen as best candidate because it possess the amino and
carboxylic acid functional groups to build a peptide-like molecule and in addition
to this it contains a benzene ring, which could be exploited for n-stacking.

In collaboration with Dr. Andrew Phillips we also decided to carry out
computational studies to understand the overall rigidity of such macrocyclic
molecule and to analyse its ability in complexing cations.
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4.2-Results and discussion
4.2.1-Synthesis of the tetrapeptide-like macrocycle

The synthesis of the macrocyclic compound 25 has been performed following a
series of protection, coupling and deprotection reactions using a [2+2]
approach. [2+2] approach means that two dipeptide-like compounds formed by
ACCA and a linker are coupled together to give the tetrapeptide-like final
product, rather than coupling the four units of the macrocycle one by one. The
retrosynthetic pathway is shown in Scheme 4.1.

0
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Scheme 4.1 retrosynthetic route to the macrocyclic compound 25

ACCA was thought to be ideal to incorporate in macrocycles exploiting its cis-
constrained configuration and, because of its 6-amino acid structure, an amide
formation approach was chosen to connect the building blocks. Compound 25
is formed by four units, two ACCA and two linker molecules alternated. The
linker selected as best candidate was p-aminomethyl-benzoic acid (AMBA, 18,
Fig. 4.1).
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’ <:> io
H,N OH

Fig. 4.1 AMBA chemical structure

AMBA is commercially available at low cost and contains both an amine and a
carboxylic acid functional groups, which are needed to carry out the peptide
coupling; it contains also a benzene ring, useful for n-stacking, which could
help with the cyclisation.

Generally, the term amino acid is used to describe an a-amino acid, where the
N-terminus is separated from the C-terminus by only one carbon. In our case
neither ACCA nor AMBA are amino acids under this definition, but they could
be defined as non-natural 8- and e-amino acids respectively (4 and 5 carbons in
between —NH and -COOH) so their peptide derivatives are not proper peptides,
but peptide-like structures. For simplicity, from now on they will be referred to as
peptides.

ACCA propyl ester 10 is synthesised as already described in chapter 1. AMBA
is easy to protect at the amine functional group with Boc, using the same
procedure employed previously for the ‘ACCA-natural amino acid’ dipeptides
(Scheme 4.2).

) a) )
O
HoN C OH »—NH C OH
o!
17 )L 18

Scheme 4.2 synthesis of Boc-AMBA 18. Reagents and conditions: (a) Boc,O, NaOH 2 M,
dioxane/H,0, 0 °C-r.t., 2 h, 70 %

Boc-AMBA 18 was then coupled with ACCA-Pr 10 in good yields, using HATU

as coupling reagent (Scheme 4.3).

134



Chapter 4

Synthesis of a tetrapeptide-like macrocycle incorporating ACCA

O
( : : O
HoN O™~ 0 < > /(
10 a) N—NH HN
+ —_— 0]
o) )L 19
O
M—NH C OH
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Scheme 4.3 synthesis of Boc-AMBA-ACCA-Pr 19. Reagents and conditions: (a) HATU, Pr,EtN,
dry THF, 18 h, 85 %

)

Once the dipeptide 19 was synthesised, half was deprotected through basic
hydrolysis to free the carboxylic acid (20, Scheme 4.4) and the other half was
deprotected under acidic conditions to free the amine (21, Scheme 4.5). Both
reactions proceeded with high yields.

ol 0
»—NH HN —>  )—NH HN
(}L 19 O)L 20

O HO
e

Scheme 4.4 synthesis of Boc-AMBA-ACCA-OH 20. Reagents and conditions: (a) NaOH 2 M,
CH3CN, 45 °C, 3 h, 90 %

o 0
o < o~ Y
M—NH HN A, HaN HN
O)L 19 CCP 21
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Scheme 4.5 synthesis of CINH;-AMBA-ACCA-Pr 21. Reagents and conditions: (a) HCI/Et,0,
CHCl,, 3 h, 93 %
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In the latter reaction the product precipitated out making the work up
significantly easier as the product could be recovered through simple filtration.
20 and 21 were coupled again using the usual HATU reagent (Scheme 4.6).

0
o ) 0
o>\—NH HN o < > %
% 20 »—NH HN

o ¥

HO ) o
+ - HN
0
@
HaN C HN —/Q H
C@ O)\Q\/N
| 21
0
0 22

0
Scheme 4.6 synthesis of Boc-AMBA-ACCA-AMBA-ACCA-Pr 22. Reagents and conditions: (a)
HATU, 'Pr,EtN, dry THF, 18 h, 67 %

The reaction proceeded successfully, even though with lower yield (67 %)
comparing to the previous couplings. This might be due to the fact that the
molecules involved are now bigger and steric hindrance can interfere.

To allow for the cyclisation of the linear peptide, the propyl ester and the Boc
protecting groups had to be removed, in this order, respectively in basic and
acidic conditions (Scheme 4.7 and Scheme 4.8).

136



Chapter 4

Synthesis of a tetrapeptide-like macrocycle incorporating ACCA

O>—NH C HZ O>\—NH C H(l\)l
o! o!
/- o

o — O
HN HN
O HO
O O
@) O

22 23

Scheme 4.7 synthesis of Boc-AMBA-ACCA-AMBA-ACCA-OH 23. Reagents and conditions: (a)
NaOH 2 M, CH3CN, 45 °C, 3 h
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Scheme 4.8 synthesis of CINH;-AMBA-ACCA-AMBA-ACCA-Pr 24. Reagents and conditions:
(a) HCI/Et,0, CH,Cly, 2 h, 68 % over two steps

Both the protected tetrapeptide 22 and the half deprotected tetrapeptide 23
dissolved only partially in the solvents used, forming a suspension, but they
were able to react and give the desired products despite the solubility issue.
Especially in the cleavage of the Boc group, it was interesting to notice how the
half deprotected tetrapeptide in suspension agglomerated as soon as the acid
was added.

The solubility difficulties rendered the work up easier and avoided the need of
purification techniques such as column chromatography or recrystallisation, but
at the same time it was troublesome to find a suitable solvent to carry out the
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reaction. After increasing the temperature to 40-50 °C, only methanol and
DMSO were able to improve the solubility of the linear tetrapeptide. This
behaviour made the characterisation procedure complicated, especially for 3C-
NMR.

The macrocycle closure, as expected, was the most delicate step. A number of
problems came to our attention. The first concern arose from the big size of the
molecule involved and its steric hindrance, a problem previously encountered in
the formation of the protected linear tetrapeptide. Secondly bringing the open
tetrapeptide into solution resulted a particularly tricky job and finally the desired
cyclisation product is not the most favourable one over polymerisation. Since it
needs the free amine and the free carboxylic acid to be very close in space to
react, this step required particular reaction conditions and care.

Both the building blocks of the linear peptide, ACCA and AMBA, are quite
constrained so the free N-terminus and C-terminus should be closer to each
other than in natural peptides, although, the presence of the four methylene
bridges confer some flexibility to the molecule making dimerisation and
polymerisation side reactions possible. To avoid this, some precautions needed
to be applied. As discussed previously (paragraph 1.5), the most common
technique used in cyclic peptide synthesis is the exploitation of extremely high
dilution conditions. It is known in fact, that the more the reaction solution is
diluted the more likely cyclisation will take place over polymerisation reactions.
Very high dilution conditions require a minimal amount of compound (usually 50
mg) and a very large amount of solvent (half to one litre) to achieve
submillimolar concentrations, which is not practical for various reasons. A smart
way-out, originally described by Malesevic et al. in 2004" and then adopted

successfully by different research groups,®?

is the concept of pseudo-high
dilution. Adding a reasonably diluted solution of the linear peptide (0.01 M) and
a solution of the coupling reagent to a stirring solution of the base, very slowly
over time, high dilution conditions were reproduced without the need of
inconveniently large amounts of solvent. This very slow addition (10 uL/min) is
possible through a syringe-pump, so that only a drop of the solution of the linear
tetrapeptide gets in contact with the reagents and has the time to react before

the next drop is added (~ 0.01 mM). The reaction apparatus employed is shown
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in Fig. 4.2: the syringe-pump is set so that the syringes are pushed at an
addition rate of 10 uL/min and the needles are immersed into the reaction

solution.

Fig. 4.2 tetrapeptide cyclisation reaction using a syringe-pump: pseudo-high dilution conditions

The complete addition of the open tetrapeptide and coupling reagent into the
reaction solution was performed over 21 hours. The reaction was left stirring for

a further night before the work up (Scheme 4.9).
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Scheme 4.9 synthesis of cyclo-(AMBA-ACCA-AMBA-ACCA)- 25. Reagents and conditions: (a)
HATU, 'Pr,EtN, DMF/CH3;0H, 2 days.
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The deprotected tetrapeptide was found to be soluble only in hot DMSO or hot
methanol. Considering the difficulties in removing DMSO, methanol was
chosen. HATU was not soluble in methanol so a small portion of DMF was
added.

Unfortunately, only the starting material was recovered and a minimal amount
of cyclisation product was identified through mass spectrometry. One of the
possible reasons for the failure of the reaction is the poor solubility of the
starting material. In fact, part of it precipitated out of the solution overnight,
during the syringe addition.

To bring the reaction to completion, longer times might be needed or the
temperature could be carefully increased (keeping in mind that sodium
perchlorite is explosive at high temperatures). Another complication is the
monitoring of the reaction advancement through TLC, because the base used
(’PrzEtN) covers the spot of the very polar linear tetrapeptide. Analytical HPLC
seems to be a better way of monitoring the reaction.

Another interesting technique, that should minimise the inconvenience of
polymerisation and favour the cyclisation and at the same time improve the
solubility, is the use of a templating metal that, coordinating to the open peptide,
brings the N- and C-termini close in space to react. The metal ion behaves as
activating and catalytic agent.*

Usually for tetrapeptides cyclisation Li* salts as LiCl are used, but for our
purposes a bigger cation such as Na® seemed to be a better choice considering
that compound 24 is bigger than natural tetrapeptides, being formed by 6- and
g-amino acids.

The templating metal technique was previously used by Robey with a non-
protected octadecapeptide from the C4 domain of HIV-1 gp120, before
performing the cyclisation step. For 10 mg of the linear peptide in 10 mL of
DMF, 1.5 g of LiCl were needed to bring the compound in solution.’ Liu and
colleagues tried different metals as templating agent to cyclise penta- and
heptapeptides. They found that the best ion for pentapeptides was Na®, while

heptapeptides needed a bigger ion such as Cs*.®
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Before trying the template metal procedure, solubility tests were initially
performed with NaCl and KCI to see if compound 24 could be dissolved in
methanol in presence of the salts. With KCI no improvement in solubility was
noticed, while the compound went into solution with NaCl.

ESI mass spectra of the peptide in presence of the salts were collected and
compared (Fig. 4.3): linear tetrapeptide MW ~ 507 g/mol, tetrapeptide + K" MW
~ 545 g/mol and tetrapeptide + Na® MW ~ 529 g/mol. It is possible to see a
typical peptide fragmentation path, where some fragments as the whole

tetrapeptide and the dipeptide were detected.

Linear tetrapeptide + K*
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Fig. 4.3 ESI spectra of tetrapeptide 24 in presence of Na* (529 g/mol) and K" (545 g/mol) ions

For the experiment NaClO4 was preferred to NaCl considering its good solubility
in methanol. Keeping in mind its explosive nature, sodium perchlorate had to be
handled carefully.

