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1. Introduction

1. Introduction

1.1 Proteases and their Classification

Proteases (also called peptidases or proteinases) are proteolytic enzymes
that catalyze the hydrolysis of peptide bonds by the nucleophilic attack of a water
molecule on the carbonyl carbon of the scissile bond. These proteins represent
one of the largest and most diverse families of known enzymes in all kingdoms of
life and are involved in every aspect of organism functions. Their importance is
well documented by the fact that about 2% of all genes encode proteases in
humans resulting in over 550 active or putative proteases in the human genome.
These enzymes play crucial roles in many physiological and pathophysiological
processes such as protein catabolism, blood coagulation, cell growth and
migration, tissue turnover, differentiation, inflammation, tumour growth and
metastasis, activation of zymogens, release of (neuro) hormones,
neurotransmitters and other bioactive peptides from precursor forms as well as
transport of secretory proteins across membranes. In physiological conditions
these enzymes are under strict control of endogenous inhibitors, they are in form
of zymogens and their conversion into active forms is regulated by enzyme
cascades with highly specialized gating mechanisms. If out of control
pathophysiological processes are initiated that are destructive to cells and
organisms making these enzymes promising drugable targets with selective
synthetic bioavailable inhibitors with therapeutic indications e.g. for viral and
parasitic infections, cancer, stroke, Alzheimer’s disease, neuronal cell death and

arthritis.'

Proteases are designated either as endopeptidases, when they catalyze the

cleavage of a bond within a polypeptide chain or protein, or as exopeptidases,

1



1. Introduction

when cleavage takes place at the N- or C-terminal or at the next-to-it peptide
bond, leading to a release of single amino acids or dipeptides. The mechanisms of
cleavage and the active-site residues involved vary among the different protease
subtypes. This provides the basis for their classification into aspartic-, serine-,
cysteine- and metallo-proteases depending upon the residues responsible for
peptide hydrolysis, 1.e. Asp, Ser, Cys or a coordinated metal ion. There are a few
miscellaneous protease that do not precisely fit into the standard classification as
e.g. the ATP-dependent proteases.” Due to the growing number of proteases
discovered, a more in depth classification has become necessary™ which
organizes the various proteases into evolutionary families and clans, leading to a
comprehensive and continuously expanding catalogue of proteases: the MEROPS

database [http://merops.sanger.ac.uk].>

Proteases bind the substrate along the active site cleft with the single
residues (P) of the peptide chain occupying the enzyme subsites (S) on both sides
of the scissile bond which, according to Berger and Schechter,” are numbered in
both direction as shown in Figure 1.1. Optimal complementarity between the S
subsites and the amino acid side-chains dictates the enzyme specificity for the

substrate.

H H H H H
o) P, o) \ P, 7 o) \ Ps |
S, Sy’ S3

Figure 1.1. Nomenclature for protease subsite specificity. The scissile peptide bond is
dashed.



1. Introduction

1.2 Aspartic Proteases

Among the various types of proteases the aspartic proteases represent one
of the most important family since they are associated with several
pathophysiological conditions such as hypertension (renin), gastric ulcers

(pepsin), neoplastic disease (cathepsins D and E) and AIDS (HIV protease).

The MEROPS database lists a number of families of the aspartic proteases
where the catalytic Asp residues occur within the sequence motif Asp-Xaa-Gly
with Xaa = Ser or Thr. Although the presence of this motif in a protein does not
correspond in all cases to the active site of an aspartic protease, it is typical for
the pepsin family. Pepsin is undoubtedly the most thoroughly studied aspartic
protease; it is responsible for the digestions of food in the stomach in higher
animals. The aspartic peptidases belonging to the pepsin-like family share the
same catalytic apparatus and usually function only under acidic conditions. This
limits their action to some specific loci in living organisms, making them less
abundant than other proteases such as the serine-proteases. Typical pH optima for
aspartic proteases are in the range 3.5-5.5. This value lies between the pK values
of the two catalytic carboxyl groups, but of course other factors are involved too.
Furthermore, most pepsins are irreversibly denaturated at neutral pH and above.
For example, the gastric aspartic proteinases of higher animals are secreted from
the gastric cells as zymogens, i.e. as inactive precursors that are converted to the
active enzymes by proteolytic cleavage at the N-terminus; this limited proteolysis
is mediated by the zymogens themselves at acid pH. Pepsin A is irreversibly
inactivated at neutral pH and above, which is probably the physiological
mechanism by which its activity is kept localized to the stomach. Pepsinogen, on

the other hand, is stable to neutral pH.

Aspartic proteases have been isolated from a wide range of organisms,
varying from vertebrates to plants, fungi, parasites, retroviruses, and more
recently bacteria.® Of the five currently known human aspartic proteases, three

(pepsin, gastricsin and renin) are secretory, one, cathepsin D, is found

3



1. Introduction

ubiquitously in the lysosomes of most cells’ while the fifth, cathepsin E, is neither
secretory nor lysosomal, but located within the endoplasmic reticulum/trans-
Golgi network/endosomal compartments of cells.'” Cathepsin E differs from the
other aspartic proteases not only because of its location in defined compartments

of the cells, but also because of its unique molecular architecture."!

X-ray structures of aspartic proteases of the pepsin family revealed a
bilobed architecture with the active-site cleft located between the two lobes, and
with each lobe contributing one aspartate residue to the catalytic diad of
aspartates. These two aspartyl residues are in close geometric proximity in the
active site, one being ionized and the second one non-ionized in the optimum pH
range of 2 to 3. The two lobes are homologous in the sequence and spatial array
strongly supporting their evolution by gene duplication.”” Moreover, since each of
the two lobes itself represents a duplicated structure, these proteases consist of
four copies of one ancestral subunit. In this context it is worthy to note that
retropepsins are monomeric and that these proteases carrying only one catalytic

. . . 14
aspartate have to dimerize to form an active enzyme.

1.2.1 Mechanism of Peptide Hydrolysis by Aspartic Proteases

Aspartic proteases hydrolyze the amide bond through a concerted action of
one aspartic acid and one aspartate residue with formation of a noncovalent
neutral tetrahedral intermediate via a “push-pull” mechanism."”"® This
mechanism of hydrolysis of all aspartic proteases is based on a proton transfer to
the substrate and a low-barrier hydrogen bond that holds the two aspartic
carboxyls in a coplanar conformation.'” A water molecule is hydrogen bonded to
the two Asp residues and acts as the nucleophile that attacks the carbonyl carbon
of a peptide bond arranged in the active site. More precisely, the Asp**® acts as a
general base to remove one proton from the water molecule while Asp®* donates a

proton to the carbonyl oxygen atom of the scissile peptide bond (Fig. 1.2). In the
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tetrahedral intermediate, Asp”® is hydrogen bonded to the attacking oxygen atom,
while the hydrogen remaining on that oxygen is hydrogen bonded to the inner
oxygen of Asp’. Transfer of the hydrogen from Asp™*® to the nitrogen of the
scissile peptide bond is accomplished by inversion of configuration around the
nitrogen atom. Following this step, the C-N bond breaks forming the two
products. The carboxyl product remains hydrogen-bonded to Asp>>, and Asp™® is
in the negatively charged form, ready for the next round of catalysis. In this
mechanism, the free enzyme E binds to the substrate to form a loose complex

(ES) (Fig. 1.2).

R Y AU 7y
O=C-N-R O=CN-R 0-C-N-R
o\
. 0. _0.
HOH\ HOH\ HOH\ H E
i o) = ?k o _ lok (o S o o) S
Asp®?” ~OrH ‘F?kAspm Asp®? SO””H””OkAspZZH Asp®? O““H“‘?}Aspzzs Asp3? O“H (O\%\Aspzzs
- — — 5—
E ES E'S FT
R H R H R H
N Il [ o
oWk 0=¢ NR 0=¢ Nk
,H/9 H\ O H O H
o) \ PO
(e} (o] Eo OH (o] Eo OH (o] E OH (o] _—
Asp32&0 H*O)kAsp225 Asp®? O*"H*O)kAsp225 Asp®? O ”H*OkAspZZB Asp3z&0 H*O)kAsp225
Gz FPQ FPQ F
JoX

Figure 1.2. Catalytic mechanism proposed by Northrop.'” In this mechanism, species E
is the free enzyme poised for catalysis. Step 1 is the binding of substrate to form a loose
complex (ES). Step 2 is the closing of the flap down upon the substrate to squeeze all
components into the correct geometry and distances for the catalytic process to begin
(E’S). Step 3 includes the removal of a proton from the bound water molecule to
stimulate attack on the carbonyl carbon (F'T). Step 4 involves a proton transfer to the
nitrogen of the peptide bond (G’Z). Step 5 is the bond cleavage event (F'PQ). Step 6 is
the opening of the flap to free the products (FPQ) and step 7 is release of the products
(F). Step 8 includes a loss of one proton (G) and step 9 involves binding of a new water
molecule and re-formation of the low-barrier hydrogen bond (E).
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A flap, present in all pepsin-like enzymes, closes the catalytic cleft and
forces the components into the correct geometry and distances to initiate the
catalytic process. A proton is transferred from the water molecule bound to the
two aspartic acids responsible for catalysis, thereby stimulating the attack on the
carbonyl carbon. A proton is then transferred to the nitrogen of the peptide bond,
followed by the final bond cleavage event. The flap re-opens to free the products,
loosing one proton and binding to a new water molecule to re-form the low-

barrier hydrogen bond.

1.2.2 Inhibitors of Aspartic Proteases

Most structural information for the design of inhibitors of this
therapeutically interesting enzyme family has been derived from pepsin and the
tight-binding reversible inhibitor pepstatin (Fig. 1.3)."” Conversely, covalently
reacting inhibitors of pepsin such as diazoacetylnorleucine methyl ester
(DANLME), 1,2-epoxy-3-(4-nitrophenoxy) propane (EPNP), and p-
bromophenacyl bromide, have only been used as diagnostic reagents for aspartic
endopeptidases. Each of these latter inhibitors reacts specifically with the side-

chain carboxyl of a distinct aspartic acid residue to inactivate the enzyme.

\((NJL M 1 22,
Y

C D
_0._0 N C o Br.
(@) Br
N~ O o) o

H

Figure 1.3. Inhibitors of aspartic peptidases: (A) pepsin, (B) diazoacetylnorleucine
methyl ester, (C) 1,2-epoxy-3-(4-nitrophenoxy) propane, and (D) p-bromophenacyl
bromide.
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Aspartic proteases generally bind 6 to 10 amino acid residues of the

peptide substrate in their active-site clefts,”

and one or more flaps that close
down on top of the substrate add even more interactions sites to the complex
increasing in this way the substrate/inhibitor selectivity. Pepstatin was the first
potent and specific inhibitor of aspartic proteases that was discovered.”'™ It
inhibits pepsin (K; = 4.5 pM***), cathepsin D (K; = 0.1 nM*®), and other aspartic
proteases,”’ but to a lesser extent renin (K; = 0.1-1 uM®®). Since its discovery
many synthetic analogues have been synthesized to evaluate the effect of the
peptide chain length and to disclose the mechanism of inhibition of this natural
peptidic compound. The minimal sequence required for inhibition of pepsin
corresponds to a peptide extending from P to P;” (Iva-Val-Sta-Ala-Iaa,”>" with
laa = isoamylamide), whereby the statine moiety is considered as a dipeptide
replacement thus occupying both P; and P,” (vide infra). These early structure-
activity studies indicated the central statine residue and specifically its 3S-
hydroxyl group as the crucial structural element for potent inhibition of aspartic
proteases. Acetylation®® or inversion of the configuration from 3S to 3R* reduces
substantially the binding to the enzyme. The importance of the 3S-hydroxyl group
in statine-containing peptides has been rationalized in terms of transition-state

analogue mechanism of inhibition®®™

where the 3S-hydroxyl group mimics one
of the hydroxyl groups in the tetrahedral intermediate formed during hydrolysis

(Fig. 1.4).

The transition-state analogue inhibitor hypothesis®®*® foresees a tight
binding of inhibitors by the enzyme because of their geometry that closely
mimics the transition state or the tetrahedral intermediate for the enzyme-
catalyzed reaction (Fig. 1.4). Since peptide bond hydrolysis by the proteases
proceeds via the tetrahedral transition-state intermediate, a stable tetrahedral
species placed in a substrate sequence at the point of cleavage should act as
inhibitor, and the more an enzyme resistant compound "looks" to the enzyme like

a substrate in the middle of its conversion to its products, the greater should be its
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affinity for the enzyme. This concept has been successfully used in the design and

synthesis of potential inhibitors of pepsin-like aspartic proteases.

A O (0]
ju { o #
As O H NH Q NH 4
PH H AP - N—% f |
E+S — H P\_O/AZS/N\S fast 7< CH st gpp, T P +p,
Asp—\(u R _\(
o) o)
B (@] (@] ‘91 e) O ‘57.
ASp)X\QH Hb H )LQ H
E+l — g fast oy 0 Nes == H P N—s
A OH HH H o HH ¢
Y i AP R +ho
o)

Figure 1.4. Schematic representation of the relationships between proposed catalytic
and inhibitory mechanisms. (A) General acid-base catalyzed mechanism for substrate
hydrolysis by an aspartate protease. The water molecule is hydrogen bonded to both
aspartic acid residues and other sites in the active site. The oxyanion derived from the
amide carbonyl may be stabilized by hydrogen bonds to other acceptors. (B) Postulated
collected-substrate mechanism for inhibition of aspartic proteases by transition-state
analogue (statine-derived) inhibitors. The S-hydroxyl group of the inhibitor displaces the
enzyme-bound water molecule shown in Fig. 1.2.

The relationships between the main-chain statine atoms and the main-chain
atoms in a dipeptide substrate or tetrahedral intermediate sequence have intrigued
medicinal chemists since the structure of pepstatin was first discovered. In fact,
because of its C-1 and C-2 atoms, statine is either two atoms too long to be
1sosteric with a normal amino acid or one atom too short to be isosteric with a
dipeptide. On the basis of an extensive comparison of pepsin substrate sequences
to pepstatin Powers et al.” sustained that statine might better mimic a dipeptide.
Using the X-ray data provided by Bott et al.,* Boger proposed a precise model in
which statine represents an analogue of the enzyme-bound dipeptide in its

tetrahedral intermediate form.*' To prove this hypothesis several analogues of
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renin substrate (6-13) were synthesized and indeed the most potent inhibitors of
renin were obtained with statine replacing the cleavage dipeptide Leu-Leu in pig
renin and Leu-Val in human renin consistent with the predictions derived from

the molecular modelling studies.*

1.2.2.1 Transition-State Analogues as Inhibitors of Aspartic Proteases

A large number of native and enzyme-inhibitor crystal structures are
presently available'® for medicinally relevant enzymes such as renin, plasmepsin,
HIV protease, B-secretase, and cathepsin D, as well as for other aspartic proteases
(penicillopepsin, endothiapepsin, chymosin, pepsin, and Rhizopus chinensis
pepsin). Both peptide-derived and non-peptide inhibitors have been developed
and the relationships between the different peptidomimetics can be analyzed in
terms of enzyme-inhibitor crystal structure complexes. A key structural element
in most of the inhibitors is the hydroxyl or hydroxyl-like moiety that binds to the
two catalytically active aspartic acids instead of the Asp-bound water molecule.
As transition-state analogue (TSA) the amino acid statine (Figure 1.5, 2) from the

212 was often used™™ for the design of selective

natural product pepstatin
inhibitors of aspartic proteases including the therapeutically most promising

. 42
enzymes renin, HIV protease and -secretase.

In addition to statine, numerous structural motifs have been developed
such as those reported in Figure 1.5. Among these special attention has been paid

44 and the hydroxyethylamine moieties (5),"*® the

to the hydroxyethylene (4)
latter for the development of HIV protease inhibitors.”” Replacement of the
dipeptidyl cleavage site of a native substrate with a TSA effectively generates an
inhibitor specific for the peptidase that recognizes the TSA side chains plus
amino acid side chains both up- and downstream from the cleavage site. Since the
active-site cleft of aspartic proteases is generally capable of accommodating up to

nine amino acid residues of the substrate (or the inhibitor), the inhibitor’s
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selectivity can be significantly improved by exploiting the complementary
interaction between all these enzyme binding sites (S¢-S;”) and the inhibitor
residues P¢-P3’. Very unfortunately such large peptide sequences generally are not
clinically useful due to limited oral bioavailability and their fast enzymatic
degradation as well assessed in the case of renin TSA-based inhibitors developed

for treatment of hypertension.*®

Dipeptide
at the cleavage site

Ry (0] R1 (0] R1 Ry

H
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Figure 1.5. Structures of some transition-state analogues (TSA) units effective for
aspartic peptidases inhibition.

The development of HIV protease inhibitors was found to be substantially
easier than for renin, since HIV protease recognizes a significantly smaller
minimum substrate sequence. Correspondingly, smaller size molecules were
obtained that act as highly selective HIV protease inhibitors.”” Among these,
several compounds (Figure 1.6) are presently in clinical use because of their

sufficient oral bioavailability.
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Figure 1.6. Examples of peptide-derived TSA inhibitors of HIV protease used in AIDS
therapies.

1.2.3 Alzheimer’s Disease and BACE

Dementia is the loss of mental functions that is severe enough to interfere
with a person’s daily functioning, such as thinking, memory, and reasoning.*
Dementia is not a disease itself, but rather a group of symptoms that are caused
by various diseases or conditions. Among these the major causes of dementia are
associated with diseases that cause degeneration or loss of nerve cells in the brain
such as Alzheimer’s, Parkinson’s, Huntington’s or Lewy body disease and Pick’s
disease, previously diagnosed as variants of Alzehimer’'s disease. Alzheimer’s
disease (AD) is the leading cause of dementia in the elderly, accounting for 45 to
67% of all cases.””™ The degeneration of neurons in regions of the brain
important for cognition results in progressive dementia that slowly deprives AD
patients of their memories, personalities and eventually their lives. No therapies
currently exist that treat the underlying cause of AD, and if none are found, the

incidence of AD patients will rise dramatically as the population ages.™

The name of the disease is eponymic for Alois Alzehimer, a German

psychiatrist and neuropathologist, who at a meeting of the South-West German
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Society of Alienists in November 1906 described "eine eigenartige Erkrankung
der Hirnrinde" (a peculiar disease of the cerebral cortex) by presenting the clinical
and neuropathological features of a woman aged 51 years who had died in the
Munich mental asylum. The woman had experienced the first symptoms 5 years
previously. She became successively unable to care for herself at home and
rejected all attempts to help her. Upon hospitalisation her symptoms included
disorientation, impaired memory, as well as difficulties reading and writing. The
symptoms increased gradually to hallucinations and a corresponding loss of

higher mental functions.™

The pathological-anatomical investigation of the brain showed the cerebral
cortex to be thinner than normal (Fig. 1.7 A). Alzheimer noted two further
abnormalities in the brain (Fig 1.7 B). The one being senile plaques, a structure
previously described in the brain of elderly people and now known to be due to
the deposition of the 4 kDa B-amyloid peptide (AB). The other abnormality was
neurofibrillar tangles evident in histological material from her cerebral cortex, a
fibre structure derived from the accumulation of t-protein.” The neurofibrillary
tangles had not been previously described, and it was mainly this abnormality that

defined the new disease.

Wadsnte Alihvabaeis Sevace Alzhaimars

Figure 1.7. (A) Four magnetic resonance images showing four different people (with
differently sized and shaped brains). The widening grooves and fissures of the cerebral
cortex indicate progressively severe brain atrophy and loss of brain mass. (B) The AR
peptide aggregates and precipitates in amyloid plaques. This event initiates the amyloid
cascade resulting in additional intracellular aggregations of the tau protein, which then
form tangles (the black structures surrounding the amyloid plaque).
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Subsequent to the description of this first patient, millions have been
identified worldwide. With aging as the major risk factor for AD, a further sharp
increase in the number of patients in the near future is expected, if no therapeutic
treatment against this disease is discovered. Fortunately, major progress has been
made in the last years, which has led to the first trials with drugs designed to
lower the impact of the major compound responsible for the disease, the
neurotoxic amyloid B-peptide.’® AP is a highly hydrophobic peptide, which
aggregates to form oligomers. A further aggregation of these oligomers produces

fibers, which eventually precipitate and accumulate in amyloid plaques.

1.2.3.1 The Amyloid -Peptide

First studies in the early 1990s showed unexpectedly that AP is a
physiologically normal metabolite generated in healthy persons,” present in small
quantities as soluble monomers that circulate in cerebrospinal fluid and blood. In
AD patients, however, the level is significantly increased and accumulation as
insoluble, fibrillar plaques starts. The AP peptide consists of 40 to 42 amino acid
residues and it originates from the proteolytic cleavage of the amyloid precursor
protein (APP).”” Processing of APP in vivo occurs by the two major pathways
shown in Fig. 1.8. Cleavage of APP at the N-terminus of the AP region by B-
secretase and at the C-terminus by 7y-secretases represents the amyloidogenic
pathway for processing of APP. The B-secretase cleaves APP between residues
Met®”! and Asp®” yielding B-APPs and C99 fragments.”® The B-secretase
involved in this process has been identified as an aspartic protease® (BACE-1,
acronym of (3-site APP cleaving enzyme, also called memapsin 2 or Asp-2). The
newly generated membrane-bound APP C-terminal fragment (C99) is the
immediate precursor for the intramembraneous y-secretase cleavage at residue
711 (between Val and lIle) or 713 (between Ala and Thr), resulting in the

intracellular release of the peptide P6 and extracellular AB.”
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APP can also be processed in a non amyloidogenic pathway by a-secretase
(TACE), which cleaves within the AP domain between Lys® and Leu®®® and
produces a large soluble a-APP domain and the C-terminal fragment C83.°%¢!
The latter can then be cleaved by y-secretase to release P3 and P6 fragments.*>®
This pathway does not yield AP peptide. Consequently directing APP towards the

a-secretase pathway may have a beneficial effect in lowering A peptide levels.

Amyloidogenic Pathway
Amyloid Plaque Formation

B-APPs O
\

Non-Amyloidogenic Pathway
No Plaque Formation

_ AB
P [ \[ /
ov}om ” poooo % ccoql nu e DUO‘]I 1 UTLIOOD
OOOJ' (= = il = (] [
boooo 000l poooo 000l poooo 0001
P6 c83 APP co9 P6

Figure 1.8. Alternative cleavage events of secretase-mediated cleavage of APP. While
B- and y-secretases mediate the amyloidogenic pathway, o-secretase prevents Af
generation by cleaving APP in the middle of the AP domain.

The AP is a neurotoxic, highly aggregation prone peptide and represents
the principal component of the neuritic plaque found in the brain of AD patients.
The amyloid hypothesis suggests that the neuronal dysfunction and clinical
manifestation of AD are a consequence of the long-term deposition and
accumulation of the 40-42 membered A peptides and that this process leads to

the onset and progression of AD.
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Furthermore, in the rare familial AD (FAD) cases (Fig. 1.9), mutations
cause increased production of Af} peptide. The most relevant point mutations for
AP formation are the double mutation Lys670Asn, Met671Leu (Swedish) and
Val717Phe (Stockholm or Indiana), which cause familial Alzheimer’s dementia.
The molecular basis of these point mutations is explained by their modulation of
the secretases. The rate-limiting B-secretase usually cleaves between the Met®’!
and Asp®” residues, but prefers the preceding amino acids Asn®”® and Leu®" of
the Swedish mutation over Lys*’’Met®’".** The Val717Phe mutation results in

enhanced cleavage after Ala’*

, which leads to the notorious two-amino-acid
longer AP, peptide, at the expense of the rather benign AB4. AP4, aggregates
much faster, and consequently causes a much earlier onset of the disease.”
Because of the discernible causal relationship between AP and the enzymes
involved in its production, - and y-secretases have been targeted for the

development of inhibitors that might serve as therapeutic agents for the treatment

of this disease.

BACE-1 a-secretase y-secretase

...KM D*AEFRHDSGYEVHHQK® L VFFAEDVGSNKGAIGLMVGGVV*? |A*2 TVIVITLVMLK...

NL G Membrane F

ZOXO

Figure 1.9. Schematic overview of APP processing by a-, B- and y-secretases. The
panel shows the amino acids sequence of APP upstream of the transmembrane domain
(underlined) and encompassing the sequences of ABj4o and AP, (D'-V* and D'-A%
respectively). Also reported the point mutations of APP assigned to early onset
Alzheimer’s Disease: Swedish (KM1-2NL), Flemish (A21G), Dutch (E22Q), Italian
(E22K), Arctic (E22G), lowa (E22N), Indiana (V45F), the cluster E22X is also called
the London mutation (numbering of the amino acids based on the AP peptide).
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1.2.3.2 BACE (B-Secretase)

BACE has been isolated in 1999°°% as a membrane-bound aspartic
protease with all the known functional properties and characteristics of -
secretases, namely the ability to cleave APP at the so-called B-processing site. It
is a 501 amino acid sequence protein most closely related to the pepsin aspartic

protease family (Fig. 1.10).

huPepsinogen C

C104-109 C267-271 C310-343
1 M M [
Signal Pro

C278-443
huBACE-1 " ca16-420
-
C330-380

1 22 46 [ \ 501
Signal Pro D93 D289 T™MD

Figure 1.10. Schematic view of the structure of BACE-1. Full length BACE-1 is a type [
membrane-bound aspartic protease with a signal sequence (1-22), an intermolecularly
cleaved prosequence (22-46) and a transmembrane domain (TMD) at the C-terminal
end. The catalytically active aspartic acids are in positions 93 and 289. The major
difference between the BACE family and other aspartic proteases is the disulfide
network in the catalytic domain. The only conserved disulfide bridge is C330-380. The
schematic view of human pepsinogen C is given for comparison.

Two aspartic protease active-site motifs with the sequences DTGS
(residues 93-96) and DSGT (289-292) are present; mutation of either aspartic
acid residue abolishes the catalytic activity of the enzyme.”> A unique feature of
BACE-1, which distinguishes it from the other human aspartic proteases, is the
presence of a C-terminal extension that includes a transmembrane domain
(residues 455-480) and a signal peptide; it also contains four predicted

glycosylation sites. A distinguishing feature of the protein is the pro-domain
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(residues 22-46), which is shorter than that of other human aspartic proteases. Six
cysteine residues are present in the catalytic domain to form three intramolecular
disulfide bonds. The number of disulfide bridges is identical to other aspartic
proteases such as pepsin. While the disulfide bridge between Cys®*’-Cys*® is
conserved, the positions of two disulfides Cys*’*-Cys** and Cys*'®-Cys*™’ are
quite different when compared to pepsin, without causing structural changes of

the shape of the catalytic domain.*””°

The expression pattern of BACE-1 is highest in pancreas and brain, and
significantly lower in most other tissues. The enzyme is present in neurons but
almost not detectable in glial cells of the brain. The high expression level in
pancreas can be attributed to a catalytically inactive splice variant of BACE-1
lacking part of exon 3.”' Three additional neuronal splice variants of BACE-1
with very low catalytic activity have been characterized.”” The physiological

functions of these i1soforms are still unknown.

The identification of BACE-1 as a protease with a well-defined B-secretase
activity was unequivocally shown with the generation of BACE knockout (BACE
-/-) mice, shown to be devoid of the ability to generate A, in cases in which APP
was endogenous’> or when crossed to transgenic mice expressing APP as a FAD
mutant.”* Remarkably, the BACE -/- animals were found to be normal in gross
anatomy, tissue histology and clinical chemistry, undistinguished from the BACE
+/+ animals except for their inability to generate AB. On the other hand,
overexpression of BACE-1 in cells leads to an increase in B-secretase activity;*®’
and consequently the content of C99 and APP is enhanced several-fold compared
to untransfected cells. The encouraging results from the knockout mice suggest
that a potential mechanism-based toxicity might not be an issue for specific
BACE-1 inhibitors, in contrast to the current controversy about y-secretase

inhibitors and their potential interaction with Notch signaling.”°
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BACE-2, also called Asp-1, memapsin-1 or DRAP (Down’s region
aspartic proteinase), is a second member of the BACE subfamily of membrane-
anchored aspartic proteases with a high degree of similarity to BACE-1. BACE-2
exhibits an a-secretase-like activity, which cleaves APP in the middle of the AB
domain between amino acids 19 and 20, in this way not contributing to the
amyloidogenic processing of APP. The Flemish (but not the Dutch) FAD
mutation of APP (A21G of AP) is adjacent to the a-cleavage site and causes an
increase in AP production mediated by BACE-2, but not BACE-1, in transfected
cells.”” This observation, together with a markedly different expression level
compared to BACE-1, argues against a major role for BACE-2 in the generation
of AP. If this is the case, the optimal inhibitor would block selectively BACE-1
without interacting with BACE-2.

Little is known about the physiological substrates of BACE-1, but the
evidence that APP is not the optimal cleavage site for BACE-1, suggests that it is
also not the main substrate. In fact, one of the FAD-associated mutations in APP
(the Swedish mutation) strongly enhances BACE-1 cleavage of APP simply by

. . .. 64
creating an “optimized” cleavage site.

1.2.3.3 Crystal Structure of BACE-1

Because of all these findings including the absence of deleterious
phenotypes, great attention was focused on BACE-1 as therapeutic target for
Alzheimer’s disease. The resolution crystal structures of the fully active
recombinant BACE-1 (memapsin 2) containing 21 residues of the putative pro-
region, but lacking the transmembrane and intracellular domains, were solved in

complex with the two inhibitors OM99-2%° and OM00-37 (Fig. 1.11).
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Figure 1.11. The crystal structure of BACE-1 (memapsin 2) complexed with the
inhibitor OM99-2. View of the polypeptide backbone of the enzyme shown as a ribbon
diagram. The N- and C-lobe are blue and yellow, respectively, except for the magenta
insertion loops, designated A to G in the C-lobe and the green COOH-terminal
extension. The inhibitor bound between the lobes is shown in red.

The bilobal structure and other main structural features of the aspartic
proteases of the pepsin family were confirmed. The eight residues of the inhibitor
OMO0-3 (Fig. 1.12) are accommodated within the substrate-binding cleft, which
is located between the N- and C- terminal lobes. The active-site Asp>> and Asp™®
and the surrounding hydrogen-bonding network are located in the centre of the
cleft. The inhibitor is placed in the active site with the TSA hydroxyethylene
coordinated by four hydrogen bonds to the two catalytic Asp residues as
schematically represented in Fig. 1.12. Further 10 hydrogen bonds are detectable
between the inhibitor, the binding pockets and the flap region.
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Figure 1.12. Structural representation of OMO00-3 in the catalytic cleft of BACE-1; the
enzyme'’s residues are in contact with the inhibitor (distance < 4 A) at the subsites S4 to
S4".

The active site of BACE-1 is more open than that of pepsin and in addition
the protease residues interacting with the inhibitor side chains are quite different

compared to other aspartic proteases.

The hairpin loop known as the “flap”, partially covers the cleft and is one
of the characteristics of pepsin-like proteases (Fig. 1.13). In eukaryotic aspartic
proteases the flap opens during the catalytic cycle to allow the entrance of the
substrate into the catalytic cleft; it then tightly covers the substrate/inhibitor
removing effective contact between the solvent and residues P, and P,” (the flap
residue Tyr71 contributes to the binding of the side chains of the P; and P,’
residues) and releases the hydrolytic products.” Interestingly enough,
conformational flexibility must be present in several side chains of both the
inhibitor/substrate and enzyme, for the inhibitor to enter the cleft. This is
particularly true for the side chains of P; Leu from the inhibitor and residues
Thr”?, Arg235 , Ser’®® and Thr’” around the cleft. Together, these residues create

the narrowest point, a bottleneck, of the opening. The fact that these side chains
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need to be rotated to avoid steric clashes when the inhibitor is entering the cleft,
illustrates that the opening of the cleft is barely adequate for such a process. This
observation is consistent with the hypothesis that the specificity for substrates of
BACE-1 is governed by this narrow opening. In other words, even though the
structural basis for the flap opening is still obscure, it is supposed to strongly
contribute to hydrolytic specificity. Recently, the structure of unbound human
BACE-1 protease domain has revealed a new position of the flap region, which
appears to be locked in an “open” form.*” The flap shows a large, 4.5 A
movement at the tip, which represents the main structural difference between the
bound and unbound forms. This information offers new prospectives in the

inhibitor design.

3 Omgs-2

Figure 1.13. The side view of the crystal structure of BACE-1 complexed with OM99-2
illustrates the position of the flap region over the catalytic cleft.

Even though the overall structure of the B-secretase is very similar to
pepsin, there are small differences in the positions of several surface loops that
may impact substrate and inhibitor specificity. The most significant structural
difference consists of six insertions and a C-terminal extension. The insertions

together significantly enlarge the structure as compared to pepsin.”” In addition,

21



1. Introduction

the C-terminal portion, not completely resolved in the crystallographic analysis, is
longer than those observed previously for aspartic proteases and conformationally
quite different; it provides anchoring of the enzyme to the membrane. This
transmembrane domain is responsible for localizing the enzyme in late Golgi
compartments where it has access to the APP.¥ In addition, as mentioned before,
the disulfide pairings of the protein are atypical for pepsin family members.
Disulfides are found at positions Cys*'®-Cys*™’, Cys*’*-Cys**, and Cys**’-Cys>*
(Fig. 1.10). Disulfide bridges in the pepsin-like enzymes tend to connect residues
that are near neighbours in the sequence; in this respect, the B-secretase is unusual

in that it connects amino acids separated by 50 to 204 amino acids.

Inhibitors OM99-2 (H-Glu-Val-Asn-Leu*Ala-Ala-Glu-Phe-OH, with
Leu*Ala representing the hydroxyethylene TSA) and OMO00-3 (H-Glu-Leu-Asp-
Leu*Ala-Val-Glu-Phe-OH) bind to the enzyme in essentially identical mode, as
shown in Fig. 1.14.
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Figure 1.14. Superimposition of the X-ray structures of the BACE-1 inhibitors OM99-2
and OMO00-3.

In the case of the BACE-1/0M99-2 complex, residues P4-P,” assume an
essentially extended conformation with the active site aspartates positioned near
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the TSA isostere at positions P, and P,’. The backbone of the inhibitor deviates at
Ala (P,") from the extended conformation to produce a kink. The protease
subsites Sy, S3” and S;” are hydrophilic and readily water accessible; this may
explain the occurrence of two conformationally distinct binding modes of OM99-
2 at residues P;” and P,". Furthermore, with less defined electron density, the side
chains of Glu and Phe appear to be located on the molecular surface and to
interact weakly with the protease. These observations led to the hypothesis that
the S;” and S;” subsites in BACE-1 were not well formed and perhaps contribute
little to interactions with substrates and inhibitors. Thus, at P, the inhibitor points
toward the protein surface as induced by a hydrogen bond of the hydroxyl group
of Tyr'”® with the carbonyl oxygen of Ala (P,). An intramolecular hydrogen
bond of OM99-2 between the side chains of Glu (P,;) and Asn (P,) stabilizes the
complex preventing interaction of the Glu side chain (P4) with the protease and
may also explain why the shorter analogue OM99-1, which lacks the P, residue is

10-fold less active.®?