The purpose of the cation is to coordinate to the tetrapeptide (through the
nitrogens or, more likely, through the carbonyls), bringing the free amine and
the free carboxylic acid close to each other to react. Furthermore, once
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coordinated to the metal, the peptide should be more soluble in organic
solvents.

After dissolving compound 24 in methanol in presence of 1.5 equivalents of
NaClO4, the same procedure used for pseudo-high dilution conditions was
followed (Scheme 4.10).
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Scheme 4.10 synthesis of cyclo-(AMBA-ACCA-AMBA-ACCA)- 26 using a templating metal.
Reagents and conditions: (a) HATU, 'Pr,EtN, CH3CN/CH30H, NaClO,, 2 days.

It would have been interesting to use Ni** instead of Na* since it changes its
colour when coordinated, giving a colorimetric indication of the complexation
reaction. Another possibility could be Zn?* because of its high affinity for oxygen
atoms. However, both Ni** and Zn?* have small ionic radii (Table 4.1) so they

might not be suitable for our molecule.

lon Radius (pm)
Ni** 55
Li® 59
Zn*’ 60
Na* 99
K* 137
Cs’ 167

Table 4.1 lonic radii of Ni**, LI*, Zn**, Na*, K" and Cs*’
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After evaporating the solvent overnight, the solid was washed with acetonitrile
and the 42 mg recovered were analysed through mass spectrometry, 'H- and
®C-NMR, to confirm the presence of the cyclotetrapeptide. Unfortunately the

cyclisation product was not separated from the unreacted coupling reagent after

silica gel column chromatography; the impure spectrum is reported in Fig. 4.4.
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Fig. 4.4 spectrum of cyclotetrapeptide contaminated with un-reacted HATU; where the open

tetrapeptide spectrum is in green and the cyclic peptide in red

As it is possible to notice from the 'H-NMR, in the aromatic region (7-9 ppm) the
four peaks referring to the two benzene rings in the starting material (green)
become two in the product (red) and only one NH peak is visible while three
peaks were visible before. Also the two doublets relative to the CHy in alpha to
the benzene rings (4-4.5 ppm) become one. This behaviour means an increase
in symmetry, as expected from the cyclic product.

To better understand the ratio of the product tetrapeptide compared to the

unreacted coupling reagent, HPLC analysis will be performed.
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The macrocyclisation reaction with template metal needs to be improved,
especially in the purification step. In the latter, preparative HPLC should be
preferred over chromatography column. Once enough material will be
synthesised, it would be interesting to test its ability in complexing different
metal ions in solution and comparing the results with the theoretical data
(paragraph 4.2.2).

4.2.2-Computational studies

In collaboration with Dr. Andrew Phillips some computational studies on the
cyclic peptide 25 were performed, in order to understand the feasibility of its
complexation with alkali and earth-alkali metal ions. All calculations were
performed in the gas phase, using density functional theory (DFT), which
provides the most reliable results with the resources available.

Using the computational chemistry program Gaussview, the macrocyclic
molecule was optimised to a minimum energy conformation, taking into account
electron correlation and possible molecule conformations in gas phase (Fig.
4.5).

Fig. 4.5 minimum energy conformation for macrocycle 25

Surprisingly, the theoretical calculations showed significant flexibility in the
molecule. Such a result was not expected considering ACCA cis-locked
conformation and the presence of two cyclobutane and two benzene rings in
the core structure. The only possible points of mobility are the four methylene
bridges. This flexibility, although unexpected, does not represents a negative

144



Chapter 4

Synthesis of a tetrapeptide-like macrocycle incorporating ACCA

characteristic; it is instead a key feature of the macrocycle since it allows it to
adapt to the metal ion to better allocate it into the cavity and form the complex.
The optimised coordination pattern is the one where the cyclic peptide binds to
the metal through the four carbonyl groups in a tetrahedral geometry.

Different alkali and earth-alkali cations were measured and, interestingly, all the

binding energy (intended as the AE in Scheme 4.11) resulted to be exothermic,

namely AG < 0.
//©\[TNH K@NH
/
HN 0] HN e)
mn*
(@) \O'Mn+ + AE
(0] 0

O NH ? NH
- N
H H

Scheme 4.11 macrocycle binding to different metal cations; where n = 1 or 2 and AE = energy

of reaction

The energies of binding are listed in Table 4.2 and are measured in hartree (1
hartree = 627.51 kcal/mol).?

The energies of the different complexes (macrocycle ligand coordinated to the
metals, Ecomplex) are compared to the sum of the energy of the uncomplexed
macrocycle (Eigana = -1605.7318 hartrees) plus the energy of the free metal
cation (Ecation).- The difference of the two values for each metal gives the AE.
The fact that all the AE are negative means that it takes less energy to form the
complex than having the free metal and the free ligand. Therefore, the

coordination of the macrocycle to the metal is a favourable process.
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Cation Ecation (hartree) | Ecation * Eiigand E complex AE (hartree) | AE
(hartree) (hartree) (kcal/mol)

Be” -13,652 -1619,382 -1620,107 -0,724 -454,592
Mg** -199,227 -1804,959 -1805,489 -0,530 -332,704
ca” -676,866 -2282,598 -2282,991 -0,393 -246,629
S’ -29,812 -1635,543 -1635,890 -0,346 -217,306
Ba’’ -24,652 -1630,384 -1630,683 -0,300 -188,018
Rb" -23,606 -1629,338 -1629,539 -0,201 -126,383
Li* -7,285 -1613,016 -1613,211 -0,194 -121,849
Na’ -162,081 -1767,813 -1767,964 -0,151 -94,7449
K* -599,724 -2205,456 -2205,570 -0,114 71,622
Cs’ -19,732 -1625,463 -1625,551 -0,088 -55,060

Table 4.2 Binding energies of the macrocycle with different cations; where E for the free ligand
is
-1605.7318 hartrees, E.ation refers to the energy of the free metal, Ecation + Ecation refers to the sum
of energies of free ligand and free cation, Ecompiex refers to the energy of the ligand coordinated
to the metal

It is also interesting to notice that, according to the theoretical calculations, the
ligand shows selectivity towards the smallest cations, especially earth-alkali
metals (M?*) as beryllium, magnesium and calcium, which are highlighted in
bold in Table 4.2. In Fig. 4.6 it is possible to better see the trend of the
stabilisation energies, from the most to the least stable metal.
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Binding energy
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Fig. 4.6 ligand-cations binding stabilisation energy

The correlation between the stabilisation energy (AE) and the ionic radius of the
cations is plotted in Fig. 4.7. The linear trend confirms that the best interaction
of the macrocycle is obtained with the metals of the second group over the first

group and is stronger with smaller metals. Only rubidium is an exception.

Metal ion size Vs ligand binding energy
Rb* 2.2
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Mg?* Cs*™ © 12
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O ® - 07

Li 0.2
500 -450 -400 -350 -300 -250 -200 -150 -100 -50 0 -0.3

Metal ionic radius (A)

AE (Kcal/mol)

Fig. 4.7 cations size vs binding stabilisation energy

The ligand-metal interaction generally has an ionic character. In the case of
Be?* the distance between the carbonyl donor in the ligand and the cation is

shorter and therefore the bond has more of a covalent character.
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The macrocycle is able to adapt its structure considerably to accommodate the
metals and bind them through the four amidic carbonyl groups with a
tetrahedral geometry. The example shown in Fig. 4.8 represents the adaptation
in structure of the ligand to bind Be?*, which is the most drastic change among
the metals studied.
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Fig. 4.8 two different points of view of the complex macrocycle—Be2+

As it is possible to see in Fig. 4.8a, the macrocycle folds almost in half to better
bind Be?*, while in Fig 4.8b it is possible to notice the tetrahedral geometry at
the metal centre.

In contrast with the previous example, the one with Ba**, shown below in Fig.

4.9, is one of the less stable of the complexes tested.

Fig. 4.9 two different points of view of the complex macrocycle—Ba2+

Compared to the previous case, here the macrocycle changes its conformation
only marginally, without folding, but it stays almost planar and the distance
between the amidic carbonyl groups and the metal is bigger.
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The dipole moments of the ligand-metal complexes were also calculated
theoretically and are reported in Table 4.3.

M"™ + Ligand Dipole moment
(debye)
Rb* 5.08
Cs’ 5.06
Ba" 3.77
S’ 3.32
Na* 3.24
Ca” 2.37
Li* 2.10
Mg*" 1.01
Be” 0.41

Table 4.3 dipole moments of the ligand-metal complexes

The more the macrocycle has to adapt its structure in order to bind the metal,
the lower the dipole moment of the complex is. This means that the most stable
complexes with beryllium and magnesium should be soluble in organic
solvents, given that the dipole moment of water is 1.85 debye.® The
uncomplexed ligand resulted to be 1.526 debye and therefor is also partially
soluble in organic solvents.

Considering the solubility problems encountered during the synthesis with the
open tetrapeptide, this is a very interesting result.

All the characteristics found in the synthesised tetrapeptide-like macrocycle 25
are very attractive and promising for future applications. The ability of adapting
its structure to accommodate earth alkali metals and its solubility properties
make it a suitable candidate for phase transfer and ion carrier in organic
solvents.

Phase transfer catalysts are of great interest in organic chemistry because they
bring two reactants with different solubility together into a common solvent,
making reactions possible that would not occur otherwise.
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The concept of phase transfer catalysis (PTC) was born in the 1960s to perform
reactions between water soluble reagents and organic molecules and it is still
widely employed.®

Usually PTC molecules as quaternary onium salts bring anions into organic
phase, but they are also exploited to transfer cations (e.g. crown ethers), free
radicals and in certain cases full molecules."

Crown ether derivatives are typical examples of cyclic molecule used as ion and
molecule carrier. For instance Vladimirova and colleagues studied dibenzo-18-

crown-6 (Fig. 4.10) as transfer of aminoglycoside antibiotics.
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Fig. 4.10 dibenzo-18-crown-6 chemical structure and kanamycin A, an example of

aminoglycoside antibiotic

Considering that macrocyclic ligands can form stable complexes with organic
compounds, they decided to use it to detect aminoglycosidic drugs in aqueous
solutions through voltammetry at the interface of two immiscible electrolyte
solutions. "

An example more similar to compound 25, used as efficient phase transfer
catalyst, is the peptoid oligomer of N-substituted glycine reported in Fig. 4.11.
As well as compound 25, the coordination to the metal is gained through the
carbonyls.
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Fig. 4.11 peptoid oligomer of N-substituted glycine

Complex 25 could also be exploited for water purification, given its ability to
bind cations.

Considering its characteristic adaptability to the metal ion hosts, it would also be
interesting to study its binding with small molecules, which could be useful for
drug delivery. Macromolecules as dendrimers and cyclodestrine are often
studied in the literature to improve bioavailability and water solubility of small
molecules for this purpose.’
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4.3-Conclusions

The open tetrapeptide was synthesised in good yield after a series of
protection/coupling/deprotection reactions, starting from ACCA propyl ester and
Boc protected AMBA and using a [2+2] approach.

The synthesis of the tetrapeptide-like macrocycle 25 was challenging and was
attempted through pseudo-high dilution and also through a metal template
method, for which sodium was chosen as templating agent. Only the second
technique allowed the accomplishment of the desired cyclic peptide product.
We can conclude that the cyclisation reaction of the linear tetrapeptide-like 24
worked only in the presence of a template metal as driving force. Intramolecular
interactions such as H-bondings between amides, and n-n stacking between
the benzene rings and m-cation interaction probably helped the macrocycle
closure, as well as the cis-locked conformation of ACCA. The difficulties
encountered, though, lead to believe that perhaps the flexibility of the open
tetrapeptide, shown by theoretical calculation, exceeded the pre-organisational
features.