In the OMOO0-3 structure the P, residue is Asp, which makes an interaction
with Glu in P, unfavourable. Correspondingly, the newly observed S; pocket
contributes more strongly to the inhibitor binding. In contrast to the
OMO00-2/BACE-1 complex, the conformation of residues P;” and P, is well
defined by electron densities and the extended conformation of the inhibitor is

stabilized by a hydrogen bond from the P;” backbone carbonyl to Arg'*".

1.2.3.4 Inhibitors of BACE-1: State of the Art

The broad-spectrum aspartic protease inhibitor pepstatin (Table 1.1, compound 1)
as well as the renin inhibitor remikiren and the human immunodeficiency virus-
protease inhibitor saquinavir (Fig. 1.6) were unable to inhibit both BACE-1 and
BACE-2.°* Using the amino acid sequence around the cleavage site of APP as

Pip-P,” peptide and (S)-statine (Sta) as P; residue the resulting
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KTEEISEVNStaDAEF compound was found to weakly inhibit BACE-1 with an
ICsy ~40 mM.*® Replacement of the P;” residue Asp by Val led to compound 2
with a significantly improved inhibitory activity of 30 nM (Table 1.1) which then
allowed the affinity purification of the enzyme. Again the S configuration of the
hydroxyethyl moiety in P; was found to be essential and displacement of the
catalytic water by the 3-(S)-hydroxy group account for the slower association of
the inhibitor compared with the substrate,”* as proposed for other aspartic
proteases.”” As alternative to (S)-statine as TSA, the isosteric hydroxyethyl
Leu*Ala dipeptide mimic was developed as a P;-P;” mimetic for the design of
BACE-1 inhibitors. Using the APP sequence and replacing the P;” residue Asp by
Ala, peptides 3 (OM99-2) and 4 were synthesized which behaved as tight-binding
inhibitors with K; values of 9.6 nM and 68 nM, respectively.** Finally, applying
synthetic libraries to identify the optimal amino acid composition of octameric
inhibitors compound 5 (OMO00-3, ELDL*AVEF) was obtained with a K;= 0.3
nM,*® while changes in P, and P;” positions with the F*A or F*G dipeptide
isosters led to lower potencies (see compound 6 of Table 1.1).*” Even using the
hydroxyethylene Ile*Val dipeptide isostere inhibitors more potent than related
compounds with a statine-Val moiety were obtained,*® confirming a general
enhancement in potency for the hydroxyethylene derivatives over the statine
analogues. Attempts to reduce the peptidic character in order to improve oral
absorption and blood-brain barrier penetration led to compounds 7 and 8.
Non-peptidic inhibitors, known so far, are the tetraline 8°' and latifolin®* (Fig.

1.15, 9 and 10), for which the binding mode is not known.
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Table 1.1. Peptidic BACE inhibitors
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Figure 1.15. Non peptidic inhibitors of BACE.-1.

1.3  Matrix Metalloproteinases and their Role in Various Diseases

Matrix metalloproteinases (MMPs) are proteolytic enzymes that are
involved in the remodelling of the extracellular matrix (ECM) in a variety of
physiological and pathological processes. The ability to degrade extracellular
proteins 1s essential for any individual cell to interact properly with its

surroundings and for multicellular organisms to develop and function normally.

This was obviously known, but it was unquestionably proved only when it
was shown for the first time that diffusible enzymes produced by fragments of
involuting tadpole tail could degrade gels made of native fibrillar collagen.”
Since then, a family of related enzymes has been identified in species from hydra
to humans and collectively called matrix metalloproteinases because of their
dependence on metal ions for catalytic activity, their potent ability to degrade
structural proteins of the extracellular matrix, and specific evolutionary sequence
considerations  that distinguish them from other closely related

metalloproteinases.”

In addition to their ECM substrates, MMPs also cleave cell surface
molecules and other pericellular nonmatrix proteins, thereby regulating cell
behaviour in several ways.” Normal physiological processes such as foetal
development, inflammatory cell migration, wound healing and angiogenesis

depend on the controlled and concerted activity of these extracellular enzymes
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and their natural endogenous inhibitors, tissue inhibitors of metalloproteinases
(TIMPs). Under certain conditions, MMP expression or activation can become
deregulated, resulting in pathological states such as cancer invasion and
metastasis, arthritis, inflammatory and autoimmune diseases, tissue ulceration,

- . 96-101
atherosclerosis, aneurysm and heart failure.

For example, MMPs are invariably upregulated in rheumatoid arthritis and
malignant cancer, with more severe increases often indicating a worse prognosis.
Moreover, a major characteristic of these diseases is the capacity of cells to cross
tissue boundaries and, in the case of cancer, spread to distant sites in the body.
Thus, ECM-degrading enzymes must be present to break down the structural
barriers to invasion. Extensive experimental work supports this supposition, but
the mechanisms may be more complex than originally thought. Furthermore, in
vivo genetic approaches that test the consequences of selective gains or losses of
MMP function have led to the surprising finding that MMPs promote the initial
stages of cancer development itself but may decrease the severity of the ultimate

- 102,103
malignancy.

In arthritis, the loss of certain MMPs surprisingly intensifies
rather than alleviates the disease.'” Considerable evidence implicates MMPs as
important players in several biologic processes, yet the actual mechanisms
underlying their influence are mostly unsolved. It is hoped that understanding
these processes will result in a more rational approach toward reducing or entirely
alleviating the ill effects of MMPs in diseases while maintaining their necessary

and beneficial functions.

Because MMPs can catalyze the degradation of all the protein constituents
of the ECM, it is important that their activities are kept under tight control to
prevent tissue destruction. The activity of MMPs is regulated mainly in three
ways: gene transcription, proenzyme activation and by the action of inhibitors.
Harper et al. were the first able to demonstrate that MMPs are synthesized as
inactive zymogens that require activation.'” Later on, Bauer et al. showed the

existence of the first of at least four endogenous metalloproteinase inhibitors, now
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called tissue inhibitors of metalloproteinases, or TIMPs.'” Since then, other
levels of MMP regulation have been clucidated (vide infra), although, because of
their complexity, other systems of control are still left to be fully understood. In
particular, in addition to being differentially regulated at the level of transcription,
MMPs can be controlled at the protein level by their endogenous activators and
inhibitors and by factors that influence their secretion, their cell surface
localization, and their own degradation and clearance. Moreover, higher
organisms express multiple MMPs, each with its own profile of expression,
localization, activation, inhibition, and clearance, as well as its own, sometimes
broad, range of preferred substrates. Thus multiple modifiers, each with its own

regulatory inputs, control different MMP functions in vivo.

1.3.1 The Metzincin Superfamily

The metalloproteases are classified into five superfamilies based on
sequence considerations. Of these, the metzincin superfamily is distinguished by
a highly conserved motif containing three histidines that bind zinc at the catalytic
site and a conserved methionine turn that sits beneath the active site zinc.”* In the
characteristic zinc-binding motif HEBXHXBGBXHZ the His, Glu and Gly
residues are invariant, B is a bulky hydrophobic residue, X is a variable residue,
and Z is a family-specific amino acid. The metzincins are further subdivided into
four multigene families, the serralysins, astacins, ADAMs/adamalysins, and
MMPs, based primarily on the identity of the Z residue: Pro for serralysins, Glu
for astacins, Asp for ADAMs/adamalysins and Ser for all but a few MMPs.”

1.3.2 Structural Properties and Functions of MMPs

At present, 25 vertebrate MMPs and 22 human homologues have been
identified,'””'®® in addition to several nonvertebrate MMPs and MMPs from plant

sources. Each of the vertebrate MMPs has distinct but often overlapping substrate
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specificities, and together they can cleave numerous extracellular proteins,
including virtually all ECM components. In addition to their conserved zinc-
binding motif (usually HEF/LGHS/ALGLXHS, where bold-noted amino acids
are always present) and “Met turn” (usually ALMYP), the MMPs share a
common multidomain structure and a significant sequence homology, giving

them a fairly conserved overall structure.”

Individual MMPs are referred to by their common names or according to a
sequential numeric nomenclature reserved for the vertebrate MMPs (Table 1.2).
In addition, they are often grouped according to their modular domain
organization structure (Fig. 1.16); it is also customary to divide them into four
main classes on the basis of their preferred known substrates: collagenases,
gelatinases, stromelysins and membrane-type (MT) MMPs. It has to be kept in
mind that with the discovery that some MMPs have overlapping substrate
specificities, the boundary between the previously used enzyme classes became
blurred. Nevertheless, the trivial names are often useful, particularly if they
reflect a function or a distinct structural feature or location, and they have

therefore been retained (and are indicated in Table 1.2).

Most members of the MMP family are organized into three basic,
distinctive, and well-conserved domains based on structural considerations: an
amino-terminal propeptide, a catalytic domain, and a hemopexin-like domain at
the C-terminus. The propeptide consists of approximately 80-90 amino acids
containing a cysteine residue, which interacts with the catalytic zinc atom via its
side chain thiol group. A highly conserved sequence (PRCGXPD) is present in
the propeptide. Removal of the propeptide by proteolysis results in zymogen

activation, as all members of the MMP family are produced in a latent form."'"’
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Members MMP-n Domain Main substrates
organization
Collagenases
Interstitial Collagenases MMP-1 b ProMMP-2, proMMP-9, helical
collagens
Neutrophil Collagenases | MMP-8 b Helical collagens
Collagenase-3 MMP-13 b Helical collagens
Collagenase-4 (Xenopus) | MMP-18 b Helical collagens
Gelatinases
Gelatinase A (72 kDa) MMP-2 ProMMP-9, gelatin, elastin
Gelatinase B (92 kDa) MMP-9 Gelatin, elastin
Stromelysins
Stromelysin-1 MMP-3 b ProMMP-1, proMMP-7,
proMMP-8, proMMP-9,
proMMP-13, aggrecan, matrix
components
Stromelysin-2 MMP-10 b Aggrecan, fibronectin
Stromelysin-3 MMP-11 d Serpin, weak activity for matrix
components
Membrane-type MMPs
MT1-MMP MMP-14 e ProMMP-2, proMMP-13, helical
collagen
MT2-MMP MMP-15 e Gelatin, fibronectin, ProMMP-2
MT3-MMP MMP-16 e ProMMP-2, proMMP-13
MT4-MMP MMP-17 f Gelatin, fibronectin
MT5-MMP MMP-24 e Gelatin, fibronectin, ProMMP-2,
proMMP-13
MT6-MMP MMP-25 f Collagen IV, gelatin, fibronectin,
ProMMP-2
Others
Matrilysin MMP-7 a ProMMP-2, aggrecan, matrix
components
Metalloelastase MMP-12 b Elastin
MMP-19 b Collagen IV, gelatin, fibronectin
Enamelysin MMP-20 b Enamel matrix
XMMP (Xenopus) MMP-21 g o-antitrypsin
CMMP (chicken) MMP-22 b Not known
MMP-23 h Gelatin
Endometase, Matrilysin-2 | MMP-26 a Collagen IV, gelatin, fibronectin
MMP-27 b Not known
Epilysin MMP-28 d Casein

Table 1.2. Members of the vertebrate MMP family.
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Figure 1.16. Schematic representation of the domain structures of the MMPs.
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The about 170-residues catalytic domain contains the conserved zinc-
binding region, two zinc ions and at least one calcium ion coordinated to various
residues. One of the two zinc ions is present in the active site and is involved in
the catalytic processes of the MMPs. The second zinc ion (also known as
structural zinc) and the calcium ion are present in the catalytic domain
approximately 12 A away from the catalytic zinc. The catalytic zinc ion is
essential for the proteolytic activity of MMPs; the three histidine residues that
coordinate with the catalytic zinc are conserved among all the MMPs. Little is
known about the roles of the second zinc ion and the calcium ion within the
catalytic domain, but the MMPs are shown to possess high affinities for structural

. . . 109,110
zinc and calcium ions.

The catalytic domain dictates cleavage site specificity
through its active site cleft, through specificity sub-site pockets that bind amino
acid residues immediately adjacent to the scissile peptide bond, and through

secondary substrate-binding exosites located outside the active site itself.

In both gelatinases MMP-2 and -9, the catalytic domains have an
additional 175-amino acid residues insert comprising three head-to-tail cysteine-
rich repeats conferring gelatin and collagen binding. These inserts resemble the
collagen-binding type II repeats of fibronectin and are required to bind and cleave

. 111,112
collagen and elastin.

This domain, known as the gelatin binding domain or
fibronectin type-II like domain, is unique to the gelatinases, and so these enzymes
are regarded as a separate subgroup among members of the MMP family. In
addition, MMP-9 has a unique type V collagen-like insert of unknown importance

at the end of its hinge region.

All MMPs, with the exception of MMP-7 (matrilysin), MMP-26
(endometase/matrilysin-2), and MMP-23, have an about 195-residues C-terminal
hemopexin-like domain that is connected to the catalytic domain by a hinge or
linker region. MMP-7 and MMP-26 merely lack these extra domains, whereas
MMP-23 has unique cysteine-rich, proline-rich, and IL-1 type II receptor-like

113,114

domains instead of a hemopexin domain. When present, the hemopexin
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domain influences TIMP binding, the binding of certain substrates, membrane
activation, and some proteolytic activities. For example, chimeric enzyme studies
indicate that both ends of MMP-1 (collagenase-1) are required for it to cleave

native fibrillar collagens.''>!'®

This collagenolytic activity requires the initial
binding and orientation of the collagen fibril (which is normally resistant to
proteolysis), local unwinding of its triple-helical structure, and a characteristic
cleavage at % length of each a-chain individually, because the catalytic cleft is
too narrow to accommodate the entire triple helix. Apparently, the hemopexin
domain participates in all but the last of these steps. Interestingly enough,
removal of this haemopexin-like domain in the collagenases eliminates their
characteristic capability to cleave triple-helical collagen, but does not
significantly affect hydrolytic activity toward gelatin, casein or synthetic

1
substrates.'!’

The hinge region, in turn, connecting the catalytic domain and the
hemopexin-like domain, varies in length (from 10 to 70 residues) and

composition among the various MMPs and also affects substrate specificity.''®

Finally, the membrane-type (MT) MMPs posses an additional 75- to 100-
residues extension, which presumably forms a single-pass transmembrane domain
and a short cytoplasmic C-terminal tail (MMPs 14, 15, 16, and 24) or a C-
terminal hydrophobic region that acts as a glycophosphatidyl inositol (GPI)
membrane anchoring signal (MMP-17 and MMP-25).""""*! These domains play
an essential role in the localization of several important proteolytic events to

specific regions of the cell surface.

The hemopexin-like domain of MMPs is highly conserved and shows
sequence similarity to the plasma protein hemopexin. The hemopexin-like
domain has been shown to play a functional role in substrate binding and/or in
interactions with the tissue inhibitors of metalloproteinases (TIMPs), a family of

122

specific MMP protein inhibitors. ** In addition to these basic domains, the family
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of MMPs evolved into different subgroups by incorporating and/or deleting

structural and functional domains.

1.3.3 Regulation of MMP Activity

Once activated, MMPs are subject to inhibition by endogenous proteinase
inhibitors such as a2-macroglobulin and more importantly the family of tissue

inhibitors of metalloproteinases, TIMPs 1-4.'271%

These negative regulatory
controls are clearly important for a family of enzymes with such destructive
potential. Finely regulated MMP activity is associated with processes of

1'® and appendageal development,'

ovulation,"”’ trophoblast invasion, *® skeleta
and mammary gland involution."*' However, it appears that these controls do not
always operate as they should, and there is now a substantial body of
observational and experimental data which indicates that inappropriate expression
of MMP activity constitutes part of the pathogenic mechanism in several diseases.
These include the destruction of cartilage and bone in rheumatoid and

97,132

osteoarthritis, tissue breakdown and remodeling during invasive tumour

growth and tumour angiogenesis,””® degradation of myelin-basic protein in

134,135

neuroinflammatory diseases, opening of the blood-brain barrier following

e 136 - . . . . 13 .
brain injury," increased matrix turnover in restenotic lesions,”’ loss of aortic

? and

wall strength in aneuryms,”® tissue degradation in gastric ulceration,"
breakdown of connective tissue in periodontal disease.'* As the role of MMPs in
disease has become better understood, interest in the control of their activity has
increased. This has led to considerable effort, largely on the part of the

pharmaceutical industry, in the development of MMP inhibitors.

In keeping with their potential for tissue destruction, MMPs are rigorously
regulated at multiple levels, including transcription, activation of the zymogen
forms, extracellular inhibitors, location inside or outside the cell and

internalization by endocytosis. The first level of regulation is given by the pro-
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domain, that keeps the enzyme latent using the thiol group of a highly conserved,
unpaired cysteine at its carboxyl terminus. This conserved cysteine acts as a
fourth inactivating ligand for the catalytic zinc atom in the active site, resulting in
the exclusion of water and rendering the enzyme inactive (Fig. 1.17). For the
enzyme to be activated, this cysteine-zinc pairing needs to be disrupted by a
conformational change or by proteolysis (such as by the protease plasmin or by
other MMPs). Once the thiol group is replaced by water, the enzyme is able to
hydrolyze the propeptide to complete the activation process and can then cleave
the peptide bonds of its substrates. This system of regulation is referred to as the

141

“cysteine-switch” mechanism.”™ Most MMPs are not activated until they are

outside the cell, but the MT-MMPs and MMP-11, MMP-23 and MMP-28 are
activated by a proprotein convertase (such as furin) within the secretory

119,142-144
pathway.'"”"

Water molecules
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l pro-domain

Active
enzyme

Figure 1.17. The “cysteine-switch” mechanism'*' regulating the MMP zymogen. The
thiol group of a conserved cysteine (C) at the carboxyl terminus of the pro-domain acts
as a fourth inactivating ligand for the catalytic zinc atom in the active site; this results in
the exclusion of water and keeps the enzyme latent. Displacement of the pro-domain by
conformational change or proteolysis disrupts this cysteine-zinc pairing and the thiol
group is replaced by water. The enzyme can then cleave the peptide bonds of its
substrates.
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Once activated, there are multiple mechanisms that can inactivate the
MMPs.'* Four classes of metalloproteinase inhibitors are found in extracellular
spaces and body fluids that have broad inhibitory activity against many MMPs.
One class is the tissue inhibitors of metalloproteinases (TIMPs), presently
including four proteins (TIMP-1, TIMP-2, TIMP-3, and TIMP-4), which are
disulfide-bonded proteins of 20-30 kDa that directly interact with the MMP active

site through a small number of their amino acids.

Other molecules have been proven to function as endogenous inhibitors for
MMPs. For example, an unrelated small inhibitor derived by proteolysis of the
procollagen C-proteinase enhancer has structural similarity to TIMPs and may

inhibit MMPs through a similar mechanism.'*®

Recently, a membrane-anchored molecule, reversion-inducing cysteine-
rich protein with Kazal motifs (RECK), has been discovered that appears to
regulate MMP-2, MMP-9 and MMP-14 post-transcriptionally by affecting

secretion and activation as well as by inhibition of the active site'*’ (Fig. 1.18).

TFPI-2

TSP-2

ﬁ 3 ﬁﬁ?ﬁ(‘lﬂv . u-?-macroglobulln
MMP.2 ] o]
MMP-9 Extracellular MMPs
\/ f% :
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o
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o
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=

Figure 1.18. Inhibitors of matrix metalloproteinase. RECK (reversion inducing cysteine
rich protein with Kazal motifs) is a GPI-anchored glycoprotein that binds and inhibits a
number of MMPs. The pan proteinase inhibitor a2-macroglobulin, although very large,
has some access to the pericellular space in vascularised tissues and may be involved in
MMP endocytosis through the low density lipoprotein receptor-related protein (LDL-
RP). The roles of the LDL-RP in MMP-2 removal via a thrombospondin-2 (TSP-2)
complex and in direct MMP-9 removal have been described. The tissue factor pathway
inhibitor (TFPI-2) has also been described as an MMP binding agent.
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In the circulation, the protease inhibitor a2-macroglobulin inactivates

active MMPs by a “bait and trap” mechanism:'*>'**

when protease-sensitive sites
within the inhibitor are cleaved, it closes around the proteinase and isolates it

from potential substrates.

1.3.4 Structure of MMPs

The first X-ray crystal structures of the catalytic domains of human
fibroblast collagenase/MMP-1'""*" and human neutrophil collagenase/MMP-

8,12 and a nuclear magnetic resonance (NMR) structure of the catalytic

domain of stromelysin-1/MMP-3'>* became available only in early 1994. They
were later complemented by additional catalytic domain structures of MMP-
1,%* matrilysin/MMP-7,"°® MMP-3,'2*"°719 MMP-8'°11% and MT1-MMP.'®
In 1995, the first X-ray structure of an MMP pro-form, the C-terminally truncated

d,”™'° and the first and only structure of a

164

pro-stromelysin-1, was publishe
mature full-length MMP, namely of porcine fibroblast collagenase/MMP-1,
was described. At that time, structures of the isolated haemopexin-like domains
from human gelatinase A/MMP-2'"' and from collagenase-3/MMP-13'¢7!%8

were also reported.

1.34.1 The MMP Catalytic Domain

The catalytic domains of the MMPs exhibit the shape of an oblate
ellipsoid. In the “standard“ orientation, which is in most MMP papers the
preferred orientation for the display of MMPs, a small active-site cleft is carved
into the flat ellipsoid surface and extends horizontally across the domain to bind

peptide substrates from left to right (Fig. 1.19).

This cleft harbouring the “catalytic zinc” separates the smaller “lower
subdomain” from the larger “upper subdomain”. This upper subdomain formed
by the first three quarters of the polypeptide chain (up to Gly225) consists of a

37



1. Introduction

five-stranded B-pleated sheet, flanked by three surface loops on its convex side
and by two long regular a-helices on its concave side embracing a large
hydrophobic core. In the active-site, helix hB (Fig. 1.19) provides the first (218)
and the second His (222) that bind the catalytic zinc; between them, the “catalytic
Glu*"”, all of them representing the N-terminal part of the so called “zinc-
binding consensus sequence” HEXXHXXGXXH characteristic of the metzincin

superfamily.”*'%

Figure 1.19. Ribbon structure of the MMP catalytic domain shown in standard
orientation. The catalytic domain of MMP-8"* shown together with the modelled
heptapeptide substrate'® (dark blue) is superimposed with the catalytic domains of
MMP-3'# (blue), MMP-1'* (red), MMP-14'® (pink) and MMP-7"*® (green). The
catalytic and the structural zinc (center and top) and the three calcium ions (flanking) are
displayed as pink and blue spheres, respectively, and the three His residues liganding the
catalytic zinc, the catalytic Glu in between, the characteristic Met, the Pro and the Tyr of
the S;” wall-forming segment, the N-terminal Phe and the first Asp of the Asp pair
forming the surface-located salt bridge are shown with all nonhydrogen atoms. The
chain segment forming the extra domain of both gelatinases will be inserted in the sV-
hB loop (center, right) and presumably extends to the right side.

Besides the catalytic zinc, all MMP catalytic domains possess another zinc
ion, the structural zinc, and two (MMP-8, MT1-MMP) or three bound calcium
ions (MMP-1, MMP-3, MMP-7). In the vast majority of MMPs, the structural

zinc is coordinated by three His residues and by one carboxylate oxygen of an
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Asp residue. This zinc is completely buried in the protein matrix; the

109

impossibility of exchanging it in the MMP-8 crystals™ suggested its extremely

tight binding.

The overall structures of all MMP catalytic domains known so far are very
similar, with the collagenase structures resembling one another most, and MMP-7

and the MT1-MMP structures deviating most.

1.3.4.2 The MMP Pro-Domain and Hemopexin-like Domain

The pro-peptide has an egglike shape, attached with its rounded-off side to
the active site of the catalytic domain (Fig. 1.20). It essentially consists of three
mutually perpendicular a-helices and a segment connecting it with the catalytic

domain.

Gelatin-binding domain
inserted here in MMP-2 and -9

Propeptide region

Linker, transmembrane .
and cytoplasmic domains added here Hemopexin-like domain

(MT-MMPs) i (absent in MMP-T7)

Figure 1.20. Modelled structure of the full length proMMP. The images for the
propeptide region and the catalytic and homopexin-like domains shown here are from
different crystallographic sources. The propeptide region and the catalytic domain are
taken from the X-ray structure for MMP-3""" and the remaining portions of the structure
are taken from the X-ray structure of the full-length MMP-1."** Catalytic zinc is shown
as an orange sphere; calcium ions in the catalytic domain and the hemopexin-like
domain are shown in cyan. The propeptide region is shown by the green ribbon, catalytic
domain as a surface in pink, hinge region as a surface in white, and the hemopexin-like
domain is represented by the ribbon drawing in yellow.
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Along with the conserved -VAAHEXGHXXGXXH- sequence of the

169170 5 second conserved sequence - P’RCGXPD® - is found in

catalytic domain,
the propeptide amino-terminal domain. The thiol group of the cysteine residue
within the propeptide coordinates the catalytic zinc atom and thereby confers
latency, as seen before. This interaction must be broken by proteolytic cleavage
or conformational modification, of the amino-terminal domain, before the
metalloproteinase can degrade matrix proteins. The weakening and finally
destruction of the Cys-catalytic zinc interaction, eventually leads to a liberation
and flexibilization of the activation cleavage peptide bond (as originally predicted

141y In this movement, the Pro'" residue acts

by the “cysteine switch hypothesis
as a flexible joint, with its main chain angles changing from an a-helix-like (in
the proform) to a polyproline-II-like conformation (in the mature form). It might
be worth noticing that from this Pro residue onwards the polypeptide chain of the

pro-MMP is in register with that of the mature, activated MMPs.

Except for MMP-7, all vertebrate and human MMPs are expressed with a
C-terminal haemopexin-like domain. The haemopexin-like domains of the
classical MMPs have the shape of an oblate ellipsoidal disc and exhibit very

.. 164-167
similar structures.

1.3.5 The Reaction Mechanism

171

The reaction mechanism for proteolysis by MMPs " has been rationalized

on the basis of structural information (Fig. 1.21).">*

It is proposed that the scissile
amide carbonyl coordinates to the active-site zinc(Il) ion. This carbonyl is
attacked by a water molecule that is both hydrogen bonded to a conserved

glutamic acid (Glu'®

in MMP-8) and coordinated to the zinc(Il) ion. The water
donates a proton to the Glu residue which transfers it to the nitrogen of the
scissile amide with resultant peptide bond cleavage. During this process the

positively charged zinc(II) ion helps to stabilize the negative charge at the carbon
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of the scissile amide and a conserved alanine (Ala'®" in MMP-8) residue helps to

stabilize the positive charge at the nitrogen of the scissile amide.'™*
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Figure 1.21. Reaction mechanism for proteolysis by MMPs described by Lovejoy et
al 154

Comparison of the structures of the various MMP inhibitor complexes
reveals valuable information on the differences in the active sites of the MMPs
studied and on the binding modes of inhibitors.'”> A schematic representation of a

hexapeptide substrate bound into an MMP active site is given in Figure 1.22.
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Figure 1.22. Schematic representation of MMP active-site with the substrate Pro-Leu-
Gly-Phe-Ala-Gly-NH,.'*' Numbering follows that for MMP-8.
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The S;-S; subsites form a shallow region bordered on one side by the -
strand IV and which features a hydrophobic proline binding cleft at S;. Proline is
a preferred P; group in MMP substrates as shown for inhibitor Pro-Leu-Gly-
NHOH ligated to the catalytic domain of MMP-8.'*1¢!

Differences between the various MMPs in the S;-S; region are relatively
subtle. However, substantial differences in enzyme selectivity have been reported
for thiadiazolyl MMP inhibitors, which have been observed from structural

studies to bind to the unprimed enzyme subsites.'”>'"™

A significant interaction
between the MMPs and their substrates or inhibitors occurs between the S’
subsite and the P,” residue. There are variations between the MMPs in the amino
acid residues that form the S;” pocket and for this reason the S;” pocket is referred
to as the “selectivity pocket”. It is supposed that inhibitors can be obtained which
exhibit degrees of enzyme selectivity for the known MMPs, and there has been
considerable debate concerning the possible therapeutic advantages of selective
inhibition. From X-ray crystallographic analysis and homology modeling the
MMPs may be classified as falling into two broad structural classes dependent on
the depth of the S;” pocket. This “selectivity pocket” is relatively deep for the
majority of the enzymes (e.g., MMP-2, MMP-9, MMP-3, MMP-8, MMP-13,
etc.), but for certain enzymes (e.g., MMP-1, MMP-7, and MMP-11) it is partially
or completely occluded due to an increase in the size of the side chain of the
amino acid at position 193 from leucine to arginine (MMP-1), tyrosine (MMP-7),

glutamine (MMP-11), or one of the amino acid residues that form the pocket.

The S,” subsite is a solvent-exposed cleft with a general preference for
hydrophobic P,” residues in both substrates and inhibitors. The S;” subsite is a
relatively ill-defined solvent exposed region. While there are some variations in
residues for this subsite for the various MMPs, the introduction of different P’

substituents in general tends to have only a modest effect on inhibitor selectivity.
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1.3.6 Matrix Metalloproteinase Inhibitors

The hallmark of diseases involving MMPs appears to be a stoichiometric
imbalance between active enzymes and TIMPs, leading to excessive tissue
disruption, and often degradations. It is this imbalance that a pharmacological

approach, based on specific enzyme inhibitors, promises to readdress.

Both small molecules (synthetic and natural products) and macromolecular
endogenous inhibitors such as TIMP-1 and TIMP-2 have been considered as
potential therapies for diseases in which excess MMP activity has been
implicated. Various research groups have attempted large-scale production of
TIMPs with the aim of reaching therapeutic trials. However, technical difficulties
with the production and use of these proteins have so far prevented their
development.

Big efforts have been put in the development of small molecule inhibitors,

175

which have produced a large quantity of compounds, "* some of which have been

tested in clinical trials.

There are mainly three requirements for a molecule to be an effective
inhibitor of the MMP class of enzymes. The first important requirement is
relative to the center of inhibitory activity: various functional groups capable of
chelating the active-site zinc(Il) ion have been exploited (such as carboxylic acid,
hydroxamic acid, and sulthydryl, etc.). This group is normally referred to as zinc
binding group or ZBG. Further features for an active inhibitor are at least one
functional group which provides a hydrogen bond interaction with the enzyme
backbone, and one or more side chains which undergo effective van der Waals
interactions with the enzyme subsites. It is now clear that these requirements can
be satisfied by a variety of different structural classes of MMP inhibitors which
have been discovered by a number of methods including structure-based design

and combinatorial chemistry.'"
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The discovery of MMP inhibitors accelerated these methods and followed
a substrate-based approach to inhibitor design which had been pioneered by early
workers in the field.'”” The earliest MMP inhibitors were designed from a
knowledge of the amino acid sequence of human triple helical collagen at the site
of cleavage by MMP-1 and subsequently using information derived from
substrate specificity studies. In the substrate-based design, a ZBG is attached to

peptide derivatives which mimic part of the cleaved sequence.

The worldwide effort on MMP research has led to the discovery of a
remarkably diverse group of compounds which are effective inhibitors of these
enzymes. Despite this structural diversity, it has not yet been possible to identify
specific inhibitors for each of the MMP enzymes. Only an exiguous number of
compounds have been identified which exhibit a preference for the inhibition of

MMPs with a deep S;” pocket over those with a short S;” pocket.

Thus, MMP inhibitors may be an important new class of therapeutic agents
for the treatment of diseases characterized by excessive extracellular matrix
degradation and/or remodeling, such as cancer and chronic inflammatory diseases
such as rheumatoid arthritis, atherosclerosis, and MS. In addition, they may also

be useful in more acute inflammatory settings such as stroke and meningitis.

44



2. Aim of the Present Work

2. Aim of the Present Work

As discussed in the introductory chapter, the aspartic-protease BACE-1
and the metallo-protease MMP-9 have been recognized as most promising drug
targets for serious diseases. For both proteases potent inhibitors have been
produced in the academic and industrial research which however did not fulfil the
requirements for an application to in vivo biological and clinical studies. Aim of
the present work was to attempt a structure based-design of new lead structures
that would allow their conversion into highly selective and potent inhibitors well

suited for biological studies.

The identification of BACE-1 as the major responsible enzyme for the
development of AD plaques has attracted great attention over the last years. The
common efforts of various laboratories led to the discovery of peptidic inhibitors
that exploit the transition-state inhibition concept and the large substrate binding
cleft of this aspartic protease to achieve potency and selectivity. Together with
various advantages such as the lack of accumulation in organs, low toxicity, and
low immunogenicity, peptidic inhibitors exhibit undesired properties, when
compared to small molecules: protease sensitivity, limited oral availability, fast
clearance rates, unfavourable intracellular targeting, and inability to cross the
blood-brain barrier. Therefore conversion of such peptidic inhibitors into
peptidomimetic structures is essential for studying the pathophysiological role of
BACE-1. This can be accomplished either by chemical modification of the amide
bonds of the peptide molecule itself, or by modification of the peptide backbone
structure. For this purpose in first instance the aim was to analyze peptoidic and
retro-inverted peptidic structures for their usefulness in the design of BACE-1

inhibitors. Alternatively, conformational constraints should be exploited to lock-
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in B-type extended structures as it was known from the X-ray structures of
BACE-1/inhibitor complexes that this aspartic protease binds larger substrate-
based peptidic inhibitors in extended conformation. The use of cyclic scaffolds
was expected to freeze inhibitory peptides into B-strand conformations and thus to
preorganize them for binding to the protease. An increase of binding affinities by
entropic contributions and enhanced enzyme resistance and thus reduced
biological clearance rates should be the beneficial effects of such peptide
cyclizations. In this context, exchange of the transition state-analogue statine by a
double-substituted analogue containing at the C-2 carbon an additional

substituent mimicking the P,” residue was suggested by modelling experiments.