Promising results were obtained with computational studies. Despite the
constrained benzene ring and the cyclobutane moieties, the cyclic tetrapeptide
seems to have enough flexibility to modify its structure to accommodate various
metals. Highest complex stabiliies were measured for smaller cations,
especially with alkaline earth metals as Mg, Ca®* and Be?*. This selectivity
could be exploited for instance in water purification, considering the organic
solvent solubility of compound 25 suggested from the dipole moment
calculation.

The macrocycle could be also studied as ion carrier for medicinal applications
such as drug delivery and as phase transfer catalysis.

Last but not least, an important application for peptide-like macrocycles is found
in peptidomimetics, where the employment of non-proteinogenic amino acids
and the cyclic framework render the peptide bonds not recognisable and
therefore not hydrolysable by peptidases, increasing the bioavailability of these

molecules.
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Not only the apo cyclic peptide can be exploited in this field, but also when
coordinated to metal ions.
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4.4-Experimental

General Methods:

All chemicals were purchased from Sigma Aldrich. Dry solvents were obtained
from a Puresol Grubbs Speciality Chemicals and Stream. When necessary, all
reactions were performed under an atmosphere of nitrogen using oven-dried
glassware. Oxygen-free nitrogen was obtained from BOC gases and used
without further drying.

Proton and carbon nuclear magnetic resonance spectra ('H and ">C-NMR
respectively) were recorded on 400 MHz (operating frequencies: 'H, 399.75
MHz; "*C, 101.00) and 500 MHz (operating frequencies: 'H, 499.72 MHz; *C,
125.65) FT spectrometers. "H-NMR spectra are herein reported, while ">*C-NMR
spectra are in appendix 1. Tetramethylsilane (8 = 0.00 ppm) was used as an
internal reference in the deuterated chloroform (CDCls) for '"H NMR spectra.
The middle CDCls solvent peak was referenced to 77.16 ppm for *C NMR
spectra. The residual solvent peak in deuterated methanol (CDs;OD) was
referenced respectively to 3.31 ppm and 49.00 ppm for '"H NMR and *C NMR
spectra, respectively and in deuterated DMSO to 2.50 ppm and 39.52 ppm for
'H NMR and "*C NMR. The coupling constants (J) are in Hz and the chemical
shifts (8) are given in parts per million. High resolution mass spectra were
obtained on a Waters/Micromass instrument and melting points were measured

on a Stuart™

melting point apparatus SMP 10. Evaporation in vacuo refers to
the removal of solvent on a Blchi rotary evaporator with an integrated vacuum
pump. Thin-layer chromatography (TLC) was carried out on aluminium backed

60 F254 silica gel.
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Preparation of 4-(((tert-butoxycarbonyl)amino)methyl) benzoic acid (Boc-
AMBA, 18).

Boc,O, NaOH 2 M o
< > /<O dioxane/H,0 0 < > /<
H,N OH 0°C-rt.,2h >~NH OH
O
17 )L 18
p-(aminomethyl)benzoic acid 17 (AMBA, 0.8 g, 5.25 mmol) was dissolved in

dioxane/water 2:1 (35 mL) and NaOH 2 M (10 mL) was added. The solution
was cooled to 0 °C and Boc,O (2.5 g, 11.64 mmol) was added. After 2 hours

dioxane was removed in vacuo and the aqueous phase was acidified with 1 M
HCI to pH 3. The aqueous layer was was extracted with CH,Cl, (20 mL x 3).
The organic layers were combined, dried over NaSO4 and concentrated in
vacuo yielding Boc-AMBA 18 (0.39 g, 70 % yield) as a white powder. (Rf = 0.66,
EtOAc/CH30H, 1:3). Mp: 162-164 °C. &H (400 MHz; CDCIls;) 8.06 (2H, d, J =
8.2 Hz, COPhH), 7.39 (2H, d, J = 8.2 Hz, CH,PhH), 4.94 (1H, s, NHCH,Ph),
4.39 (2H, d, J = 5.0, CH2Ph), 1.47 (9H, s, C(CHs)3). (500 MHz; DMSO) 7.88
(2H, d, J = 8.2 Hz, COPhH), 7.44 (1H, t, J = 6.5 Hz, NHCH,Ph), 7.35 (2H, d, J =
8.2 Hz, CH,PhH), 4.18 (2H, d, J = 6.5, CH2Ph), 1.33 (9H, s, C(CHs)3). 6C
(125.65 MHz, DMSO) 167.5, 156.0, 145.6, 129.3 (2 C), 126.8 (2 C), 77.9, 43.7,
28.2 (3 C). m/z (ES-) 250.1083 (M-H" C43H1sNO4 requires 250.1079).
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Preparation of propyl 3-((4-(((tert-butoxycarbonyl)amino)methyl)
benzamido)methyl) cyclobutane carboxylate (Boc-AMBA-ACCA-Pr, 19)

O

— >~ ol
HoN O"\— HATU, PRLEIN O @
10 THF, 18 h »—NH HN
o!
0 )L 19
O
»—NH C OH o

O)L 18 _/°

Boc-AMBA 18 (0.75 g, 3.6 mmol) and ACCA-Pr 10 (0.8 g, 3.2 mmol) were
dissolved in dry THF (50 mL) and 1 eq of HATU (1.18 g, 3.2 mmol) was added.
The solution was cooled to 0 °C and N,N-diisopropylethyl amine (3 eq) was

added. The reaction was stirred at room temperature overnight. The solvent
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was evaporated in vacuo and the crude oil dissolved in CH2Cl; (20 mL) and
washed with NaHCO3 (20 mL), acetic acid 10 % (20 mL x 2) and brine (20 mL).
The combined organic layers were dried over MgSO4 and concentrated in
vacuo. The crude yellow oil was purified by silica gel column chromatography
(cyclohexane/EtOAc, from 90:10 to 50:50) yielding the pure product 19 as a
white powder (1.10 g, 85 %). (Rf = 0.78, EtOAc/CH3;OH 3:2) Mp: 94-95 °C. dH
(400 MHz, CDCl3) 7.72 (2H, d, J = 8.2 Hz, COPhH), 7.35 (2H, d, J = 8.2 Hz,
CHyPhH), 6.34 (1H, br s, BocNH), 4.91 (1H, br s, PhCONH), 4.36 (2H, d, J =
5.7 Hz, CH,Ph), 4.02 (2H, t, J = 6.7 Hz, CH,CH,CHj3), 3.47 (2H, t, J = 6.1 Hz,
NCH,CH), 3.03 (1H, q, J = 8.8 Hz, COCH), 2.60 (1H, m, NCH,CH), 2.36 (2H,
m, COCH(CHH),), 2.08 (2H, m, COCH(CHH),), 1.64 (2H, m, CH,CHj3), 1.46
(9H, s, C(CHs)3), 0.92 (3H, t, J = 7.4 Hz, CH,CHs;). 6C (125 MHz, CD3;OD):
175.5, 167.7, 156.1, 142.7, 133.7, 127.9 (4 C), 79.9, 66.3, 44.8, 44.4, 341,
30.8,28.8 (2 C), 28.5 (3 C), 22.1, 10.5. m/z (ES+) 427.2227 (M-Na" C2,H32N,05
requires 427.2209).
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Preparation of 3-((4-(((tert-butoxycarbonyl)amino)methyl)benzamido)
methyl) cyclobutane carboxylic acid (Boc-AMBA-ACCA-OH, 20)

0 NaOH 2 M, CH5CN 0
o < Y 45°C,3h O /_Q_/(
»—NH HN = »—NH HN
O:{ 19 O:{ 20

@) HO
e

Boc-AMBA-ACCA-Pr 19 (0.55 g, 1.36 mmol) was dissolved in CH3CN (30 mL)
and NaOH 2 M was added (10 mL). The solution was left to stir at 45 °C for 4
hours. CH3CN was removed in vacuo. The aqueous phase was acidified with 1
M HCI to pH 3. Brine (15 mL) was added and the aqueous phase was washed
with CH2Cl, (20 mL x 5). The organic layers were combined, dried over Na;SO4
and concentrated in vacuo yielding 20 (0.34 g, 90 %) as a white powder. (Rf =
0.66, EtOAc) Mp: 134-135 °C. 6H (400 MHz, CDCl3) 7.75 (2H, d, J = 7.3 Hz,
COPhH), 7.32 (2H, d, J = 7.9 Hz, CH,PhH), 6.54 (1H, br s, BocNH), 5.03 (1H,
br s, PhACONH), 4.33 (2H, d, J = 5.5 Hz, CH;Ph), 3.47 (2H, t, J = 6.5 Hz,
NCH,CH), 3.07 (1H, m, COCH), 2.65 (1H, m, NCH,CH), 2.38 (2H, m,
COCH(CHH),), 2.12 (2H, m, COCH(CHH),), 1.46 (9H, s, C(CHz3)3). 8C (101
MHz, CDCls): 174.4, 168.0, 156.2, 142.7, 133.6, 127.5 (4 C), 80.0, 44.7, 44 4,
38.7, 30.6, 28.5 (2 C), 28.4 (3 C). m/z (ES+) 385.1751 (M-Na" C1gH26N,05
requires 385.1751).
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Preparation of propyl 3-((4-(aminomethyl)benzamido)methyl)cyclobutane

carboxylate (CINH;-AMBA-ACCA-Pr, 21)

0 HCI/Et,0, CH,Cl, o)
> HsN HN

o)
N—NH HN
O>{ 19 CCP 21
o

_° _°

Boc-AMBA-ACCA-Pr 19 (0.57 g, 1.41 mmol) was dissolved in CHxCl, (15 mL)
and HCI/Et,O 2 M (1 mL) was added. The solution was left to stir at room
temperature for 2 hours. The product precipitated out as a white powder, which
was filtered and washed with Et;O vyielding 21 in 93 % (0.43 g) (Rf = 0.63,
EtOAc). Mp: 235-236 °C. 6H (400 MHz, CDsOD) 7.88 (d, J = 8.2 Hz, 2H,
COPhH), 7.56 (2H, d, J = 8.2 Hz, CH,PhH), 4.18 (2H, s, CH,Ph), 4.00 (2H, t, J
= 6.6 Hz, CH,CH2CH3), 3.39 (2H, d, J = 6.5 Hz, NCH,CH), 3.04 (1H, m,
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COCH), 2.60 (1H, m, NCH,CH), 2.30 (2H, m, COCH(CHH),), 2.03 (2H, m,
COCH(CHH),), 1.61 (2H, m, CH.CHj3), 0.92 (3H, t, J = 7.4 Hz, CH,CHs). 8C
(101 MHz, CD3;0D): 176.8, 169.6, 137.7, 136.5, 130.0 (2 C), 129.1 (2 C), 67.1,
45.6, 43.8, 35.2, 35.0, 32.3, 29.9 (2 C), 23.0, 10.6. m/z (ES+) 327.1692 (M-Na*
C17H24N203 requires 327.1685).