In the case of MMPs numerous inhibitors have been reported to exhibit
high and even subnanomolar binding affinities, but generally with limited
specificity among these metallo-proteases. Because of the broad-spectrum
activities of most of the known MMP inhibitors, an association of single MMPs
to well defined (patho)physiological events has been very difficult. Aim of the
study was to address this essential problem by designing inhibitors that allow to
discriminate the biological functions of gelatinases (MMP-2 and MMP-9) and
other members of the MMPs family, in particular collagenases. A possible
approach to the design of highly specific inhibitors was expected from the
principle of multivalency that exploits the additivity of the free energy of binding
of two spacer-linked heads to two sites of the enzyme, i.e. the active site and an
exosite. Since the gelatinases contain, in addition to the catalytic domain, the
fibronectin domain which binds and orients gelatine for its degradation, attempts
should be made to construct bivalent inhibitors that address simultaneously the
catalytic active site with a metallo-coordinating head group and the fibronectin
domain with a specifically designed peptide moiety. Highly selective inhibition of

MMP-9 was expected from this novel concept.
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3. Results and Discussion

3.1. Structure-based Design of BACE-1 Inhibitors

The known BACE-1 inhibitors discussed in the introductory chapter are of
peptidic nature and peptides are usually characterized by high clearance rates
because rapidly degraded in vivo by proteases. By oral application, peptides are
known to be digested by the enzymes from the gastric and intestinal juices rich in
proteases such as trypsin or chymotrypsin. Furthermore, the brush border
membrane (the highly specialized mucosa of the small intestine that is
responsible for the absorption of many nutrients) and the cytosol of the absorptive
cells are full of proteases that will degrade such peptides making even cellular
experiments rather difficult. To develop peptides enzymatically more resistant
inhibitors peptidomimetic structures are required.'”® The main approach in first

instance is generally on replacement of the protease sensitive amide moiety.

Although backbone modifications in peptides can affect the
conformational properties, biopotency and enzymatic stability of the resulting
analogues, this approach has attracted considerable attention. It consists of
incorporation of non-proteinogenic or unnatural amino acids, modification of

peptide bonds and/or the replacement of L- by D-amino acid residues.

3.1.1 Peptoid and Retroinverted Peptide Approach

Among the various methods of isosteric peptide bond modifications, the
peptoid strategy has attracted considerable interest. Peptoids consist of N-
substituted glycines where the side chains of the a-carbon atoms of the peptide

chain are shifted by one position along the backbone to the nitrogen atom.'” The
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resulting compound is a polymer of N-substituted glycines which, aligned with
the peptide with the side chains in register, presents the carbonyl groups shifted to
the right by one position. In order to maintain the relative orientation of the
carbonyl groups and the side chains, the order of the amino acids has to be

reversed in the peptoid sequence (Fig. 3.1).

Peptoid

Figure 3.1. Comparison of a peptide, pseudopeptoid and peptoid chains.

A comparison of peptides and peptoids backbones shows that peptoids are
achiral and that, being the nitrogen trisubstituted, hydrogen bonds are possible
only between the carbonyls and hydrogen donors from other side chains. This has
important consequences for the secondary structure of a peptoid. Furthermore,
peptoids are more hydrophobic than the corresponding peptides, which makes
them suitable candidates in the search for peptidomimetics that target intracellular

receptors. In summary this type of structures offers various advantages'**'®":
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1) Like other N-alkylated peptides,” peptoids are metabolically stable and

resistant to the most common proteases' > and thus even in blood plasma.'®’

2) The chemical synthesis is simple and a great variety of functional groups can

be incorporated. "%

3) The higher flexibility of the backbone (if compared with the corresponding
peptide) and the lack of chirality allow probing of a large conformational
space.

4) Biologically active small peptoids (di-, tri-, and tetrapeptoids) comply with the

185,186

Lipinski/Veber rules (depends on the structure of the side-chains and

end-capping groups) and thus are excellent candidates for orally available

. 183
drugs. However, a comparative study

of the oral availability in rat of a
labelled tetrapeptide and an end-capped tripeptoid, having the same side
chains, revealed that the peptide has a much better oral bioavailability than the
peptoid. Nevertheless some peptoids and peptoid-peptide hybids are in clinical

trials.

Another widely used peptidomimetic approach is based on retro-inverso
analogues of natural peptides. This modification, which affects the backbone of
peptides but not the orientation of side chains, has been introduced in many
biologically active peptide analogues. Retro-inverso peptides (also called all-D
retro-peptides or retro-enantio-peptides), are composed of D-amino acid residues
assembled in the reverse order of the parent L-sequence (Fig. 3.2). By this way
the orientation of the side chains is very similar to that of the parent peptide,
while the direction of the peptide bonds is reversed, i.e. [#(NH-CO) instead of the
parent ¥(CO-NH) peptide bond]; in other words the carbonyl groups and the

nitrogen atoms are switched. Consequently, the retro-inverso modification of

* The nomenclature of the peptoids monomers that have the same side chain as a
corresponding amino acid, consists of an N prefix followed by the three letter code of
the amino acid in small letters or an n prefix followed by the one letter code of the
amino acid in capital letters.
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peptides preserves the overall topology of the parent L-peptide. At the same time

the reversed amide bonds enhance stability toward hydrolysis and enzymatic

degradation.'®”'

R

H/
%

\N
H

ZT

Peptide

H R Q

P
Z
=

e} H Re
Retroinverted peptide

Iz

-

Figure 3.2. Comparison of a peptide and a retroinverted peptide.

3.1.1.1 Peptoidic BACE-1 Inhibitors

In addition to the two peptidic inhibitors OM99-2 and OMO00-3 containing
the hydroxyethyl Leu*Ala dipeptide mimic as TSA which were used for X-ray
analysis of BACE-1, also the statine-based inhibitor KTEEISEVNStaVAEF
covering a substrate sequence from Py, to P, was found to exhibit an ICs, value
of ~30 nM.®® The sequence was derived from the Sweedish mutant variant
(SEVNLDAEFR) of APP and the Asp residue in P,” position was replaced by a
Val residue which led to increased potency.’® Comparison of this inhibitor with
OM99-2 and OMO00-3 suggested that part of the N-terminus was not necessary for
recognition by the enzyme. Therefore the peptide sequence was shortened by us
at the N-terminus to position P, leading to an eight-mer peptide. The resulting
compound (EVNStaVAEF, 1) showed good inhibition with a K; value of 33 nM.
This peptidic statine inhibitor was then used as lead for all subsequent

optimizations by the peptoid approach.
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Since no crystal structures of BACE-1 in complex with a statine-
containing inhibitor have been solved so far, docking experiments with
compound 1 on the available crystal structures of the enzyme were performed.
These fully confirmed that extension of the peptide sequence at the N-terminus
would not improve interaction with the protein. Moreover, the docking studies
clearly revealed that by placing the statine unit with its side chain in the subsite S;
and the hydroxyl group in interaction with the residues aspartic acids 32 and 228,
the two lateral chains of the amino acids in P;” and P,” (Val and Ala, respectively)
were shifted to the right in an intermediate position between S,’-S,” and S,"-S;’
pockets respectively (Fig. 3.3 B). This observation resulted particularly evident
when the Val side chain was P, , because of its sterical hindrance. Nevertheless,
the flexibility of the inhibitor and the relatively large catalytic cleft of the
enzyme, especially of the S,” pocket, could allow the rearrangement of the lateral

chains in the enzyme’s pockets.

S, S S2 S
Asp*? Asp?28 ! Asp® Asp?28 !
c Si S, D Sy S,
o’ R 3 OD ’ R, R,
/E\)J\N 2 N /N\:)J\N 2 N
A A
S 2 Sy S 32 S
Asp Asp?28 Asp Asp?28

Figure 3.3. Schematic representation of the binding pocket of BACE-1 with A) a
hypothetical substrate; B) a designed inhibitor containing statine; C) the peptoid
analogous; D) the analogous hybrid, characterized by a peptide-like sequence at the N-
terminus and a peptoid-like sequence at the C-terminus.
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Shifting the lateral chains from the a-carbon to the nitrogen atom in each
amino acid along the chain, allowed the repositioning of the residues of the lead
compound 1 closer to the center of the corresponding subsites (Fig. 3.3 C). This
introduced a better recognition on the C-terminal side, but pushed the residues in
the N-terminal side further to the left, away from the centers of the subsites. In
order to reposition the side chains in register with the corresponding peptide at
the N-terminus, hybrids peptide-peptoids were designed, in which the C-terminus
was tailored in a peptoid-like manner, while the N-terminus carried the normal

peptide-like sequence (Fig. 3.3 D)

In order to verify the feasibility of a peptoid and peptoid-peptide hybrid
approach as suggested by the docking experiments, a series of inhibitors of
BACE-1 was synthesized. In these peptoid and peptoid-peptide hybrids some or
all amino acid residues were substituted by N-substituted glycine residues. In the
design of such inhibitors, the side chain of statine and its hydroxyl group has to
be maintained in the same relative position. Since this was not feasible with
inverted sequences the side chains of the amino acid residues were simply shifted
in the backbone from the a-carbon to the amide nitrogen. In Fig. 3.4 the peptoid
structures are compared with the parent peptidic inhibitor 1. In the peptoide 2 all
the side chains except for the hydroxy group and the lateral chain of statine as P,
residue are shifted by one position to the left, both at the C- and N-terminus.
Since in the highly potent inhibitor OM00-3"° the lateral chains of Glu and Phe on
the C-terminus are further shifted to the left by one position, it was expected that
the enzyme could tolerate the variation. Repositioning of the side chains in
register with the corresponding peptide at the N-terminus was achieved with
peptide-peptoid hybrids, in which the C-terminus was tailored in a peptoid-like

manner while the N-terminus was kept in its peptidic structure.
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Figure 3.4. Schematic comparison between peptides and peptoids showing the similarity
of spacing of the side chains, and the lack of stereochemistry of the peptoid monomers
(OM00-3"* is reported).

As an alternative approach, retroinverted peptides were envisaged which
represent mirror images of the parent compound, characterized by the reverse
orientation in the sequence and D-amino acids. In order to explore the
conformational characteristics of these molecules, three retroinverted all-D
mimetic compounds were synthesized, based on the sequence of peptide 1,
OMO00-3 and the Swedish mutation peptide. The structures are reported in Fig.
3.5.
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Figure 3.5. Schematic comparison between peptides and retroinverted peptides showing
the similarity of spacing of the side chains (compounds Swedish mutation and OM00-37®
are reported).

3.1.1.2 Synthesis of the Peptoidic Compounds

Two methods for the synthesis of peptoids by organic solid phase
chemistry have been described in the literature: the submonomer and the
monomer method. The general strategy for the two methods is reported in Scheme
3.1. Both approaches were employed for the synthesis of the peptoid and peptoid-

peptide hybrids, according to commercially available intermediates.
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Scheme 3.1. Two methods for the synthesis of peptoids on solid phase. (A)
Submonomer approach: the first step is the acylation of the resin-bound amine with
bromoacetic acid activated in situ with N,N"-diisopropylcarbodiimide (DIC); the second
is the nucleophilic displacement of the bromide with a primary amine. (B) Monomer
approach: Fmoc-protected N-substituted glycines are presynthesized and coupled on the
resin.

190 the

In the submonomer method proposed by Zuckermann and associates,
oligomer is prepared on the resin by repeated coupling cycles of haloacetic acid
(backbone formation) followed by a substitution reaction with an appropriate
amine that incorporates the side chain functionality (side-chain introduction).
Each cycle of monomer addition consists therefore of an acylation step with
haloacetic acid and a nucleophilic displacement step with a primary amine. The

method is unique in that each monomer is assembled on the solid support from

two simple submonomers, without the need of main chain protecting groups.

Diverse reasons make this method very advantageous: i) the haloacetyl
monomer is common to all backbone elongation cycles; i1) the monomers do not
have to be synthesized separately; iii) in principle, any arbitrary amine can be
employed in the synthesis of peptoids. While this approach may be the method of
choice when small quantities of relatively small peptoids are needed, it suffers
from the disadvantage that large excesses of reagents (especially the amines) have
to be employed and that completion of the acylation and substitution reactions
cannot be determined; this is essential for preparation of larger peptoids of

reasonable purity. In the present case this strategy proved to be the most effective.
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The amines that have been used in the substitution reactions are
commercially available. In the case of the nonfunctional Nphe, Nval and Nleu
side chains, their incorporation into the backbone was straightforward. For Nasn,
no protection was used and the side-chain was introduced as glycine amide.
Finally, a tert-butyl based protection, 1. e. H-B-Ala-OtBu-HCI, was used for the

incorporation of the Nglu side chain.

In the monomer approach, 9-fluorenylmethoxycarbonyl (Fmoc)-protected
N-substituted glycines are directly coupled using the conventional peptide
chemistry on solid support. In the present work, a single N-substituted glycine
derivative for the solid-phase synthesis of the peptoid and peptoid-peptide hybrids

was utilized, 1. e. Fmoc-Sar-OH as N-substitued glycine analogue of Ala.

The peptoid 2 and hybrids 3 and 4 were synthesized manually on Rink
amide MBHA resin containing an acid-labile linker attached via a norleucine to
the MBHA resin. N,N -diisopropylcarbodiimide'”' was used for coupling of
bromoacetic acid according to the known protocol by Zuckermann.'” The
syntheses were straightforward, except for two insertions that were particularly
difficult to achieve; these correspond to the coupling with Sta and the subsequent
Nasn residue. Truncated sequences related to these two residues were found in
the final product despite repeated couplings and extended reaction times. In order
to bypass this problem as well as the difficult acylation of the sterically hindered
Nval, the initially employed HOAYHATU method"”*'™ was replaced with
PyBOP'">'"®  coupling. Other coupling reagents such as N,N'-
diisopropylcarbodiimide or HOBt/HBTU'""'*® allowed only partial acylation

reactions, resulting in a mixture of the product and truncated sequences.

Acylation with bromoacetic acid was monitored with the TNBS'” or
Keiser tests*” for primary amines and the chloranil test®®' for secondary amines.
With the exclusion of the difficult couplings mentioned where multiple acylations
with longer times were applied, couplings on average were carried out for 30 min
and were then repeated.
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For the displacement step with the primary amines, direct assays for
monitoring are not available; as a consequence, large excesses of amines were
used, and the reactions were carried out for 1 hour and in the case of isopropyl
amine (Nval), it was repeated a second time. Analytical cleavage tests on small
amounts of resin confirmed that this procedure was sufficient for the quantitative

reactions.

After completing the synthetic steps, cleavage from the resin and
simultaneous removal of the protecting groups was accomplished with TFA with
TIS and water as scavengers. Mass spectrometric analysis of the final mixtures
obtained for analogue 2 clearly revealed contaminations by deletion sequences
corresponding mainly to products missing Sta or Nasn, with other unidentified
structures and the desired product accounting for only 20% of the total yield. The
optimization efforts by longer coupling times and the use of more efficient
coupling reagents, such as PyBOP, resulted in a significant improvement of the
quality of crude products and acceptable yields. In the case of peptide-peptoid
hybrids, the major component in the crude compound was identified as the final
correct product with a relatively small impurity corresponding to a deleted Sta

residue.

Since the bromoacetic acid was activated with DIC, acylation of the
unprotected hydroxyl group of Sta was expected to occur at least to some extents.

However, no significant level of alkylation of the Sta was observed.

3.1.1.3 Bioactivities

The absence of amides in peptoids, which can act as hydrogen-bond
donors, was expected to decrease the solubility in polar and increase it in more
apolar solvents. The presence of tertiary amide bonds leads to cis/trans rotamers

around each tertiary amide bond in a peptoid. Despite this potential cis/trans
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1somerism, the peptoid compounds were found to elute as single, well-defined

peaks in HPLC (Fig. 3.6) in contrast to some proline-rich peptides.*®?

= i —

LE- A =I 1! B

Figure 3.6. Chromatograms of compounds (A) 1, (B) 2, (C) 3, (D) 4.

The absence of hydrogen-bonding potential was also expected to affect the
binding affinities to BACE-1. Indeed, peptoid 2 with all side chains shifted to the
backbone nitrogen atom, did not show any inhibitory activity up to a
concentration of 1 mM. This result raised the question to what extent peptide 1
can be transformed into a peptoid while retaining its affinity for BACE, that is,
which side chains are allowed to be shifted on the backbone and which are not.
Although from the known X-ray structures a weaker interaction of BACE-1 with
the C-terminal portion of peptidic inhibitors could be assumed, the peptoid-
peptide hybrids containing a C-terminal peptoid and N-terminal peptide sequence
(3 and 4) were unable to inhibit the protease. Apparently, the shift of one or both
the two side chains at the C- and at the N-terminus results in a complete loss of

binding capacity.
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The schematic comparison of peptides, peptoids and peptide-peptoid
hybrids provided in Fig. 3.4 shows the similarities in the spacing of the side
chains and the carbonyl groups, and the differences in the chirality of the two
monomers. Although these peptoids and hybrids are simply isomers of the parent
inhibitory peptides, there are important differences in hydrogen bonding,
stereochemical and conformational characteristics between the oligomers. In
more detail, the relative distances between side chains with respect to their
position on the backbone, the altered hydrogen bond characteristics of the
backbone, the lack of stereochemical preorganization of the lateral chains, and the
increased flexibility of the backbone of peptoids-like compounds with respect to
the parent peptide has significant consequences when peptides are transformed
into peptoid mimics. Indeed, the absence of substituted backbone carbons and of
amide hydrogens removes not only the intermolecular CO--HN hydrogen bonds
between the inhibitor and the enzyme, but also changes the intramolecular
interactions that induce secondary structure in the peptidomimetics themselves.
These features may serve to further increase the conformational space that the
peptoid can explore. This also suggests that there will be an increased flexibility
of the backbone and a greater diversity of conformational states for a peptoid than
for a peptide, being the former deprived of some degrees of liberty by the
possible intramolecular hydrogen bonding. This conformational freedom
increases in significant manner the entropic penalty raising serious question

marks on the use of the peptoid strategy for ligand design.

More difficult is the interpretation of the absence of inhibitory activities
for the retroinverted peptides. The not perfect overlapping of the active inhibitor
1 with the retroinverted 5, due to the presence of the statine residue (Fig. 3.5),
could well account for the decreased potency of 5 compared to the parent peptide.
But the lack of activity of the two compounds 6 and 7 clearly confirms that the
opposite orientation of the backbone disrupts critical hydrogen bonds involved in

the stability of the inhibitor/enzyme complex.
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3.1.14 Mass Spectrometry of Peptoids: General Considerations

A full structural characterization of peptoids and peptoid-peptide hybrids
by NMR was reported to be severely complicated by the presence of multiple

cis/trans rotamers.”%

This flexibility results from rotation about the tertiary amide
bond, which is favoured compared to the isomerization of a secondary amide
bond in peptides. Conversely, a positive ion mass spectrometry analysis should
not distinguish between a peptide and its corresponding peptoid analogue since
the compounds are isobaric; therefore the spectra should exhibit great similarities.
Nonetheless it was shown that mass spectrometry can play a key role in the

: o . 1204205
unambiguous characterization of peptoids.”
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Figure 3.7. Nomenclature of peptide backbone sequence ions.

The types of fragment ions observed in a tandem MS/MS spectrum of a
peptide depend on many factors including primary sequence, the amount of
internal energy, how the energy was introduced, charge state, etc. The accepted

nomenclature for fragment ions was first proposed by Roepstorff and Fohlman,**®

and subsequently modified by Johnson et al.*"’

(Fig. 3.7). Fragments will only be
detected if they carry at least one charge. If this charge is retained on the N

terminal fragment, the ion is classified as either A, B or C. If the charge is
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retained on the C terminal, the 1on type is either X, Y or Z. A subscript indicates

the number of residues in the fragment.

In addition to the proton(s) carrying the charge, C ions and Y ions abstract
an additional proton from the precursor peptide. For example, the structures of the

six singly charged sequence ions for a tripeptide is reported in Fig. 3.8.

I |T| 1+ | + | I
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Figure 3.8. The six singly charged sequence ions for a tripeptide

Double backbone cleavage gives rise to internal fragments (Fig. 3.9).
Usually, these are formed by a combination of B-type and Y-type cleavage to
produce an amino-acylium ion. Sometimes, internal cleavage ions can be formed
by a combination of Y-type and A-type cleavages, to give an amino-immonium
ion. Internal fragments are labelled with their one-letter amino acid code. An
internal fragment with just a single side chain formed by a combination of Y-type
and A-type cleavage is called an immonium ion. These ions are labelled with the

one-letter code for the corresponding amino acid.
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Figure 3.9. Internal cleavage ions: (A) amino-acylium ion, (B) amino-immonium ion,
(C) immonium ion.
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The proposed nomenclature for assigning sequence ions in peptoids™  is

very similar to that generally used for peptides and is represented in Fig. 3.10.

I L2 A
Yot Yoo A
Xpz 1 Xp2 X1
o iHiol iHiO! HiO! iHio!
CHy=CN+CHCHNECHCEN--- ===~ —-CHCANTCICHNH,
RiH! 'RzHI 1IR3 ' H IRiH.
C. | G o Cox | iCo i
B 1B _Bha 1By
A Az An1 An

Figure 3.10. Nomenclature of peptoid backbone sequence ions.

The convention is applied in such a way that cleavage of the peptoid
backbone still results in couples of complementary sequence ions, A and X, B
and Y, C and Z. Corresponding completely to the nomenclature of peptides, the
N-terminal acyl ions in peptoids are B-type ions, while the A-type ion is a CO
group smaller. Similarly the Y-type ions of peptides and peptoids have a terminal
-NH; and -NH,R group, respectively. In peptoids, A-, B-, X- and Y-sequence ions
have the same mass and elemental composition as those in the corresponding
peptide, and therefore computer programs which correlate mass spectral data to
peptide structures can also be used for these compounds. The C- and Z-type ions
of peptoids, however, are not isobaric and differ by a CH,-CO-NH group (57 amu

less or more, respectively) from the corresponding ions in a peptide (compare
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Figs. 3.7 and 3.10). The order of mass increase for N-terminal sequence ions A,-,
B,- and C,- in peptides has changed into C,-, A,- and B,- in peptoids. In order to
indicate peptoid amino acid residues, the prefix N in the three-letter code or n in

the one-letter code is used.

3.1.1.5 Mass-Spectrometric Characterization of Peptoids

In order to obtain experimental evidence for the occurrence of compound-
specific sequence ions we have studied the spectra of the four molecules whose
structure and fragment-ion assignments are given in Fig. 3.11. The mass spectra

obtained for these compounds are given in Figs. 3.12.

Some general observations can be made for the spectra of all the four
compounds. The peaks observed in the spectra show identity with the desired
products in all four cases. For the two peptide/peptoid hybrids it was possible to
identify the complete Y '-ion series, as well as part of the B-ion series. The
analogue series for the peptide and peptoid compounds were not complete: this
low sequence coverage is most likely due to the fragmentation of the singly
charged precursor. Furthermore, only one peak of the A-ion series was identified
in the spectrum of peptide 1. In general, each peak in the B- and Y-series was
accompanied by peaks at -17, -18 and -35 with respect to its value, corresponding
to the loss of H,O and NHj;: intense losses of water and ammonia are a common

event in peptides and analogues containing Glu and Asn residues.
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Figure 3.11. Structures and sequence ions of compounds 1, 2, 3, 4.
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Figure 3.12. Mass spectra of compounds 1, 2, 3 and 4.
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The spectra of peptide 1 and peptoid 2 (Fig. 3.12 A and 3.12 B) show the
same order of amino acid residues by the occurrence of sequence ions at the
identical masses, although their intensity distribution differs from that in the
peptide. The relative intensity of the m/z 735 and 599 peaks for 2 (Fig. 3.12 B),
corresponding to the Bs- and Y "-ions (in a cluster with the peaks associated with
the loss of water and ammonia) has increased considerably in the peptoid
spectrum, indicating a preferential charge retention on the Nasn nitrogen atom

and C=0 of the Val.

Bearing in mind that the spectra of the hybrids differ entirely from the
former spectra because of their different sequences, so that the analogous ions are
found at different masses, it was still possible to verify that the Bs-ion is the most
abundant product ion to the highest degree in the spectrum of compound 3 (Fig.

3.12 D and E) and, to a lesser extent, also of 4 (Fig. 3.12 F).

Another important difference, visible both by comparing the peptide and
the peptoid and peptidic and peptoidic parts in the hybrids, is the relative
abundance of the peptoidic Y’ ions corresponding to peptoidic parts respect to
peptidic ones. This phenomenon of increased Y '-ion abundances has been
observed previously to even grater extents in the analysis of the CID spectrum of

2%% or in other peptoids-peptides comparisons.*”

the pentapeptide Leu-enkephalin
In particular, while in peptide 1 the only two Y''-type ions of relative intensity
are the heavy Y''s and Y''¢ (at m/z 621 and 735 respectively), in the hybrid
structures the Y''-type ions corresponding to the highest m/z are considerably less
intense than the peaks at lower m/z (especially Y5 and Y"’4), which correspond
to the peptoidic immonium ions. Interestingly, in the peptoid compound 2 not
only the identified ions are the largest in the series (Y '7, Y s and Y''y), but the
only missing in the series is the one corresponding to the monosubstituted Sta
immonium 1ons, confirming the lower stability of those ions. The increased

intensity of Y '-type ions in the case of peptoids compared with corresponding

peptides could be caused by the enhanced proton affinity of the N-atom of the
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amide bond when it is substituted by the amino acid side-chain. It acts this way as
a more basic secondary amine group than the primary amine group in common
peptides. With the exception of the spectrum of the peptic compound 1, all the
other spectra present peaks identified as internal fragments, derived by a
combined type-B and type-Y (amino-acylium ion) or type-Y and type-A
fragmentation (amino-immonium ion). These fragmentations are reported in

Table 3.1, with the proposed structures.

Compound 2
m/z m/z calc Structure (type ion)
690.07 690.81 nN-Sta-nV-nA-nE-nF (amino-immonium)
458.00 457.27 Sta-nV-nA-nE-nF (amino-acylium)
442.12 442.27 nN-Sta-nV-nA or  (amino-acylium)
442.30 nV-nN-Sta-nV (amino-immonium)
371.07 371.23 nN-Sta-nV or  (amino-acylium)
371.23 nV-nN-Sta (amino-acylium)
353.07 353.22 nN-Sta-nV — H,O or (amino-acylium — H,O)
353.22 nV-nN-Sta — H,0 (amino-acylium — H,0)
Compound 3
m/z m/z calc Structure (type ion)
457.13 457.27 Sta-nV-nA-nE or (amino-acylium)
457.30 L-D-Sta-nV (amino-immonium)
Compound 4
m/z m/z calc Structure (type ion)
528.13 527.36 L-D-Sta-nA-nV (amino-immonium)
429.07 429.27 L-D-Sta-nA or (amino-immonium)
429.27 Sta-nA-nV-nE (amino-immonium)

Table 3.1. Masses of fragmentation peaks for peptoid 2 and hybrids 3 and 4.
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3.1.1.6 Tandem MS-MS Experiments for Compound 3

Given the double structure possibility for some of the fragmentation peaks
identified, a detailed investigation of the peak of relative high intensity present at

m/z 457 in the spectrum of 3 was performed.

In order to obtain structural information, additional MS" experiments were
conducted. In a typical tandem MS/MS experiment, a selected ion is isolated and
fragmented. The daughter ions which are generated depend unequivocally on the
structure of the parent ion. This process can be repeated by isolating and
fragmenting a daughter ion in an MS” experiment and the process repeated n
times. Even though the instruments are theoretically capable of MS" with n up to
10, the value of n is typically limited to 3 or 4, because of the diminishing ion

abundance as n increases.

Therefore, by running an MS® experiment on the daughter ion at m/z 457,
we were able to exclude one of the two possible fragments reported in Table 3.1.
The first possible internal fragment Sta-nV-nA-nE, which is characterized by a
calculated m/z of 457.27, would result, in a higher order parent ion scan, in ions at
m/z 328 (-E, that is - m/z 129) and/or 300 (-Sta, - m/z 157). Fig. 3.13 A, B and C
show the three tandem mass spectra of the ion m/z 457, its daughter at m/z 229
and its daughter at 201 respectively. As evident in the figures, neither of the

fragments was detected.

The second possible internal fragment corresponds to the amino-
immonium ion L-D-Sta-nV. A proposed fragmentation pathway (after analysis
with the computer program MassFrontier 4.0) for this ion is reported in Fig. 3.14,
which explains all the major peaks present in the MS" spectra (Figs. 3.13). We
concluded then that the L-D-Sta-nV structure of the amino-immonium ion

correspond in fact to the right hypothesis.
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3.1.2 Macrocyclic BACE Inhibitors

Macrocyclic inhibitors are a novel category of synthetic BACE inhibitors
which preserve a fixed B-strand peptide conformation. We want to test the
proposition that cyclization might force inhibitors into a protease-binding
conformation, namely the B-strand. The induction of the extended conformation
in the macrocycles, if optimally realized by cyclization, is known to increase
binding affinities to the active site cleft because the peptide backbone would be
conformationally preorganized, significantly reducing the entropic penalty in the
binding process and thus inducing enhanced binding affinities. For these reasons,
each macrocycle designed in our current work was conceived to serve as a
structural mimic of a tri-, tetra- or pentapeptide in a constrained [ strand.

Pseudopeptides OMO00-3 and OM99-2, known to be BACE inhibitors and

for which crystal structures are known,*”’®

were used as templates structures to
study the plausibility of a cyclic inhibitor series. The superimposition of the four
inhibitors derived from the two crystal structures of BACE showed a strong
overlapping of the backbone in the extended conformation of the latter between
residues P3;-P,". As already discussed in chapter 1.2.3.3, the extended
conformation is interrupted at residue P, to produce a kink, which leads to a less
rigid preference for both the N- and the C-terminal side of the molecules (Fig.
3.15). These observations suggested the possible truncation of the octapeptide
inhibitors to a shorter length comprising only residues P;-P,” and the subsequent

cyclization of this shortened peptide via a side chain-to-side chain or side chain-

to-peptide backbone ring closure.
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Figure 3.15. Superimposition of the X-ray structures of the BACE-1 inhibitors OM99-2
and OMO00-3. An almost perfect superposition of both the peptide backbone and side
chains are observed in the sequence portion P; to P,". Interestingly, the side chain of the
Asn residue (P, in OM99-2) is displayed in hydrogen bonding distance to the
carboxylate of Glu (Py).

The investigation was then divided in various parts. The first part focused
on the definition of the minimum sequence still retaining activity. A further effort
was put in selecting the best N-terminal portion; we then performed the
evaluation of the best ring pattern; and finally, different diamine linkers were
inserted, with the aim of identifying the optimal length and rigidity necessary to
obtain the entropic advantages potentially offered by macrocyclic BACE

inhibitors.

3.1.2.1 Determination of the Minimum Size of Inhibitory Statine-

Peptides

To achieve the entropic advantages potentially offered by macrocyclic
BACE inhibitors in first instance a screening of the minimal sequence retaining
binding affinity of the linear octapeptides BACE inhibitors OM00-3 and OM99-2
was performed, replacing in those peptides the isosteric hydroxyethyl Leu*Ala
peptidomimetic with either statine, with its leucine-mimetic side chain, or

(phenyl)statine, with the sterically bulkier aromatic group as P; residues. As
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extensively discussed in the Introduction to the present work (chapter 1.2.2),
statines are one backbone atom shorter with respect to a dipeptide or two atoms
longer with respect to a single amino acid, and this characteristics rises the
question to what extent a statine can mimic a dipeptide substrate. The thorough
study done by Powers et al.” suggested that statine might better mimic a
dipeptide. The in silico docking experiments that we performed to clarify the
concern shows as well that in the presence of statine the Val residue occupies a
position which is intermediate between S;” and S,". The first preliminary docking
experiments performed on the proposed macrocycles suggested also that
cyclization would push Val further down in the catalytic clef, undoubtedly
confining its lateral chain in the S,” pocket. For these reasons, statine is

considered here as a dipeptide replacement and thus occupies both P; and P, ".

Peptide ladders were thus designed by the removal of aminoacids from the
fully active octapeptides (Table 3.2). The analysis performed on the crystallized
structure suggested that initially the octapeptide could be shortened to the
(Phe)Sta-tetrapeptide 8 spanning P3-P,". The compounds were all synthesized as
N-acetyl amide derivatives and the N-terminus was acetylated, strategy that
allows the prolonging of the amide module repetitions in two more units with

respect to the unfunctionalized backbone.

Despite the significant size reduction, compound 8 still showed inhibitory
potency in the low micromolar range (K; = 5.4£1.0 uM). The further shortening
at the C-terminus of the molecule (as in compound 9) corresponded to the total
lost of activity, demonstrating that the interaction between Val and the enzyme is
a prerequisite for binding. On the N-terminal side, the removal of Ile (compound
10) depleted also the pseudopeptide of any inhibitory activity. These results taken
together indicate that the sequence P;-P,” can not be further shortened without

loss of activity.

The active compound 8 was extended at the C-terminus by an aspartyl
residue (compound 11), which was conceived as a possible anchoring motif for
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the subsequent macrocycles design. The introduction of the new P;” residue had
mild influence on the activity (K; = 5.4%1.1 uM), which also suggests that, since
Asp P;” is not fundamental for enzyme recognition, its lateral chain could be
effectively utilized for the construction of macrocycles in which the side chain of
this Asp is covalently linked to a second Asp in position P; through a linear
aliphatic or aromatic linker. Truncation of this compound at the N-terminus

resulted again disruptive for the activity (compound 12).

Finally, the comparison between compounds 11 and 13, demonstrates that
replacement of (Phe)Sta with the parent Sta, introduced only a slight decrease in

activity, under the conditions of the study.

Name Formula Ki (uM)
8 Ac-Ile-Asp-(Phe)Sta-Val-NH, 5.441.0
9 Ac-lIle-Asp-(Phe)Sta-NH, >1000
10 Ac-Asp-(Phe)Sta-Val-NH, >1000
11 Ac-Ile-Asp-(Phe)Sta-Val-Asp-NH, 5.441.1
12 Ac-Asp-(Phe)Sta-Val-Asp-NH, >1000
13 Ac-Ile-Asp-Sta-Val-Asp-NH, 8.4£2.6

Table 3.2. Peptide ladders for determination of the minimum size required for inhibitory
activity, expressed as K; (uM).

Having developed an understanding of the minimal sequence preference
for the enzyme, we next evaluated the possible accepted modifications on the N-
terminal side of the inhibitor. For this purpose, a variety of branched chains or
aromatic groups that mimic the P; isoleucine lateral moiety was introduced,
targeting the important hydrophobic pocket that accommodates residue P; on the

enzyme (Table 3.3).
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Name Formula K; (nM)
8 5.4+1.0
o]
)J\N Asp-(Phe)Sta-Val-NH,
H o
14 >1000
Asp-(Phe)Sta-Val-NH,
o]
15 >1000
Asp-(Phe)Sta-Val-NH,
@)
16 >1000
Asp-(Phe)Sta-Val-NH,
0
17 F >1000
E . Asp-(Phe)Sta-Val-NH,
@)
18 >1000
O\ﬂ/ Asp-(Phe)Sta-Val-NH,
)

Table 3.3. Hydrophobic lateral chains mimicking the Ile moiety, which were introduced
to replace the amino acid in position Pj.

Very surprisingly, all replacements resulted in complete loss of inhibitory
activity toward BACE, relative to the activity of the base compound 8. The

reasons for such a trend possibly reside in either the lack of the N-terminal amide
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group, which might be involved in a stabilizing H-bond net, and/or in the high
regiospecificity of the interactions between the acetyl-Ile moiety and the enzyme,
where the stereochemical orientation of the side chain is playing a crucial role, as

shown in particular by the comparison between 8 and 15.