2.05
£41.72

2,00
242.06
2.001
#1130
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Preparation of propyl 3-((4-((3-((4-(((tert-butoxycarbonyl)amino)methyl)
benzamido)methyl)cyclobutanecarboxamido)methyl)benzamido)methyl)
cyclobutane carboxylic acid (Boc-AMBA-ACCA-AMBA-ACCA-Pr, 22)

HATU, 'ProEtN

ol
g o O
»—NH HN
A
CH,Cl,, 18 h

HN
O
H3N /0 H
O)\@\/N
O

jO

Boc-AMBA-ACCA-OH 20 (0.37 g, 1.02 mmol), CINH3;-AMBA-ACCA-Pr 21 (0.45
g, 1.35 mmol) and HATU (0.58 g, 1.53 mmol) were dissolved in anhydrous
CHxCl2 (25 mL). The solution was cooled to 0 °C and ProEtN (0.5 mL, 3.0
mmol) was added. The mixture was allowed to warm to room temperature and
stirred overnight. The product 22 precipitated out as a white powder, which was
filtered and washed with CHCl, giving 67 % yield (0.47 g) as a white powder.
(Rf =0.87, EtOAc/CH30H 3:2). Mp: burnt around 200 °C. 8H (400 MHz, DMSO)
8.43 (2 H, m, NH), 8.25 (1H, t, J = 5.7 Hz, NH), 7.76 (4H, m, COPhH), 7.43 (1H,
t, J= 6.0 Hz, NH), 7.28 (4H, m, CH,PhH), 4.27 (2H, d, J = 5.9 Hz, CH,Ph), 4.15
(2H, d, J = 6.1 Hz, CH,Ph), 3.94 (2H, t, J = 6.6 Hz, CH,CH,CHj3), 3.23 (4H, m,
NCH,CH), 3.03-2.84 (2H, m, COCH), 2.50-2.40 (2H, m, NCH,CH), 2.20-2.06
(4H, m, COCH(CHH),), 1.95-1.86 (4H, m, COCH(CHH),), 1.59-1.50 (2H, m,
CH,CHs), 1.39 (9H, s, C(CHs)3), 0.85 (3H, t, J = 7.4 Hz, CH2CHj3). 6C (101
MHz, CDsOD): 174.5, 173.9, 166.2 (2 C), 155.9 143.3, 142.9, 133.2, 127.2 (2
C),126.8 (2 C), 126.6, 77.9, 65.2, 44.3, 44.0, 43.1, 41.7, 38.3, 34.7, 33.3, 30.7,
30.5, 28.6 (2 C), 28.3 (3 C), 21.4, 10.3. m/z (ES+) 671.3406 (M-Na" C3H4sN4O7
requires 671.3421).
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Preparation of 3-((4-((3-((4-(((tert-butoxycarbonyl)amino)methyl)
benzamido)methyl)cyclobutanecarboxamido)methyl)benzamido)methyl)
cyclobutane carboxylic acid (Boc-AMBA-ACCA-AMBA-ACCA-OH, 23)

0 0
o < Y o ~{ Y
»—NH HN S—NH HN
of o!
}L NaOH 2 M, CH5CN )L
45°C,3h

(@] > (0]
HN HN
(@] HO
\/\)\@\/H\( )\6\/“\(
(0] 0]
O (o]
22 23

Boc-AMBA-ACCA-AMBA-ACCA-Pr 22 (0.124 g, 0.19 mmol) was dissolved in
CH3CN (15 mL) and NaOH 2 M was added (5 mL). The mixture was left to stir
at 45 °C for 4 hours. CH3CN was removed in vacuo, the aqueous phase was
acidified with HCI 1 M to pH 3 and washed with CH>Cl, (15 mL x 5). The organic
layers were combined, dried over Na,SO,4 and concentrated in vacuo to give
compound 23 as a white powder. (Rf = 0.55, EtOAc). Mp: 135-136 °C. 6H (400
MHz, DMSO) 8.45 (2 H, t, J = 8.6 Hz, 2 NH), 8.29 (1H, t, J = 5.9 Hz, NH), 7.78
(4H, m, COPhH), 7.74 (1H, t, J = 6.0 Hz, NH), 7.29, (4H, m, CH2PhH), 4.29 (2H,
d, J = 6.0 Hz, CH;Ph), 4.17 (2H, d, J = 5.9 Hz, CH,Ph), 3.26-3.22 (4 H, m,
NCH,CH), 2.96-2.85 (2 H, m, COCH), 2.48-2.41 (2H, m, NCH,CH), 2.20-2.08
(4H, m, COCH(CHH);), 1.94-1.85 (4H, m, COCH(CHH),), 1.39 (9H, s, C(CHj3)3).
dC (101 MHz, DMSO): 176.1, 173.9, 166.2 (2 C), 155.8, 143.3, 142.9, 133.1,
127.2 (4 C), 126.8 (4 C), 126.6, 77.9, 44.3, 441, 43.1, 41.7, 34.7, 33.4, 30.5
(2), 28.6 (2 C), 28.5 (2 C), 28.3 (3 C). m/z (ES+) 629.2924 (M-Na" Cz3H42N40-
requires 629.2951).
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Preparation of 3-((4-((3-((4-(aminomethyl)benzamido)methyl)cyclobutane
carboxamido)methyl)benzamido)methyl)cyclobutane  carboxylic  acid
(CINH;-AMBA-ACCA-AMBA-ACCA-OH, 24)

o) 0
o < X o~ X
»—NH HN HsN HN

o} ©
)L HCI/Et,0, CH,Cl, Cl
2h

o
HN HN
HO HO
e iy - e
o o
o
23

Boc-AMBA-ACCA-AMBA-ACCA-OH 23 (0.12 g, 0.19 mmol) was suspended in
CHxCI2 (10 mL) and HCI/Et,O 2 M (1 mL) was added. As soon as the acid was
added the compound in suspension agglomerated together. The mixture was
left to stir for 2 hours affording 24 in 68 % over 2 steps (70 mg) as a white
powder. (Rf = 0.22, EtOAc). Mp: burnt around 300 °C. 6H (399.75 MHz; DMSO)
8.59 (3 H, brs, NH3"), 8.48 (2 H, brs, 2 NH), 8.32 (2 H, br s, 2 NH), 7.89 (2H, d,
J = 8.2 Hz, COPhH), 7.78 (2H, d, J = 8.2 Hz, COPhH), 7.58 (2H, d, J = 8.2 Hz,
CHyPhH), 7.28 (2H, d, J = 8.2 Hz, CH,PhH), 4.27 (2H, d, J = 5.9 Hz, CH,Ph),
4.06 (2H, s, J = 6.2 Hz, CH,Ph), 3.27-3.20 (4H, m, 2 NCH,CH), 2.95-2.84 (1H,
m, COCH), 2.84-2.81 (1H, m, COCH), 2.49-2.37 (2H, m, NCH,CH), 2.37-2.06
(4H, m, COCH(CHH);), 2.00-1.83 (4H, m, COCH(CHH),). 6C (101.00 MHz;
DMSO) 174.88, 173.93, 166.20, 165.82, 142.90, 136.91, 134.45, 132.99,
128.71, 127.35, 127.20, 126.79, 51.32, 44.16, 41.73, 41.68, 34.61, 33.05,
30.60, 30.43, 28.58 (2C), 28.52 (2C). m/z (ES+) 507.2927 (M-H" CygH34N4O5
requires 507.2607).
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Preparation of cyclo-[(4-(((benzamido)methyl)cyclobutane carboxamido)
methyl)] (cyclo(AMBA-ACCA-AMBA-ACCA-), 25)

o]
@
HaN o C HN NH
Cl ) ﬁ@jf
HATU, 'ProEtN

DMF/CHOH
HN 2 days 0]

o NH
N
Hj\Q\/H "
N
(@)
(@)

24 25

CINH3;-AMBA-ACCA-AMBA-ACCA-OH 24 (54 mg, 0.1 mmol) was dissolved in
hot CH3OH (10 mL) and placed in a syringe. HATU (0.114 g, 0.3 mmol) was
dissolved in DMF (10 mL) and placed in a second syringe. 'Pr:EtN (0.99 mL, 0.6
mmol) was dissolved in DMF (10 mL) and 0.3 eq of HATU were added (4 mg,
0.01 mmol). Through a syringe pump, 24 and HATU solutions were added to
the 'Pr,EtN solution at a flow rate of 0.01 mL/min. After 2 days CH3;OH was
concentrated in vacuo and the yellow solid was washed with chloroform and
acetonitrile giving 37 mg of starting material.
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Preparation of cyclo-[(4-(((benzamido)methyl)cyclobutane carboxamido)
methyl)] (cyclo(AMBA-ACCA-AMBA-ACCA-)-Na*, 26)
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NaClO4 (19 mg, 0.15 mmol) was dissolved in CH3OH (10 mL) and CINH3-
AMBA-ACCA-AMBA-ACCA-OH 24 (0.054 g, 0.1 mmol) was added and mixed
until dissolved. The solution was placed in a syringe. HATU (0.114 g, 0.3 mmol)
was dissolved in CH3;CN (3 mL), CH3OH (7 mL) was added and the solution
was placed in a second syringe. Pr,EtN (0.99 mL, 0.6 mmol) was dissolved in
CH30H (10 mL) and some HATU was added (4 mg, 0.01 mmol). Through a
syringe pump, 24 and HATU solutions were added to the 'Pr,EtN solution at a
flow rate of 0.01 mL/min. The solution was then left to stir for two nights and the
solvent was left evaporate overnight. The yellow solid was washed with
acetonitrile, giving 42 mg of impure product. Silica gel column chromatography
(EtOAc/CH30OH from 100:0 to 80:20) was not able to separate 25 from the
unreacted HATU. 8H (399.75 MHz; DMSO) 8.44 (2H, br s, NH), 8.25 (2H, br s,
NH) 7.78 (4H, m, COPhH), 7.29 (4H, m, CH,PhH), 4.27 (2H, d, J = 6.1 Hz,
CHyPh), 3.23 (4H, m, 2 NCH,CH), 2.95-2.84 (1H, m, COCH), 2.84-2.81 (1H, m,
COCH), 2.49-2.37 (2H, m, NCH.CH), 2.37-2.06 (4H, m, COCH(CHH),), 2.00-
1.83 (4H, m, COCH(CHH)y).
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In conclusion, in this thesis work, the novel non-proteinogenic d-amino acid cis-
3-(aminomethyl)cyclobutane carboxylic acid (ACCA) has been investigated and
proven to be a useful and versatile molecule as building block for organic
synthesis, especially for the preparation of peptidomimetics.

Here, an efficient synthetic methodology leading to a small library of dipeptides
containing the conformational constrained amino acid ACCA has been
developed, using the effective coupling reagent HATU. The dipeptides
synthesised (Phe-ACCA, Gly-ACCA, ACCA-ACCA), have been tested as
glutamate neurotransmitter analogues, as well as ACCA and its ester ACCA-Pr.
The tests, effectuated on rat C6 glioma cells, demonstrated that the five
compounds are not cytotoxic. Only ACCA-Pr, Phe-ACCA and Gly-ACCA
showed activity as glutamate uptake enhancers, especially for the sodium
independent transport (X: exchanger). These results show interesting
possibilities for the three molecules as drugs, for the treatment of brain
diseases originated from limited activity of the transporter proteins.

Among the three active compounds, Gly-ACCA was the most effective, but it
was not selective between the two transport mechanisms (EAATs and X¢).
Considering the increased glutamate uptake provoked by Phe-ACCA and Gly-
ACCA only after pre-incubating them with the cells, it is very likely that their
mechanism of action consists in up-regulating the transporter protein
expression. In order to prove this, protein expression by immunodetection
experiments (Western Blot) will be carried out.

ACCA has also been successfully exploited as building block for the synthesis
of a macrocycle tetrapeptide-like molecule. Theoretical calculation on the ability
of this macrocycle to form complexes with ion metals are promising and
suggest possible applications as ion carrier, water purification and phase
transfer agent.

It will be very interesting to test the effectiveness of the complex formation with

different cations in solution and compare the results with the theoretical data.
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APPENDIX 1: *C-NMR spectra

BnN

(0] OMe

T T T T T T T T T
170 160 150 140 130 120 110

100 90 80 70 60 50 40 30 20
f1 (ppm)
BnN
170 160 150 140 130 120 110 80 70 60 50 40 30 20

100
f1 (ppm)



BnN
170 160 150 140 130 120 110 0 80 70 60 50 40 30 20
f1 (ppm)
BnN
170 160 150 140 130 120 110 100 70 60 50 40 30 20 10

90
f1 (ppm)



BnN

180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30
f1 (ppm)
T T T T T T T T T T T T T T T T
180 170 160 150 140 130 120 1 90 80 70 60 50 40 30

10 100
f1 (ppm)



Cl

T..

T T T T T T
180 170 160 150 140 130 120 110 100
f1 (ppm)

o o
cl® N

HaN" N~ "H

T T T
e 160 150 b4 130 120 10 e 20 5 70 60 s 0



/\JOH
o

T T
180 170

T
120

T
110

T T
90 80

T
40

100
1 (ppm)
0]
T
>N NN H
o N
H
J l A o d . ‘
\ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

f1 (ppm




o

ppppppp




ALl

105
ppppppp



T
180

T
170

T
160

T
150

T
140

T
130

190 120 110 100 90 80 70 60 50 40 30
f1 (ppm)
“H
o
180 175 170 165 160 155 150 145 140 135 130 125 120 115 0 95 90 85 80 75 70 65 60 55 50 45 40 35 30

110 105 101
f1 (ppi

m)



T T
170 160 150 L40 l3c 2 110 100 20 80 70 60 50 4c 0

»—NH HN

T T T T T T T T T

T T T T T T T T
170 150 150 140 130 120 110 100 )
1 g



ol
O
»—NH C HN

HO

T T Y T T T T T T T T T T T T
180 7 160 150 14C 130 120 L] 100 ac 80 70 €0 50 4c 30
f1igem™)

T T T T T T T T T T T T T T T T
2 170 160 150 120 130 120 10 100 ac 0 ] (] 50 40 30 20 w0
11 igem)



: 0
O
H—NH HN

O
HN
-9 H
%@J{j .

17c 160 15C 140 130 120 110 100 20 50 7 &0 50 40 0 0 1o
1 igp™m
o)
O
N—NH C HN
O)L
o)
HN
HO
)\Q\/H
o
o)
17e 150 140 13¢ 120 o 1c0 20 50 w0 60 so 30
1 1gp™)



®
HN HN
©

Cl

LL»..J.ML__M.._J_LL

@)

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T

178 170 165 le0 185 150 145 140 135 13D 125 120 115 110 lOE'1 Ill‘.|l‘.|1 95 ac 5% ac 75 70 133 €0 55 50 45 40 35 0
Eem)



Appendix 2

Xl



APPENDIX 2: Antibacterial activity evaluation of ACCA and its dipeptides

In collaboration with Dr. Marta Martins (UCD Centre for Food Safety)
antibacterial tests on ACCA (9), ACCA-Pr (10), Phe-ACCA (15a), Gly-ACCA
(15b) and ACCA-ACCA (15c) were performed.

The compounds were tested against a series of antimicrobial resistant Gram-
positive and Gram-negative bacteria as well as clinical isolates (E. coli 25922,
E. coli 4, MRSA ATCC 43300, MRSA 06/04, Table. 1).

Strain Type Hospital/lsolation | Source Resistant to
E. coli 25922 Reference FDA strain Seattle - PEN; VAN; AMP;
1946 [DSM 1103, CLI; CL
NCIB 12210]

E. coli 4 Clinical UCD Veterinary Bovine AMC; AMP; C; CIP;
isolate Hospital F; Fc; Gm; N; NAL;

S; Su; TET; TMP

MRSA ATCC 43300 Reference Kansas Human

AMP; PEN; OXA;

MET; AXO; CIP;

LEVO; GAT; ERY;

CLI
MRSA 06/04 Clinical - Human AMP; PEN; OXA;
isolate MET; AXO; CIP;

LEVO; GAT; ERY

Table 1 the strains of bacteria used for antibacterial testing™”

Antibiotics abbreviations: AMC - Amoxicillin-Clavulanic acid; C-Chloramphenicol; F-
Furazolidone; Fc- Florfenicol Gm-Gentamycin; N-Neomycin; NAL-Nalidixic acid; S-
Streptomycin; Su-Sulphonamides; TET- Tetracycline; TMP-Trimetoprim; AMP-ampicillin; PEN —
penicillin; OXA — oxacillin; MET-methicillin; AXO — ceftriaxone; CIP-ciprofloxacin; LEVO-
levofloxacin; GAT — gatifloxacin; ERY-erythromycin; CLI- clindamycin; CL- Cephalexin; Van-

Vancomycin

An example of bacterial growth curve is reported in Fig. 1, where it is possible
to notice that there was no difference in growth in the presence of the drugs up
to 3.2 mg/mL.
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Fig. 1 example of bacterial growth curve for E. coli 25922 (reference strain) in presence of
ACCA (9)

The Minimum Inhibitory Concentration (MIC) registered were all greater than
3.2 mg/mL against the bacteria tested, so none of the compounds investigated

showed antibacterial activity.



Experimental

The experiments were carried out by Dr Marta Martins (UCD Centre for food
safety).

A 96 well plate was made up as follows; 100 uL of Mueller-Hinton broth (MHB)
were added to each well. 100 uL of the test compound (dissolved in sterile
deionised water) were added to well 12 at a concentration double than the
highest concentration to be tested, using a multichannel pipette. The solution
and media were homogenised by repeated pipetting and 100 ulL of the
homogenised media solution mixture were transferred to well 11. This
procedure was repeated until well 3, such that the concentration of test
compound in each well was half that of the previous well. The bacteria to be
tested against had been freshly incubated at 37 °C for 18 hours at 200 rpm and
diluted to McFarland 0.5 standard by taking 50 uL of the overnight culture into
4.95 mL of Phosphate Buffered Saline (PBS) solution and vortexing well. From
this, a second dilution was performed by taking 500 uL into 4.5 mL of PBS. The
diluted culture was vortexed well and transferred into a reservoir. With a
multichannel pipette, 5 uL were inoculated into each well of the plate. The plate
was then incubated at 37 °C for 18 hours. The final make-up of the 96 well plate

was as shown in table 2.

- + Test Wells Compound

1 2 3 4 5 6 7 8 9 |10 | 11 | 12

10

15a

15b

15¢c

Table 2 Diagram of 96 well plate

Well 1: 100 uL MHB (negative control).
Well 2: 100 uL MHB and 5 pL bacterial strain (positive control).
Wells 3-12: 100 uL of compounds diluted in MHB and 5 uL bacterial strain (test

wells).




Materials

Bacteria were incubated using an Ominolog® automated incubator
manufactured by Biolog Inc. 21124 Cabot Boulevard, Hayward, CA 94545,
USA.

Mueller-Hinton broth was purchased from Oxoid Limited and phosphate

buffered saline from Sigma.

Bibliography

(1) http://www.lgcstandards-atcc.org/
(2) Karczmarczyk, M.; Abbott, Y.; Walsh, C.; Leonard, N.; Fanning, S. Applied and
Environmental Microbiology 2011, 77, 7104.
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APPENDIX 3: published work

The following article was published during the development of this thesis; the
material treated is the one described in chapter 1.

Part of the results was achieved in collaboration with Dr. Elaine O’Reilly, who is
therefore first shared author.
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APPENDIX 4: Role of retinol in congenital diaphragmatic hernia

Aside from my main research, | also collaborated with Dr. Balazs Kutasy and
Prof. Prem Puri from the National Children’s Research Centre, Our Ladys
Children’s Hospital, in a project on the role of retinol in congenital diaphragmatic
hernia, where | contributed with all the samples analysis through High
Performance Liquid Chromatography. Results have been presented to
conferences (oral presentation in Annual Meeting of British Associated
Paediatric Surgeons, Bournemouth, UK, 2013; poster presentation in Annual
Meeting of American Academy of Paediatrics, Orlando, USA, 2013) and the two
papers reported below have been submitted to the Journal of Paediatric
Surgery. Two more papers are in preparation.



Paper 1: Increased uptake of dietary retinoids at the maternal-fetal barrier

in the nitrofen model of congenital diaphragmatic hernia

Balazs Kutasy1, Lara Pes?, Florian Friedmacher’, Francesca Paradisi®, Prem Puri'

'The National Children’s Research Center, Our Lady’s Children’s Hospital, Dublin, Ireland
“Centre for Synthesis & Chemical Biology, School of Chemistry & Chemical Biology,
University College Dublin, Ireland

Abstract:

Background: It has been shown that retinol signalling pathway is disrupted in
congenital diaphragmatic hernia (CDH). Since there is no fetal retinol synthesis,
maternal retinol has to cross the placenta. Recently, we demonstrated that
nitrofen interferes with retinol-RBP transfer pathway in CDH. However, in RBP
knockout mice, retinol has been shown to be present. In that model increased
uptake of maternal dietary retinoid-ester (RE) bounded in low-dense-lipoprotein
(LDL) through low-density-lipoprotein-receptor (LRP1) and increased activity of
RE hydrolysis by lipoprotein-lipase (LPL) have been found. The aim of this
study was to investigate the RE transfer pathway in the nitrofen-CDH model.
Methods: Pregnant rats were treated with nitrofen or vehicle on gestational day
(D9) and sacrificed on D21. Immunohistochemistry was performed to evaluate
LRP1 and LPL protein expression. Serum LDL levels were measured by ELISA.
Pulmonary and serum retinoids levels were measured using HPLC.

Results: Markedly increased trophoblastic and pulmonary LRP1 and LPL
immunoreactivity were observed in CDH compared to controls. Significantly
increased serum LDL and RE levels were observed in CDH compared to
controls.

Conclusions: The increased uptake of dietary retinoids at the maternal-fetal
barrier in the nitrofen-CDH model suggests that RE transfer pathway may be
the main source of retinol in this model.

Keywords: Retinol, Placenta, Nitrofen, Congenital diaphragmatic hernia



Introduction:

Despite prenatal diagnosis and improved postnatal treatment strategies, the
mortality rate of infants born with congenital diaphragmatic hernia (CDH)
remains high [1]. The high mortality is mainly attributed to pulmonary hypoplasia
(PH) and associated persistent pulmonary hypertension [2]. Much of the current
understanding of pathogenesis of PH in CDH originates from experimental
studies. Maternal exposure of nitrofen (2,4-dichlorophenyl-p-nitrophenyl! ether)
in rodents at specific gestational times results in a high rate of CDH and
associated pulmonary hypoplasia to their fetuses, which is strikingly similar to
the condition seen in humans [3]. However, the exact molecular mechanism by
which nitrofen induces hypoplastic lung in this model still remains unclear.

It is well understood that retinoids, vitamin A and its derivates are essential for
the morphogenesis of most developing organs and tissues, including lungs [4].
Human [5] and animal [6] studies have found that the retinoid signaling pathway
is disrupted in CDH, contributing to PH. Recent work from our laboratory has
shown that pulmonary retinol levels are significantly decreased in nitrofen-
induced hypoplastic lungs during late lung morphogenesis, supporting the
hypothesis that a disturbed retinol status is involved in the pathogenesis of CDH
[6].