3.1.2.2 Modelling of Macrocyclic Statine-Peptides

A further development in our study was the screening and identification of

the cyclic pattern that would be subsequently used for the optimization.

For this purpose the statine-peptides 8 and 11 were docked to the X-ray
structure of BACE and possible ring closure patterns were analyzed, in which the
main site of interaction with the enzyme would be maintained unaltered and the
backbone of the statine-peptides forced in an extended conformation. Among the
larger variety of possible cyclic structural motifs three approaches were

considered in first instance as promising. These patterns are shown in Fig. 3.16.

The first series of compounds are derived from the crosslinking of the side
chain carboxy groups of the two asparyl residues in position P, and P;” with
diamine linkers of different length and structural character (Side-chain-to-side-

chain cyclization) (Fig. 3.16, type A).

As observed with the activity tests for the linear compound 8, aspartic acid
P;” was not necessary for recognition by the enzyme. This indicated the
possibility of reducing the length of the sequence to the P,” Val and closing the
ring between Asp P, and the main backbone chain in a side-chain-to-head

cyclization with a diamine spacer (Fig. 3.16, type B).
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Figure 3.16. Cyclic peptide motifs designed for the development of potential BACE
inhibitors: A) cyclization is performed between the side chain B-carboxy groups of the
two aspartyl residues of compound 8; B) cyclization occurs between the B-carboxy
group of the Asp residue in P, position and the C-terminal a-carboxy group of the Val
residue via diamine spacers; and C) cyclization is performed between the side chain -
carboxy group of Asp in P, and the a-carboxy group of the C-terminal Asp via diamine
spacers to allow installment of a potential salt bridge between the C-terminal Asp
residue and Arg'*® of the enzyme.

Additionally, a close inspection of the inhibitor 11/enzyme interaction
revealed that the residue Arg'*® is in relative close proximity to the lateral chain
of Asp P;” in the linear compound. It was therefore argued that a free Asp P3’
could be utilized in this case to form a salt bridge with the Arg guanido group,
and to address this possibility, we synthesized a compound in which the cycle is
created between the Asp P, and the backbone (side-chain-to-head), carrying a

non protected Asp P;” (Fig 3.16, type C).

The next step was the definition of the ring size and rigidity. Computer
modeling based on the crystal structure of the enzyme-peptide inhibitor
complexes suggested that the enzyme could effectively accommodate cyclized
tri-, tetra- and pentapeptide analogues of structure types A, B or C using different
diamines as spacers. The diamines were chosen based on length and rigidity, and

the first proposed were 1,3-propanediamine, 1,4-butanediamine, 1,5-
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pentanediamine and the more or less rigid 1,4-phenylenediamine or 1,3-

phenylenedimethanamine.

Inhibitors following this design would have the advantage of being
conformationally restrained and preorganized for binding to the protease with
reduced entropic cost, favoring the acquisition of a B-extended conformation, as
confirmed by molecular dynamics experiments. In addition to this entropic
advantage, cyclic inhibitors are also known to be more resistant to proteolitic

degradation than linear peptidomimetic inhibitors.

Figure 3.17. Top: side view of the catalytic cleft accommodating a macrocyclic
compound of the type C with 1,3-phenylenedimethanamine as linker; bottom: the
chemical structure of the 22-membered macrocycle.
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Fig. 3.17 shows an example of the modeling experiments: it shows the
modeling of one of the type C cycles, which reveals how the lateral chain of Sta
and the aromatic ring of the N-terminal benzyloxycarbonyl group are well
accommodated in two deep hydrophobic pockets corresponding to the enzyme
subsites S; and S; respectively. It also shows the position of the OH group of
statine, responsible for the inhibitory interaction with Asp>* and Asp™®®, directed
toward the hydrophilic cavity created by the two residues. Furthermore, it
demonstrates that the side chain carboxy group of Asp is indeed positioned in
close proximity to the guanido group of Arg'*® confirming the working

hypothesis for this type of macrocycles.

In Fig. 3.18 the same cycle is slightly flipped to display the position of the
linker externally on top of the closed flap. No steric clashes resulted between the

enzyme and any part of the cycle.

Figure 3.18. Side view of the catalytic cleft of BACE with the in silico-bound structure
of a type C macrocyclic compound. The relative position of the protein flap domain and
the spacer of the inhibitor, i.e. the 1,3-phenylenedimethanamide, is well evidenced.

To further confirm the correctness of this working hypothesis, molecular
dynamics were performed on various designed macrocycles and the results,
which will be described in more detail in chapter 3.1.2.5, fully confirmed a

strongly restricted conformational space with the peptide backbone locked in
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extended conformations. In conclusion the results of both molecular modelling
and molecular dynamics confirmed the proposed supposition that this type of
macrocyclic statine-peptides could become a novel category of BACE inhibitors
in which the preorganized B-type conformation of the backbone is stabilized by

the more or less rigid ring structures.

3.1.2.3 Synthesis of Macrocyclic Statine-Peptides

For the synthesis of the linear precursors we have selected the Fmoc/tBu
strategy”"® with acid labile resin linkers depending upon the the target C-terminal
functionality (amide or free carboxy group). The statine derivative used for the
synthesis of the linear precursor was Fmoc protected at the N-terminus and not
protected at the hydroxyl group, since O-acylation was found to occur at
negligible extents even using HOAT/HATU. For the subsequent steps on resin
and cyclization in solution at high dilution, optimal synthetic routes had to be

elaborated for each type of macrocycle.

Synthesis of type A macrocycles

The most suitable way of synthesis of the cycle type (A) was delineated

after a series of preliminary trial synthesis, reported in Scheme 3.2, 3.3 and 3.4.

The first synthetic route was based on the synthesis of peptides protected
on the lateral chain of either one of the two Asp residue with orthogonally
protecting groups that can be removed and further reacted with the
monoprotected diamine linker (Scheme 3.2). The two more suitable orthogonal
protecting groups resulted Dmab*” and AlI*'’, which we then used in our
synthesis. Dmab {B-4-[N-{1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-
methylbutyl} amino] benzyl ester} is a quasi-orthogonally protecting group that
can be removed selectively in the presence of tBu- groups by treatment with 2%
hydrazine in DMF. In our case, a non quantitative cleavage of the Dmab group
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3. Results and Discussion

was observed in experiments performed on aliquots of the resin-linked fully
protected peptide. The same poor deprotection capability was found using
aspartic acid B-allyl ester [Asp(OAll)], which can be selectively cleaved in the
presence of Fmoc- and tBu-based protecting groups by treatment with
Pd(PhsP)y/PhSiH; in DMF.*'"" Only after repetitive deprotection cycles and
extended reaction times in both cases, the reaction proceeded to extents that
allowed the subsequent step to be performed. However, the following coupling
with the monoprotected diamine linker 1,3-phenylenedimethanamine,
monoprotected as Boc derivative, with HOBt/HBTU resulted in extremely low
yields. From these experiments we argued that the lateral chain of Asp was
probably not completely exposed to solvent due to a seemingly difficult sequence,

forcing us to a new strategy of synthesis.

ODmab OtBu OH OtBu
(0] (0] hydrazine / DMF (0] (0]
—— 2:98
R-Asp-Sta—VaI-Asp-NH—O R-Asp-Sta—VaI-Asp-NH—O
NH-B
H,N—L—NH-B e L/NHZ
—L— -boC |
2 NH OtBu ng / 2“250 /2T5'5 NH OH
HBTU /HOBt O o e o o
DMF
R-Asp-Sta-VaI-Asp-NH—O R-Asp-Sta-Val-Asp-NH,
HN—5—NH

HATU / HOAt — N
DMF © ©

R-Asp-Sta-Val-Asp-NH,

Scheme 3.2. This syntetic route foresees the synthesis of a suitably protected statine-
tetrapeptide with the two Asp residues protected in selective manner at the carboxy side-
chain groups to allow for regioselective deprotection of one carboxy group for
subsequent attachment of the diamine spacer and after full deprotection and cleavage
from the resin, to perform the final cyclization in solution. The route failed in the
coupling step of the mono-protected diamine on resin.

A second strategy was the synthesis of the peptide amide on the resin using

Fmoc chemistry on the main chain and the classical tert-butyl esters protection
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3. Results and Discussion

for both the Asp residues. After acidolytic cleavage from the resin and complete
deprotection, it was reacted with the free diamine linker (Scheme 3.3), applying
the principle of high dilutions (10 M). Under these conditions, a reaction
between three molecules should represent an extremely rare event, in both the
possibilities of a coupling between one molecule of peptide and two diamines or
the cross coupling between one diamine and two peptides. Once a diamine reacts
with one free Asp, the vicinity of the second Asp to the second amine group
should drive to the formation of the cycle. This second way resulted more
effective, some level of cyclization was detected but the final reaction mixture
proved to be rather complex for isolation of the desired product in satisfactory

yields, and for these reasons a more adequate approach was attempted.

OtBu OtBu OH OH
o TFA/H,0/TIS o o
E— 95 25:25
R-Asp-Sta-Val-Asp-N H—O R-Asp-Sta-Val-Asp-NH,
H,N—L—NH, HN/L\NH

o)
HATU /HOAt
DMF R-A

Scheme 3.3. Synthesis of the linear precursor followed by simultaneous resin-cleavage
and deprotectetion of both side-chain carboxy functions for subsequent one-pot
cyclization in solution via the unprotected diamine spacer.

sp-Sta-Val-Asp-NH,

The third and most efficient way for the synthesis of the cycles is outlined
in Scheme 3.4 and required the preliminary synthesis of the Asp building block,
protected at the N-terminus with either Fmoc- or Z- (according to the target
macrocycle) and the incorporation of the Boc- monoprotected diamine linker in
solution. Such functionalized Asp is then incorporated in the chain during the
elongation steps of the linear peptide on solid support. After the cleavage from
the resin of the linear compound with concomitant removal of the Boc protecting
group, a cyclization reaction is performed under high dilution conditions, which

favour the intra- over the intermolecular reaction.
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Boc,O
HoN—L—NH; . H,N—L—NH-Boc
dioxane / H,O
1:1
NH-Boc

II_/
OH NH

© H,N—L—NH-Boc o

Fmoc-Asp-OAll HBTU /HOBt Fmoc-Asp-OAll
DCM
NH-Boc
L/
Pd(PPhj),, PhSiH; NH
o
DMF
Fmoc-Asp-OH
NH-Boc
% L/NHZ
|
- . NH OtBu TFA/HO / TIS NH OH
— (0] e} 95:25:25 o o
R-Asp-Sta-Val-Asp-N H—O R-Asp-Sta-Val-Asp-NH,
—l—
HATU / HOAt o N NH o
DMF

R-Asp-Sta-Val-Asp-NH,

Scheme 3.4. The aspartyl residue is converted into the f-amide with the mono-protected
diamine spacer and then directly used in the synthesis of the linear precursor.
Deprotection and resin-cleavage afford the intermediate for the final cyclization with
reagents such as HOAT/HATU.

Several important considerations were necessary for the cyclization step.
In the synthesis of cyclic peptides, it is conventional wisdom that the ease of the
reaction depends largely on the size of the ring to be closed, and that no
difficulties arise for the cyclization of peptides containing seven or more amino
acid residues. Although ring closure with hexa- and pentapeptides is more
difficult, the ease of cyclization is often enhanced by the presence of turn

. . . . . . . . 1212214
structure-inducing amino acids such as glycine, proline, or a D-amino acid.
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3. Results and Discussion

For linear peptides that do not contain amino acid residues that stabilize turn
structures, the cyclization reaction is generally a disfavoured or slow process, and
side reactions such as cyclodimerization, may prevail even operating at high
dilutions (107-10* M). For such slow cyclizations the increased lifetime of the
intermediate activated linear peptide provides an opportunity for increased
epimerization at the C-terminal residue via the 5(4H)-oxazolone mechanism.*"
This aspect was a particular concern for type B and C macrocycles of the present
study. The extent of epimerization may be diminished by application of the azide
method.*' However, this method and its modifications are extremely slow,

. . 21621
usually requiring many hours or even several days for completion.”'®*"” In

comparison with those methods, strong acylating procedures such TBTU/HOBt*'®
and PyBOP'”>'° provide fast cyclization®” but may also lead to C-terminal

epimerization levels that are comparable to those observed with DCC/HOBt.**

Taking into account these considerations, for a trial synthesis of cycle A
(for which no epimerization at the C-terminus is possible) in first instance we
used the coupling reagents PyBOP/HOBt, since PyBOP is reportet to be
particularly suited for sterically demanding or hindered coupling reactions. Even
though the reaction proceeded with relatively good yields, it was accompanied by
the formation of a subproduct characterized by an intense peak of m/z 258.2
[M+1]" and 515.6 [2M+1]" and identified as tripyrrolidinophosphonium oxide
(MW_,: 257.3), which was difficult to separate from the desired product via
preparative HPLC.

For these practical reasons the second coupling reagent HATU/HOAt
method was tested, which is known to give improved results with regard to both

o4 moreover, the

speed and maintenance of chiral integrity at the C-terminus;'
reaction results in water soluble subproducts, readily removed by regular washing
steps. Accordingly, this reagent was applied for the production of the type A

macrocycle, but also of the type B and C macrocycles
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3. Results and Discussion

Synthesis of type B macrocycles

For the synthesis of the second class of cycles (Fig. 3.16, type B) again the
Asp building block already derivatized with the protected diamine linker was
introduced during the synthesis of the peptide acid on 2-chlorotrityl chloride resin
(Scheme 3.5). After cleavage from the resin and the simultaneous deprotection
step by acidolysis, cyclization is performed under conditions of high dilution by

HATU/HOAL, yielding the desired product.

NH-Boc NH
v e
NH TFA/H,0/ TIS NH
o e} 95:25:25 o
R-Asp-Sta—Val—O R-Asp-Sta-Val-OH

HN L
HATU / HOAt
DMF 02% \NH

R-Asp-Sta-Val ‘4
O

Scheme 3.5. Synthetic route for the synthesis of type B macrocycles. The Asp residue is
derivatized with the monoprotected diamine and then introduced in the peptide using
regular Fmoc/tBu solid phase synthesis of the linear precursor on 2-chlorotrityl chloride
resin. After acydolytic resin cleavage and deprotection, cyclization is performed in
solution at high dilution (R- = Z-; L = spacer)

Synthesis of type C macrocycles

For the synthesis of type C macrocycles (Scheme 3.6), a protection of the
B-carboxy group of the C-terminal aspartyl residue in P;” orthogonal to Fmoc
protection scheme was required. This protection has to be maintained during
cyclization of the peptide between the C-terminal carboxy group and the amino
group of the already incorporated diamine spacer. The Dmab ester protection was
selected for this purpose. Following cyclization in high diluted conditions,
deprotection with 2% hydrazine in DMF afforded the desired cyclic product in
good yields (Scheme 3.6).
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I_/NH-Boc L/NHZ
|
NH opmap  TFA/HO/TIS NH ODmab
— o o 95:25:25 o o
R-Asp-Sta-Val-Asp R-Asp-Sta-Val-Asp-OH
HN L HN L

HATU / HOAt Hydrazine / DMF NH
DMF R-Asp-Sta—VaI-Asp’< 2:98 R- sp-Sta—VaI-Asp’<
o

0

o =

DmabO HO

>

Scheme 3.6. Synthetic route for the type C macrocycles. The C-terminal Asp residue is
orthogonally protected with Dmab, while the N-terminal Asp residue, derivatized with
the monoprotected diamine, is incorporated in the linear precursor during the regular
Fmoc/tBu solid phase synthesis on 2-chlorotrityl chloride resin. Cyclization is performed
after cleavage from the resin, followed by the final deprotection of Dmab (R- =Z-; L =
spacer).

3.1.24 Inhibitory Potencies of the Macrocyclic Statine-Peptides

In a first generation of macrocycles A, B and C, statine was incorporated
as transition state analogue and the isoleucine as P; residue was substituted by the
more flexible and aromatic benzyloxycarbonyl (Z) group. The tree different
cyclic compounds were synthesized using two different aromatic spacers for
cyclization, 1,3-phenylenedimethanamine and the more rigid 14-
phenylenediamine. The inhibitory activities of a first series of the macrocycles

type A, B and C are compared in Table 3.4, 3.5 and 3.6 with the linear precursors.
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Spacer R—Asp—X-Val-Asp-NH, K; [HM] R—Asp—X-Val-Asp-NH, K; [HM]
i L
H 19 >1000
HZN\QfNHZ 20 >1000 21 >1000
N, 22 >1000 23 44 £ 18
Table 3.4. Inhibitory potencies of type A macrocycles and their linear precursors with
X = Sta.
Spacer R—Asp—X-Val-OH Ki [uM] R—Asp—X-Val Ki [uM]
L ——
H 24 >1000
HZN\@NHZ 25 >1000 26 >1000
N, 27 >1000 28 >1000
Table 3.5. Inhibitory potencies of type B macrocycles and their linear precursors with
X = Sta.
Spacer R—A?D—X—VBJ—ASD-OH K; [uUM] Ox_OH K; [uUM]
L R—Asp—X-Val-Asp
L]
H 29 >1000
HZN\QfNHZ 30 >1000 31 >1000

Table 3.6. Inhibitory potencies of type C macrocycles and their linear precursors with

X = Sta.
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3. Results and Discussion

For the type A cycles (Table 3.4), all the linear compounds tested 19, 20,
22 resulted not active: this was not surprising if we keep into account the result of
the linear compounds tested previously, in which the N-terminal Ile was replaced
by a non chiral, flexible acyl mojety (see chapter 3.1.2.1). Also the attempt of
side-chain-to-side-chain ring closure with a flexible diamine like 1,3-
phenylenedimethanamine resulted in no improvement to the activity of those
compounds. More interestingly, a more rigid diamine linker, such as 1,4-
phenylenediamine, introduced to conformationally restrict the peptide, increased
the inhibitory activity to the low micromolar range, demonstrating the potentials

of'a macrocyclic ring closure and confirming the working hypothesis.