Within the maternal circulation, approximately 95-99% of retinol is bound to its
sole specific carrier retinol-binding protein (RBP), which is the most abundant
retinoid form [7]. It has been demonstrated that even in the fasting state there
are always low concentrations of dietary retinyl ester (RE) associated with
circulating low-density lipoprotein (LDL) and small amounts of circulating
retinoid acid (RA) bound to albumin [8]. The placenta has a major role in the
retinol homeostasis in fetal life [9]. Since there is no fetal retinol synthesis, the
fetus relies on circulating maternal retinol that reaches the embryo through the
maternal-fetal barrier in the placenta [8]. Recently, it has been demonstrated
that maternal RBP does not cross the placental barrier [10]. Therefore, to enter
the fetal circulation, maternal retinol bound to maternal RBP must be released
at the maternal-fetal interface; and trophoblast have to produce their own RBP
for retinol transfer from the placenta to the fetus [10, 11]. It has been shown that
this is the primary retinol contributor to fetal development [10]. In human
newborns with CDH, both retinol and RBP in serum has been reported to be



decreased, whereas maternal levels were comparable between mothers of
CDH patients and mothers of healthy children in a case control study [5]. The
above findings suggested that maternal-fetal retinol transport by placenta may
be disrupted causing PH in CDH. Recently, we demonstrated that nitrofen
alters the trophoblastic RBP expression in the nitrofen model of CDH [12].
However, in RBP knockout mice retinol has been shown to be present and this
reflects the existence of an alternative pathway of retinol delivery to the fetus
[7]. It has been demonstrated that maternal dietary RE bound in LDL through
low-density lipoprotein-receptor (LRP1) can be transferred to the placenta [9].
The RE in the placenta can be either hydrolyzed into retinol and transferred to
the fetal circulation by lipoprotein-lipase (LPL), or can be released to the fetus
via scavenger-receptor class B-1 (SR-B1) receptor as LDL containing RE [8,
12]. In RBP knockout mice, increased placental activation of the alternative
retinol transfer (increased LRP1 and LPL activation) has been found [12].
Moreover, it has been recently shown that lungs are able to take in retinol in RE
formation from serum LDL through LRP1 receptor [13] and lungs can hydrolyze
RE to retinol by LPL [14]. Therefore, we hypothesized that in nitrofen model of
CDH during lung morphogenesis the alternative retinol transfer is activated in
the placenta and then the lungs can take in dietary retinol for lung development.
Thus, we designed this study to investigate the uptake of dietary retinoids at the

maternal-fetal barrier in the nitrofen model of CDH.

Materials and methods:

Animals and drugs

Adult Sprague-Dawley rats were mated, and the females were checked daily for
plugging. The presence of spermatozoids in the vaginal smear was considered
as a proof of pregnancy; the day of observation determined gestational day O
(term, 22 days). Pregnant female rats were then randomly divided into two
groups. At 9 days (D9) of gestation, animals in the experimental group received
intragastrically 100 mg of nitrofen (WAKO Chemicals, Osaka, Japan) dissolved
in 1 ml of olive oil under short anesthesia, whereas those in the control group
received only the vehicle. Fetuses were harvested by cesarian section on D21
of gestation and divided into two groups: control (n=8) and nitrofen with CDH
(n=8). The Department of Health and Children approved the protocol of these



animal experiments (REC:668b) under the Cruelty to Animals Act, 1876; as
amended by European Communities Regulations 2002 and 2005, all animals

were treated according to the current guidelines of animal care.

Tissue collection

After sedation with isoflurane, term fetuses were harvested free from the dams.
Placentas and lungs were dissected from each fetus. Blood was taken from the
dams by intracardiac puncture for serum LDL and retinol determination. Freshly
prepared serum samples for enzyme linked immunoassay (ELISA) and high-
performance liquid chromatography (HPLC) were stored in aliquots at -80 °C
after clotting for two hours and centrifugation for 10 minutes at 1000xg. Lung
samples for reverse transcriptase—polymerase chain reaction (RT-PCR) were
kept in TRIzol® reagent (Invitrogen, Carlsbad, CA) and stored at =20 °C until
further analysis. Placenta and lung samples for immunohistochemistry were
fixed in 4 % formalin and embedded in paraffin.

Immunohistochemistry

The paraffin-embedded lungs and placentas were sectioned at a thickness of
5 uym, and the sections were deparaffinized with xylene and then rehydrated
through ethanol and distilled water. Tissue sections were immersed in target
retrieval solution (DAKO Ltd, Cambridgeshire, UK) heated for 10 min at 121 °C
followed by incubation in 0.03 % H>O, for 30 min to block endogenous
peroxidase activity. Sections were incubated overnight at 4 °C with a 1:100
dilution of rabbit monoclonal primary antibody against LRP1 (ab92544; Abcam,
Cambridge, UK), 1:100 dilution of rabbit polyclonal primary antibody against
SR-B1 (ab24603; Abcam, Cambridge, UK), and 1:50 dilution of rabbit polyclonal
primary antibody against LPL (sc32885; Santa Cruz Biotechnology, USA). After
intensively washing, sections were then incubated with horseradish peroxidase-
labeled anti-rabbit secondary antibodies and then processed using a DAKO
EnVision kit® (DAKO Ltd, Cambridgeshire, UK), developed with a
diaminobenzidine-H,O, substrate complex, and counterstained with

hematoxylin.



High-performance liquid chromatography analysis

Preparation of samples for measurement of total retinol concentration (including
retinol, retinyl-ester, retinoid acid and other metabolite of Vitamin A) was
performed by modification of a previously described protocol [6]. Total retinol
concentrations of lungs and serum were analysed by high-performance liquid
chromatography provided with SPD-10A Shimadzu UV-Vis detector on 3.9x150
mm, 5mm reverse phase Resolve C18 column (Waters, Milford). The elution
phase was acetonitrile/methanol/DMSO (90:10:1) and flow rate was
1.0 mL/min. Chromatograms were extracted at a wave lengths of 325 nm. The
concentration of each sample was extrapolated from a calibration curve
obtained with pure retinol samples (Sigma-Aldrich, Steinheim, Germany)
between 0.1 and 10 pg/mL in concentration.

Preparation of samples for simultaneous determination of retinol and retinyl-
ester was performed by modification of a previously described protocol [15].
Retinol and RE concentrations of serum and lungs were analysed by high-
performance liquid chromatography as described above.

RNA isolation and real-time reverse transcription polymerase chain reaction
(PCR)

The total RNA of each lung derived from fetuses was isolated using TRIzol®
reagent (Invitrogen, Carlsbad, CA) according to recommended protocol. Total
RNA quantification was performed spectrophotometrically (NanoDrop ND-1000
UV-Vis Spectrophotometer). Total RNA (1 pg) was reverse-transcribed using
Transcriptor High Fidelity cDNA Synthesis Kit® (Roche Diagnostics, West
Sussex, United Kingdom) according to manufacturer's instruction. Following
reverse transcription at 44 °C for 60 minutes, polymerase chain reaction was
performed using a LightCycler 480 SYBR Green | Master® (Roche Diagnostics)
according to the manufacturer's protocol. Gene-specific primer pairs are listed
in Table1.



Gene Sequence

b actin Forward 5'-ttg ctg aca gga tgc aga ag-3'
Reverse 5'-tag agc cac caa tcc aca ca-3

LRP1 Forward 5’-ctt tcg aag acc ctg agc ac-3’
Reverse 5’-aca gag ccc aca ttt tcc ac-3’

LPL Forward 5’- aca ctg gaa acg ctg ttg tg -3’
Reverse 5'-ttc cgg ata aaa cgt tct cg-3’

Table 1 primers for quantitative real time PCR

After initial denaturation step of 5 minutes at 95 °C, 45 cycles of amplification
for each primer pair were carried out. Each cycle included a denaturation step
(10 seconds at 95 °C), an annealing step (15 seconds at 60 °C) and an
elongation step (10 seconds at 72 °C). Final elongation temperature was 65°C
for 1 minute. Relative levels of gene expression were measured using a
LightCycler 480° (Roche Diagnostics) according to the manufacturer's
instructions. The relative changes in the expression levels of LRP1 and LPL
genes were normalized against the level of B-actin gene expression in each

sample. Experiments were carried out at least in duplicate for each data point.

Enzyme linked immunoassay (ELISA)

Fetal serum LDL levels were measured with rat LDL ELISA kit (E91107RA,
USCN, China) according to the manufacturer's protocol. The results were
measured at 450 nm with Synerg Mx microplate reader (BioTek) immediately
after adding the stop solution. Experiments were carried out at least in duplicate
for each data point.




Statistical analysis

All numerical data are presented as mean * standard error of the mean (SEM).
Differences between two groups at D21 were tested using an unpaired t test or
U test, depending on the distribution of data. Statistical significance was

accepted at P values <0.05.

Results:
Immunohistochemical staining of LRP1, LPL and SR-B1
Immunohistochemistry showed markedly increased LRP1, LPL and SR-B1

immunoreactivity in CDH placenta compared to controls (Figure 1).

Figure 1 trophoblastic LRP1, LPL and SR-B1 expression (40x)

Markedly increased immunoreactivity of LRP1 and LPL were observed in
nitrofen-induced hypoplastic lungs of CDH fetuses compared to control lungs
(Figure 2).
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Figure 2 pulmonary LRP1 and LPL expression (40x)

Relative mRNA expression levels of LRP1 and LPL in fetal lungs

The relative mRNA expression levels of LRP1 and LPL genes were significantly
up-regulated in CDH lungs (68.12 + 3.39 and 4.05 £ 0.7) compared to controls
(48.93 £ 5.09 and 1.94 + 0.4, p<0.05) (Table 2).

RT PCR Control CDH

(n=8) (n=8)
LRP1 48.93+5.09 68.12+3.39*
LPL 1.94+0.4 4.05+0.7*

*: vs Control, p<0.05

Table 2 relative mMRNA expression levels of LRP1 and LPL in fetal lungs

Retinol levels
In the fetal serum, significantly increased total retinol levels were detected in
CDH group compared to controls (0.198+0.008 vs 0.0897+0.002 uM/g, p<0.05).



With simultaneous detection of retinol and retinyl-ester in serum, significantly
decreased retinol level (0.0151+£0.003 vs 0.0872+0.001 uM/g, p<0.05) and
increased RE level (0.1829+0.005 vs 0.00245+0.002 uM/g, p<0.05) were

measured in CDH group compared to controls (Table 3).

Significantly decreased total pulmonary retinol levels were measured in CDH
fetuses compared to controls (0.77 £ 0.05 vs 0.51 + 0.01uM/g, p<0.05) (Table
4).

Serum Control CDH

(n=8) (n=8)
Total retinol

0.0897+0.002 0.198+0.008*
uM/g)

Retinol (uM/g)

0.0872+0.001

0.0151+0.003*

Retinyl-ester
(MM/g)

0.00245+0.002

0.1829+0.005*

*: vs Control, p<0.05

Table 3 fetal serum retinol levels

Pulmonary Control CDH
(n=8) (n=8)
Total retinol (uM/g) | 0.7772 £ 0.05 0.5133 £ 0.01*
Retinol (uM/g) 0.0816 + 0.01 0.0717 £ 0.01
Retinyl-ester
0.69 +£0.03 0.44 £ 0.02*
(M/g)

*: vs Control, p<0.05

Table 4 pulmonary retinol levels




There were no significant differences in pulmonary retinol levels between CDH
group (0.08 £ 0.01 uM/g) and control group (0.07 £ 0.01uM/g). The retinyl-ester
levels were significantly decreased in CDH lungs (0.44 + 0.02 uM/g) compared
to control lungs (0.69 £ 0.03 uM/g, p<0.05).

Serum LDL levels

There were no significant differences in maternal serum LDL levels between
nitrofen-exposed mothers (n = 4, 24.4 + 2.5 ng/mL) and control mothers (n = 4,
29.0+ 2.1 ng/mL). Significantly increased serum LDL levels were detected in
CDH group (19.5 + 1.4 ng/mL) compared to controls (14.9 + 1.9 ng/mL,
p<0.05).

Discussion:

It is well understood that retinoids, vitamin A and its derivates are essential for
the morphogenesis of most developing organs and tissues, including lungs [4].
All retinoids are derived from diet either as preformed vitamin A from animal
products (retinol, RE and very small amount of RA) or as carotenoids from
vegetables and fruits [8]. Within the intestinal mucosa the retinol, regardless of
its dietary origins, is re-esterified with long-chain fatty acids primarily [8].
Together with other dietary lipids, the newly synthesized REs are packaged into
chylomicrons and secreted into the lymphatic system [8]. Once in the general
circulation, lipoprotein lipase (LPL), which is bound to the luminal surface of the
vascular endothelium, catalyzes the lipolysis of triglycerides to generate free
fatty acids and chylomicron remnants [8]. After chylomicron remnants acquire
apolipoprotein E, either in plasma or in the space of Disse, approximately 75 %
of chilomycron remnant-RE is cleared by the liver, the major site of retinol
storage and metabolism [8]. Once taken up by the hepatocytes, REs are
hydrolyzed again to retinol either to be transferred to stellate cells and then re-
esterified for storage; or retinol can bind to its sole specific serum transport
protein, RBP to be secreted into the bloodstream [7]. The major function of RBP
is to mobilize hepatic retinoid stores and deliver retinol to peripheral tissues
such as embryos [7]. In the fasting circulation, retinol-RBP accounts for



approximately 95-99 % of all serum retinoids [8]. However, even in the fasting
state there are always low concentrations of RE associated with circulating
lipoproteins [8].

Since there is no de novo fetal synthesis of retinol, to meet its requirement for
retinoids, the developing mammalian embryo relies on circulating maternal
retinol that reaches the embryo through the maternal-fetal barrier [8]. Quadro et
al [16] have demonstrated that two major retinoid forms can be identified in the
maternal bloodstream: retinol bound to RBP secreting from liver stores and RE
packaged in chylomicrons upon dietary retinol intake. It has been shown in mice
that maternal RBP does not cross the placenta [10]. Therefore, to enter the fetal
circulation, maternal retinol bound to maternal RBP must be released at the
maternal-fetal interface; and trophoblast have to produce their own RBP for
retinol transfer from placenta to fetus [10]. However, recently Quadro et al [16]
have shown that in RBP knockout mice retinol is present and this suiggests the
existence of an alternative pathway of retinol delivery. It has been demonstrated
that maternal dietary RE bounded in LDL through LRP1 can be transferred to
the placenta [9]. These RE in the placenta can be either hydrolyzed into retinol
and transferred to the fetal circulation by LPL, or can be released it to the fetus
via SR-B1 receptor as LDL containing RE [8]. In RBP knockout mice, increased
placental activation of LRP1 and LPL has been found [9]. Therefore, Spiegler et
al [8] have concluded that under normal circumstances the retinol-RBP pathway
is the primary contributor to fetal development, while in mice lacking retinol-
RBP, the RE levels incorporated in maternal circulating chylomicron remnants
provides the embryos with sufficient amounts of retinol for survival.

Several authors have shown that the retinoid signaling pathway is disrupted in
both humans and animal models of CDH, and decreased pulmonary retinol
levels have been associated with the development of PH in CDH [5, 6].
Beurskens et al. [5] have found decreased serum RBP and retinol levels in
human newborns with CDH compared to controls whereas mothers of both
have comparable levels of RBP and retinol. These authors concluded that the
maternal-fetal transport may be disrupted, leading to CDH and PH. The
importance of the retinoid signaling pathway during fetal development and
especially in lung morphogenesis is further supported by a study showing that
RA administration attenuates the development of PH in the nitrofen-induced



CDH model [17]. The nitrofen CDH model is one of the most widely used animal
models to study the pathogenesis of PH in CDH [18, 19]. However, the exact
molecular mechanism underlying nitrofen-induced PH in CDH still remains
unclear. It has recently been reported that nitrofen does not directly interfere
with RA signaling but induces a dose-dependent apoptosis [20]. Clugston et al
demonstrated that the level of nitrofen estimated to reach the embryo would be
too low to induce apoptosis directly [21]. Recently we demonstrated that
nitrofen disturbs trophoblastic RBP expression, resulting in PH in the nitrofen
CDH model [12].

There are conflicting findings in serum retinol levels in CDH between human
and animal studies [5, 6, 22]. Significantly decreased serum retinol levels have
been found in human newborns with CDH [5, 22]. In contrast both our previous
work [6] and current study have found significantly increased serum total retinol
levels in CDH in rats. This difference may be due to the different detection
methods employed. Beurskens et al [5] and Major et al [22] measured only the
retinol levels and they did not investigate RE levels in CDH. However, in our
study we used that detection method which measured retinol as well as RE and
RA. In the current study using simultaneous measurement of retinol and RE, we
demonstrated that the serum retinol level is significantly decreased in nitrofen
induced CDH fetuses. Moreover, we found that the most of the circulating
retinoids in CDH are RE. At the same time significantly increased serum LDL
levels were observed suggesting that the circulating RE is bound to LDL. It has
been shown that the lungs are able to take in retinol in RE form from serum LDL
through LRP1 receptor [13] and lungs can hydrolyze RE to retinol by LPL [14].
The increased pulmonary activation of LRP1 receptor may suggest that nitrofen
induced hypoplastic lungs increase their RE uptake. The comparable
pulmonary retinol levels in CDH and controls, together with the increased
pulmonary LPL activation in CDH, suggests that CDH lung hydrolyze RE into
retinol during lung morphogenesis. Therefore, it is tempting to speculate that
the RE pathway is the main source of retinol in CDH during lung

morphogenesis in nitrofen model.
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Abstract:

Background: It has been shown that pulmonary retinol level is decreased during
lung morphogenesis in the nitrofen induced PH in congenital diaphragmatic
hernia (CDH). Placenta has a major role in the retinol homeostasis in fetal life.
Since there is no fetal retinol synthesis, maternal retinol has to cross the
placenta. Placenta is the main fetal retinol store where retinol is stored in
retinyl-ester formation. Trophoblasts have to produce its own retinol-binding
protein (RBP) for retinol transport from placenta to fetus. Recently, we
demonstrated that trophoblastic RBP expression is decreased in the nitrofen
model of CDH. The aim of this study was to investigate the retinol transfer from
mother to the placenta in nitrofen model of CDH.

Methods: Pregnant rats were exposed to either olive oil or nitrofen on day9 of
gestation (D9). Fetal placenta harvested on D21 and divided into two
groups:control (n=11) and nitrofen with CDH (n=11). Retinoids levels in
placenta were measured using HPLC. Immunohistochemistry was performed to
evaluate trophoblastic expression of main RSP genes.

Results: Total retinol levels in the placenta were significantly increased in CDH

placenta compared to control placenta. The retinyl-ester levels were
significantly increased in CDH placenta compared to control placenta.
Markedly decreased immunoreactivity of retinoid signaling pathway was
observed in trophoblast cells in CDH compared to control placenta.

Conclusions: Increased placental retinol levels show that retinol is transferred

from mother to placenta and stored in the placenta in nitrofen model of CDH



during lung morhogenesis. Nitrofen may disturb the mobilization of retinol from
placenta to fetal circulation causing PH in CDH.
Keywords: Retinol, Placenta, Nitrofen, Congenital diaphragmatic hernia

Introduction:

Despite prenatal diagnosis and improved postnatal treatment strategies, the
mortality rate of infants born with congenital diaphragmatic hernia (CDH)
remains high [1, 2]. The high mortality is mainly attributed to pulmonary
hypoplasia (PH) and associated persistent pulmonary hypertension [3, 4]. Much
of the current understanding of pathogenesis of pulmonary hypoplasia in CDH
originates from experimental studies. Maternal exposure of nitrofen (2,4-
dichlorophenyl-p-nitrophenyl ether) in rodents during specific time in gestation
results in a high rate of CDH and associated pulmonary hypoplasia to their
fetuses, which is strikingly similar to the condition seen in the human [5, 6].
However, the exact molecular mechanism by which nitrofen induces hypoplastic
lung in this model still remains unclear.

It is well understood that retinoids, vitamin A and its derivates are essential for
the morphogenesis of most developing organs and tissues, including lungs [7].
Placenta has a major role in the retinol homeostasis in fetal life [8]. Since there
is no fetal retinol synthesis, the fetus relies on circulating maternal retinol that
reaches the embryo through the maternal-fetal barrier in the placenta [9].
Furthermore, placenta serves as a site of retinol stores where retinol is stored in
retinyl-ester formation until the embryonic liver becomes functional [9, 10]. The
placenta has also been proposed to buffer retinoid delivery, by releasing retinol
to the fetus when maternal intake is deficient and by storing it to protect the
embryo from a potential toxic excess of maternal retinoids [10]. Moreover,
maternal RBP do not pass the placenta [11]. Therefore, to enter the fetal
circulation, maternal retinol bound to maternal RBP must be released at the
maternal-fetal interface. Fetal RBP, produced by the trophoblast, then form a
complex with retinol to be subsequently released into the fetal circulation and
delivered to the target organs [10-13]. Within cells, target cells take up the
retinol-RBP complex, and retinol is bind to cellular binding protein (CRBP) [14].

The CRBP-retinol complex can either be the substrate in the metabolic pathway



which leads to the production of retinoic acid (RA) by retinol dehydrogenase
(RALDH) or esterified to retinyl-ester by lecithin:retinol acyltransferase (LRAT)
for storage [15, 16]. RA exerts its biological effects through biding to nuclear
receptors, the retinoic acid receptors (RARs) and retinoid X receptors (RXRs)
[17, 18]. The LRAT activity has been shown to be strongly regulated by the
retinol status [19] and RA signaling is tightly regulated by negative feedback
mechanism: elevated RA suppresses the production of CRBP which down-
regulate the activation of RARs and RXRs [14]. It has been shown that
trophoblastic RXR isoforms are important in the normal development of
placenta. Moreover, RA through RXR and RAR control many of the placental
trophoblastic endocrine production, which is essential to establish and sustain
pregnancy and embryonic development in mammals [20, 21].

In recent years retinoid signaling pathway (RSP) disruption has been implicated
in the pathogenesis of pulmonary hypoplasia and congenital diaphragmatic
hernia (CDH) in the nitrofen model of CDH [15, 22] and in human newborns
with CDH [23]. Recent work from our laboratory has shown that pulmonary total
retinol levels are significantly decreased and RSP are significantly up-regulated
in nitrofen-induced hypoplastic lungs during late lung morphogenesis,
supporting the hypothesis that a disturbed retinol status is involved in the
pathogenesis of CDH [15]. In human newborns with CDH, both retinol and its
bounding protein in the serum, retinol-binding protein (RBP) has been reported
to be decreased, whereas maternal levels were comparable between mothers
of CDH patients and mothers of healthy children in a case control study [23].
The above findings suggested that maternal-fetal retinol transport by placenta
may be disrupted causing PH in CDH. Recently, we demonstrated that nitrofen
disturb the mobilization of retinol from placenta to fetal circulation since
trophoblastic RBP expression is decreased in the nitrofen model of CDH [24].
However, the retinol transfer from mother to the placenta and trophoblastic RSP
activation has not been investigated during lung morphogenesis in nitrofen
model of CDH. We hypothesized that retinol is transferred from mother to
placenta and stored in the placenta in nitrofen model of CDH during lung
morhogenesis. Thus, we designed this study to investigate placental retinol and
retinyl-ester levels and RSP activation in the nitrofen CDH model.



Materials and methods:

Animals and drugs

Adult Sprague—Dawley rats were mated, and the females were checked daily
for plugging. The presence of spermatozoids in the vaginal smear was
considered as a proof of pregnancy; the day of observation determined
gestational day 0. Pregnant female rats were then randomly divided into two
groups. At 9 days of gestation (term, 22 days), animals in the experimental
group received intragastrically 100 mg of nitrofen (WAKO Chemicals, Osaka,
Japan) dissolved in 1 ml of olive oil under short anesthesia, whereas those in
control group received only vehicle. Fetuses were harvested by cesarian
section on day 21 (D21) of gestation and divided into two groups: control (n=11)
and nitrofen with CDH (n=11). The Department of Health and Children
approved the protocol of these animal experiments (REC:668b) under the
Cruelty to Animals Act, 1876; as amended by European Communities
Regulations 2002 and 2005, all animals were treated according to the current

guidelines of animal care.

Tissue collection

After sedation with isoflurane, term fetuses were harvested free from the dams.
Placentas were dissected from each fetus. Blood was taken from dams by
intracardiac puncture for serum total retinol determination. Samples for high-
performance liquid chromatography (HPLC) were snap frozen in liquid nitrogen
and then stored at —-80 °C. Samples for immunohistochemistry were fixed in 4
% formalin and embedded in paraffin.

Immunohistochemistry

The paraffin-embedded placentas were sectioned at a thickness of 5 ym, and
the sections were deparaffinized with xylene and then rehydrated through
ethanol and distilled water. Tissue sections were immersed in target retrieval
solution (DAKO Ltd, Cambridgeshire, UK) heated for 10 min at 121 °C followed
by incubation in 0.03 % H20, for 30 min to block endogenous peroxidase
activity. Sections were incubated overnight at 4 °C with a 1:100 dilution of
mouse monoclonal primary antibody against CRBP1 (ab24090; Abcam,
Cambridge, UK), 1:100 dilution of rabbit polyclonal primary antibody against



LRAT (ab137304; Abcam, Cambridge, UK), 1:50 dilution of goat polyclonal
primary antibody against RALDH1a3 (sc26713; Santa Cruz Biotechnology,
USA), 1:50 dilution of goat polyclonal primary antibody against RARa (ab28767;
Abcam, Cambridge, UK) and 1:100 dilution of rabbit polyclonal primary antibody
raised against RXRa (sc553; Santa Cruz Biotechnology, USA). Sections were
then incubated with horseradish peroxidase-labeled anti-mouse, anti-rabbit or
anti-goat secondary antibodies and then processed using a DAKO EnVision kit®
(DAKO Ltd, Cambridgeshire, UK), developed with a diaminobenzidine—H;0;

substrate complex, and counterstained with hematoxylin.

High-performance liquid chromatography analysis

Preparation of samples for measurement of total retinol (including retinol,
retinyl-ester, retinoid acid and other metabolite of Vitamin A) concentration was
performed by modification of a previously described protocol [15, 25]. Total
retinol concentrations of placenta were analysed by high-performance liquid
chromatography provided with SPD-10A Shimadzu UV-Vis detector on 3.9x150
mm, 5 mm reverse phase Resolve C18 column (Waters, Milford). The elution
phase was acetonitrile/methanol/DMSO (90:10:1) and flow rate was
1.0 mL/min. Chromatograms were extracted at a wave lens of 325 nm. The
concentration of each sample was extrapolated from calibration curve obtained
with pure retinol samples (Sigma-Aldrich, Steinheim, Germany) of a

concentration from 0.1 to 10 pyg/mL.

Preparation of samples for simultaneous determination of retinol and retinyl-
ester was performed by modification of a previously described protocol [26].
Retinol and retinyl-ester concentrations of placenta were analysed by high-
performance liquid chromatography provided with SPD-10A Shimadzu UV-Vis
detector on 3.9x150 mm, 5 mm reverse phase Resolve C18 column (Waters,
Milford). The elution phase was acetonitrile/methanol/DMSO (90:10:1) and flow
rate was 1.0 mL/min. Chromatograms were extracted at a wave lens of 325 nm.
The concentration of each sample was extrapolated from calibration curve
obtained with pure retinol samples (Sigma-Aldrich, Steinheim, Germany) of a
concentration from 0.1 to 10 pyg/mL.



Statistical analysis

All numerical data are presented as mean * standard error. Differences
between two groups at D21 were tested using an unpaired t test or U test,
depending on the distribution of data. Statistical significance was accepted at P

values <0.05.

Results:

Immunohistochemical staining of retinoid signalling pathway in trophoblasts

Immunohistochemistry showed markedly increased LRAT immunoreactivity in
CDH placenta compared to controls (Figure1). Markedly decreased
immunoreactivity of CRBP1, RALDH1a3, RARa and RXRa were observed in

trophoblast cells in CDH compared to control placenta (Figure1).



Control

Figure 1 immunohistochemical staining of retinoid signaling pathway in trophoblasts in control

and nitrofen induced CDH (40x magnification)

Total retinol levels

There were no significant differences in total serum retinol levels between
nitrofen-exposed mothers (n = 4, 0.2056 + 0.02 uM/g) and control mothers (n =
4, 0.1967 + 0.08 uM/g). Total retinol levels in the placenta were significantly
increased in CDH placenta (0.2437+ 0.015 uM/g) compared to control placenta
(0.1013 £ 0.02 uM/g, p<0.05) (Table 1).



Control (n=11) CDH (n=11)
Total retinol level

0.1013 £ 0.02 0.2437+ 0.015
(uM/g)
Retinol (uM/g) 0.011+£ 0.02 0.017 £ 0.003
Retinyl-ester (uM/g) | 0.081 £ 0.03 0.186 £ 0.03 *
*:p<0.05

Table 1 placenta total and simultaneously detected retinol and retinyl-ester level

Simultaneously detected retinol and retinyl-ester level in placenta

There were no significant differences in retinol levels between control (0.011+
0.02 uM/g) and CDH placenta (0.017 + 0.003 uM/g) (Table1). The retinyl-ester
levels were significantly increased in CDH placenta (0.186 + 0.03 uM/AQ)
compared to control placenta (0.081 + 0.03 uM/g, p<0.05) (Table1).

Discussion:

It is well understood that retinoids, especially retinol, play a key role during fetal
lung morphogenesis [7, 12]. Placenta has a major role in fetal development and
in the retinol homeostasis in fetal life [8]. In mammals, the exchange of gas and
nutrients between mother and fetus occur within the placenta. In the mature
placenta, this exchange takes place at the level of the microvillus and basal
membranes separate the maternal blood from the fetal circulation. In rats, this
barrier is composed of a bilayer of syncytiotrophoblasts adjacent to the fetal
endothelium and a layer of trophoblast cells that lines the maternal blood
sinusoids [27, 28]. Because there is no de novo synthesis of retinol, the
developing mammalian embryo requires retinol from the maternal circulation for
normal organ development [29]. Retinol normally passes the placenta via the
trophoblast. Placenta serves as a site of retinol stores where retinol is stored in
retinyl-ester formation until the embryonic liver becomes functional [9, 10]. The
placenta has also been proposed to buffer retinoid delivery, by releasing retinol
to the fetus when maternal intake is deficient and by storing it to protect the

embryo from a potential toxic excess of maternal retinoids [10]. Retinol is bound



in a complex of the transport proteins retinol binding protein (RBP) and
transthyretin (TTR). Quadro et al. [11] investigated the fetal retinoid delivery in
mice and they found that maternal RBP does not cross the placenta. Hence,
they concluded that RBP of embryonic origin plays a key role in distributing
retinol to the developing tissues [29]. It has been reported that the liver is the
main source of RBP in adults, whereas fetal RBP levels are mainly dependent
on trophoblastic RBP synthesis [29].

After target organs take up the retinol-RBP complex, the retinol binds to CRBP
[14]. The CRBP can prevent intracellular retinol from non-specific oxidation or
elimination and acts as a carrier protein to present the retinol to respective
RALDH for oxidation or to LRAT for esterification [14]. LRAT is the key enzyme
in the generation of retinol stores and has been proposed to play a crucial role
in maintaining retinoid homeostasis by diverting retinol away from its oxidative
activation to RA in adult mammalian tissues [9]. This action of LRAT has been
proposed to be important especially under condition of excessive retinoid intake
[9]. Kim et al showed that placental LRAT play a crucial role in maintaining a
tight regulation of retinoid levels during embryonic development and that this
regulation is achieved by striking a balance between retinyl-ester synthesis and
RA degradation [30].

The transcriptional regulatory activities of retinoids are known to result from the
action of RA [19]. These actions of RA mediated through ligand-dependent
transcription factors, retinoid acid receptors, and retinoid X receptors [23].
Wendling et al demonstrated that activation of RXRs is critical to proper
placental development [31]. In humans, RAs have been suggested to affect
steroidogenesis by placental trophoblast cells via the RAR and/or RXR
signaling [32]. A number of studies have shown that RAs regulate the
production of human chorionic gonadotropin, placental lactogen and leptin [10,
20, 33]. However the essential of the activation of trophoblastic RA signaling
pathway through placental endocrine function in normal pregnancy and
embryonic development has been shown, it has not been investigated in CDH.
Several authors have shown that the RA signaling pathway is disrupted in both
humans and animal models of CDH and decreased pulmonary retinol levels
have been associated with the development of PH in CDH [6, 15, 23].
Beurskens et al. [23] have found decreased RBP and retinol levels in human



newborns with CDH compared to controls whereas mothers of both have
comparable levels of RBP and retinol. These authors concluded that the
maternal-fetal transport may be disrupted, leading to CDH and PH. The
importance of the retinoid signaling pathway during fetal development and
especially in lung morphogenesis is further supported by a study showing that
RA administration attenuates the development of PH in the nitrofen-induced
CDH model [34]. The nitrofen CDH model is one of the most widely used animal
models to study the pathogenesis of PH in CDH [35-39]. However, the exact
molecular mechanism underlying nitrofen-induced PH in CDH still remains
unclear. It has recently been reported that nitrofen does not directly interfere
with retinoic acid signaling but induce a dose-dependent apoptosis [40].
Clugston et al demonstrated that the level of nitrofen estimated to reach the
embryo would be too low to induce apoptosis directly [41]. Recently we
proposed that nitrofen disrupts the mobilization of retinol from placenta to fetal
circulation through trophoblastic apoptosis, resulting in reduced pulmonary RBP
and TTR protein levels and subsequently pulmonary hypoplasia in the nitrofen
CDH model [24].

In the present study we investigated the maternal-placental retinol transfer in
CDH during lung development. We showed that total retinol levels as well
retinyl-ester levels were significantly increased in CDH placenta compared to
controls. These suggest that nitrofen does not disturb the retinol transfer from
mother to placenta. The increased placental retinyl-ester level and increased
trophoblastic LRAT expression suggest that retinol is stored in placenta in the
nitrofen treated animals. This may be as a result to nitrofen impairing retinol
mobilization from placenta to fetal circulation. The increased retinol storage in
the placenta may have dual action, protecting the embryo from potential toxic
excess of maternal retinoids and at the same time the high level of total retinol
down regulates trophoblastic RA signaling pathway by negative feedback
mechanism which is essential for the placental normal endocrine function and
normal placental and embryonic development. Nitrofen induced changes in the

placenta may play a key role in the pathogenesis of PH in CDH.
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