Analogously, it was not surprising that the linear compounds 24, 25, 27, 29
and 30 were not active. More surprising, given the promising results of the
molecular modelling experiments, was that none of the cycles type B (Table 3.5)

nor C (Table 3.6) resulted active.

Based on these results and taking into account the observation that the N-
terminal hydrophobic pocket was essential for positive inhibitor/enzyme
interaction, as well as the higher affinity showed by the enzyme for (Phe)Sta with
respect to Sta, a new series of macrocycles type A was generated. The preferred
Ile was introduced in position P; to replace the Z group at the N-terminus, while
(Phe)Sta replaced Sta in the central inhibitory core. Cyclization reactions were
performed with aromatic (1,3-phenylenedimethanamine and 1,4-
phenylenediamine) and aliphatic (1,3-diaminopropane, 1,4-diaminobutane, 1,5-
diaminopentane) linkers and a new series of compounds was studied. Inhibitory

activities are reported in Table 3.7.
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Spacer R—Alls_p—X—VaI-Asp-NHz K; [uUM] R—ATp_—XL-EArsp-NHZ K; [uM]
H 11 54+1.1 -

HN SN, 32 135+ 12 33 10.5+1.5
HN SN 34 71+8 35 125+1.7
HNSSN 36 1614 37 102+ 1.6
HZN’\E)”NH2 38 5.9+0.6 39 2.8+£0.6
uxC)-n, 40 7.5+0.8 41 not soluble

Table 3.7. Inhibitory potencies of type A macrocycles and their linear precursors with
R = Ac-lle and X = (Phe)Sta.

The linear compounds carrying an aliphatic diamine linker on the Asp
lateral chain (32, 34 and 36) resulted all considerably less active with respect to
the unmodified linear compound (11); nevertheless, cyclization resulted in
macrocyclic peptides with a 13-, 5.6- and 1.5-fold increase in inhibition

respectively (peptides 33, 35 and 37), despite their flexibility.

The insertion of aromatic linkers in the linear compound (compounds 38
and 40), appeared to be less disturbing to the overall inhibitor recognition by the
enzyme, if compared with the aliphatic spacers, showing activities that were
comparable with the one of the linear, non modified compound (11). The closure
of the macrocyclic ring via the aromatic relatively flexible diamine 1,3-
phenylenedimethanamine to partially constrain peptide 11 resulted in a 2-fold
enhanced binding affinity (peptide 39). Unfortunately, the cyclic peptide 41,
incorporating the 1,4-phenylenediamine rigid linker to freeze the structure in an
extended conformation, was insoluble in the assay buffer. Nevertheless, these
findings confirm the validity of the concept and suggest that an improvement in

solubility of compound 41 could lead to submicromolar inhibitors.

92




3. Results and Discussion

3.1.2.5 Molecular Modeling of Compounds 23 and 39

In order to investigate the validity of the approach and the effects of
cyclization on the conformational space of the macrocycles, compound 23 and 39
were additionally studied with molecular dynamics experiments. Fig. 3.19

presents the superimposition of the 10 lowest-energy structures of compound 23.

Figure 3.19. Ensemble of the 10 lowest energy structures of the macrocycle 23 as
resulting from molecular dynamics.

The superimposition validates our reasoning that cyclization consents the
building of a rigid structure in which the backbone of the peptide is constrained in
a fully extended conformation. Only the benzyloxycarbonyl moiety appears to be
occupying a relaxed conformational space. Superimposition of this structure with
the inhibitor OMO00-3 in the enzyme-bound state (Fig. 3.20) shows the reasonable
backbone overlapping with the backbone of the molecule obtained from the
crystal structure analysis; additionally the lateral chains responsible for
recognition of the enzyme [namely (Phe)Sta or Sta in position Py, Z in P3, Val in
P,’] are positioned in the same range; most importantly the statine hydroxyl group
responsible for inhibition is directed toward the enzyme in a manner similar to the
reference inhibitor OMO00-3. A similar good overlapping was also found for the

more flexible macrocycle 39 (also represented in Fig. 3.20).
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3. Results and Discussion

Figure 3.20. Superimposition of inhibitors OMO00-3 (atom colour), compound 39 (grey)
and compound 23 (orange).

Docking experiments were also performed for a better understanding of the
interaction between the macrocycles and the enzyme. The structures of the
inhibitors 23 and 39 resulting from the molecular dynamics were docked on the
enzyme pocket (Fig. 3.21). It was possible to exclude clashes with the enzyme,
also in the more rigid and possibly less accommodating structure of compound
23. Pockets S;, S; and S,” in the enzyme appear to well accommodate the
hydrophobic lateral chains of the inhibitors and the linker appears to be
positioned into the bulk water, not interfering with the flap domain that closes the

proteolitic cavity.

Figure 3.21. View of the binding pocket with the superimposed inhibitors OMO00-3
(atom colour), compound 39 (grey) and compound 23 (orange)
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3.1.3 Amino-Benzoic Acid Approach

In efforts to fight the human immunodeficiency virus (HIV-1), the cause of
acquired immunodeficiency syndrome (AIDS), potent inhibitors of HIV-1
protease were identified with desirable antiviral activity and pharmacologic
properties. Among those, Braztel and co-workers discovered isophthalamide
through application of known asparagine replacements to the P,-P; region of the
molecule.”*! The isophthalamide was confirmed to be an optimal N-terminus for
BACE-1 inhibitors as well.””* The observation that replacement of the aspartic
acid in position P, for a covalently bound (like in the cyclic BACE-1 inhibitors)
or H-bonded (like in inhibitor OM99-2) aspartic acid suggests that both polar and
lipophilic side chains in this region are well-tolerated by the enzyme.
Furthermore, the aspartic acid was used in our design as an anchoring group for

the construction of rigid rings.

With these observations in mind and in order to bias the molecule into a
low energy conformation suitable for binding, we decided to use different amino-
benzoic acid scaffolds to rigidify the backbone of the peptide in the otherwise
flexible P, position. A second step would be to exploit the insertion of a
carboxylic acid moiety in the aromatic ring that will serve to link it via a spacer to
the Asp-P;". A further step could be the insertion of a hydrophobic chain oriented
appropriately to bind to the S; pocket (Scheme 3.7).
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o o
o) y 9 H 9 OH Asp replacement § H 2 Hof o
AN N N N\AN NH, AN N N N\)kN NH
: : H 5 :
H (@] H OH O /\ H 0] o ‘ = H OH O /\ H o
¢}
HO

Ring closure
o Study of possible o o
R H hydrophobic groups )k H H
ﬁ*N A S N ﬁ*N A
&- H &u o o H o b H %1 o o
NH NH
o HN\ NH, o HN\ NH,
L—N L—N
H OO H O O

Scheme 3.7. A new concept for the design of cyclic inhibitors of BACE-1: investigation
of the insertion of an amino-benzoic acid in position P,; assessment of the possibility of
ring closure based on the amino-benzoic acid with a spacer L; minimization of the
structure and addressing of special pockets.

The aim of the first series of molecules synthesized was to define the best
amino-benzoic acid for our purposes. Four molecules were synthesized and tested

for biological activities, the results are reported in Table 3.8.

From the modeling performed in advance, the less probable molecule to
bind BACE-1 was compound 44, a fact which was indeed confirmed by the
activities: the reason has to be searched mainly in the long stretch that the
aromatic ring produces, which forces the Ile further down in the catalytic cleft,
away from the important hydrophobic pocket that should otherwise accommodate
it. Modeling experiments supported that an ortho linkage (42) would serve to
orient favourably the Ile CO to gain a hydrogen bond with the enzyme. However,
the lack of activity clearly contrasts this modelling based expectation. The meta
orientation of the ring 43 proved to be the most appropriate, both in terms of
orientation of the amide ring and distance between the two amide bonds, and was

then chosen for further studies.
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Compound Peptide Structures Ki (nM)
42 o] H o] H >1000
)J\N N NT Y \)J\NHZ
H o H 6H o A
43 o) H o) H 47+6.0
)J\N N NT \)J\NHz
H o H o on o Al
44 0 H o) y © >1000
)J\N N—< >—LLN ; N\;)J\NHZ
0o H 6n o Al
45 o) o) 0 6.5+0.7
H H
)J\H N\©f‘\H ; N\_)J\NH
o} (|) OH O _A_

Table 3.8. Inhibitory activity data for the 4 compounds synthesized, carrying an amino-

benzoic acid replacing the aspartic acid in position P;.

A very interesting development was given by the methoxy substituent in
para position of compound 45. From the modelling it was not possible to identify
favourable interactions that could explain the 7-fold increase in activity with
respect to compound 43; a plausible explanation is that the oxygen forms an H-
bond with the amine group of statine, with an additional stabilizing effect of the

structure. As a consequence, this substituent can be used either as the base for the

closure of the macrocycle (Scheme 3.7) or as a general structural motif.

This first study, nevertheless, introduces interesting new structural aspects

for further elaboration.
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3.1.4 Synthesis of Di-Substituted Statines

When compared to a dipeptide (Fig. 3.22), statine is one backbone atom
shorter than a dipeptide and it lacks a R, side chain; thus, as discussed previously,

statines as TSA can not be considered as an ideal dipeptide isostere.

A B c
R, 0 R R, R
H 1 1 2
N
\H/kﬂ/ \-)J\ \NW \NW
0O R, H o1 o H 61 o

Figure 3.22. Structural differences between transition-state isostere dipeptide mimetics:
(A) native peptide, (B) statine, (C) di-substituted statine.

Therefore, functionalization of the statine in position C,, could possibly

improve the activity of aspartic protease inhibitors. Di-substituted statines are

223,224 225,226

components of bleomycin and dolastatines, and a number of synthesis
specific for these natural products have being developed. The (2,3)-syn-2-alkyl
stereoisomers have been obtained also via a number of chiral auxiliary mediated

227,228

reactions, while the 2,3-anti stereoisomer has been less explored.229

The aim of our project, the introduction of a side chain on the C, could
open a completely new field in the search for small molecule inhibitors of
BACE-1 particularly by improving the interactions between the cyclic inhibitors

and the enzyme.

R R R R R R R R
H 6H O H 6n o H on o H

OH O

2R, 35, 4S 2§, 3§, 4S 2R, 3R, 4S 2S, 3R, 4S

Figure 3.23. Structures of the 4 possible diastereoisomers of a di-substituted statine
carrying a fixed 4S substituted carbon.
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For this purpose molecular dynamics experiments were performed to
identify the absolute configuration at the asymmetric centres C;, baring the
hydroxyl group, and C,, carrying the additional side chain; the stereochemistry

for C4 was maintained fixed as derived from L-amino acids (Fig. 3.23).

The known 1.9 A%® and 2.1 A™ crystal structures of BACE-1 bound to
octapeptide mimetics were used as the starting point. An octameric inhibitor was
constructed, of general formula Glu-Leu-Asp-XSta-Val-Glu-Phe, with XSta
representing the di-substituted statine in 4 diastereoisomeric states that differ in
the configuration at C, and Cs, with either one of the two configurations R and S,
while C4 was maintained with an S configuration (corresponding to the natural L-

configuration).

A conformational analysis of these initial structures was performed using
the program Insight II. This program generates the most energetically stable
conformations of a target molecule; by docking the resulting structures on the
enzyme, we were able to evaluate the compounds with the highest affinity for the

enzyme.

The resulting best structure was the one having carbons 2 and 3
respectively in R and S conformation. It was also noticed that even though a
change in the absolute configuration at carbon 2 was still tolerated, the analogous
modification at C; would create destabilizing clashes with the enzyme, besides
moving the hydroxyl group away from the correct orientation toward the catalytic
clef: the resulting 2R, 3R and 2S, 3R structures were thus the least tolerated of the
series. The 2R, 3S conformer was therefore used to analyze different lateral
chains on C, and C4. From all these iterations, a careful examination of each
target in the active site of the enzyme allowed us to obtain a rough scale of

possible alternatives to the amino acids already tested. The results are reported in

Table 3.9.
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P4 P3 P2 Pl P1, Pzr Pgr P4’
Glu TIle Asp Leu Leu Val Glu Tyr

Phe Phe Phe Gln
Met Met Met
Val Lys

Table 3.9. Analysis of the best accommodated amino acid chains in the pseudo
octapeptide Glu-Leu-Asp-XSta-Val-Glu-Phe, where XSta is a di-substituted statine
carrying the P; and P, " lateral chains on the C4 and C; of statine, respectively.

3.14.1 Lithium Enolates

A first approach to the synthesis of di-substituted statines started from a
published procedure.”® According to this method, the (2,3)-anti stereoisomers are
synthesized (Schemes 3.8 and 3.9) as separable diastereomers by employing an

aldol methodology.

j\ THF, 2h A\
/>N NN O N~
&9 T

OH NaOH (o} Na

THF, 0°C, 1h
47
THF, 0°C, 3h
o
46 + 47 total yield three steps ;@

55%

o TBTU,HOBY,
_DIEA _
)V PN OH + CHsNHOCH, )V
N 95%
e
LIAH,
Et,0, 0°C, 1h
49

98%

Scheme 3.8. General preparation of 2,6-dimethylphenyl isocaproate (48) and Boc-
leucinal (50), starting materials for the subsequent aldol reaction.
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In order to achieve the synthesis of the two 2,3-anti-products 52, the
synthesis required the preparation of two adducts, 2,6-dimethylphenyl isocaproate
48 and Boc-leucinol 50. Compound 48 was obtained in three steps: (1) 4-
methylvaleric acid was added dropwise to a stirred solution of
carbonyldiimidazole in THF and stirred for 2 h; (2) a solution of 24-
dimethylphenol in THF was added to a suspension of NaH in THF at 0 °C and
stirred for 60 min (during this time, the solution became homogeneous with a
light purple color); (3) the acyl imidazole solution was added dropwise to the
sodium phenolate solution at 0 °C, and was stirred for 3 h, to obtain the final
desired 2,6-dimethylphenyl isocaproate 48 (total yield for all three steps was
55%). The aldehyde was obtained using the known Weinreb method:*' the N-
protected amino acid is converted to the N-methoxy-N-methyl amide (Weinreb
amide) through a coupling with N,O-dimethylhydroxylamine and the Weinreb
amide is then reduced to its aldehyde with LiAlH4. The following deprotonation
of 2,6-dimethylphenyl isocaproate 48 with LDA yielded the lithium E- and Z-

230
f

enolates, which, as reported in the Ref ©°°, should have reacted with Boc-leucinal

to yield the pair of 2,3-anti and 2,3-syn products 52 via the Zimmerman-Traxler

.- 232
transition state.

LDA
o/\© THF, -78°C, 1h X O/\© . XN (0]
. o
o ° Li*
48 z 51 E
(0] 74»
51 + J\ H
(e} N THF, -78°C,1h

H (@]
50

o _
o) + 2
o P 0
OH O H on o
52

(2,3)-anti (2,3)-syn

Scheme 3.9. Supposed preparation of the two possible 2,3-anti and -syn compounds 52
using 2,6-dimethylphenyl isocaproate (48) and Boc-leucinal (50) as starting materials.
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The reaction was attempted several times, by vary temperature (-20 °C,
0 °C, RT), solvents (THF, Et,0), lithium base (lithium diisopropylamide, butyl
lithium), quantities of reactants and duration of the reaction, but neither of the

products 52 was ever found in the final mixture in any of the experiments.

In order to exclude manual defects in carrying out the synthesis and to
have a better understanding of the reaction system, the same procedure was
performed using a less sterically hindered, commercially available aldehyde

(anisaldehyde) and ester (ethyl acetate), as reported in Scheme 3.10 and 3.11.

LDA o
o O .\ X
0 THF, -78°C, 1h o L0
Li* Li
z E
51

48
THF, -78°C,1h
/ H / OH O
53

Scheme 3.10. Aldol addition trial: 2,6-dimethylphenyl isocaproate (48) and the
commercially available anisaldehyde were reacted in order to verify that the
experimental procedure was correct.

The reaction was carried using the conditions reported in the original
paper. Compound 53 was obtained in good yields (from HPLC) as the major peak
of the reaction. Its identity was confirmed by mass spectrometry (Fig. 3.24) on
the crude mixture from the reaction: compound 53 (MW: 356.47) gave a mass

spectrum of 339.2 [M-H,O+H]" and 217.2 [M-(2,6-dimethylphenol) +H]".
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Figure 3.24. Mass spectrum of the crude mixture resulting from the reaction reported in
Scheme 3.10.

The same critical test was performed on the synthesized Boc-leucinal (50)

and ethyl acetate, which was previously treated with LDA (Scheme 3.11).

o LDA o

Ao~

THF, -78°C, 1h

o} j\
— o
o )VOJ\N Rl 1HE, 78°C, 1h )VO N ~
H

50

Scheme 3.11. Aldol addition trial: Boc-leucinal (50) and ethyl acetate were reacted in
order to verify that the experimental procedure was correct.

Also 1n this case the reaction gave the desired product compound 55 (MW:
303.40), which showed a mass spectrum of 304.2 [M+H]', and the two

characteristic peaks corresponding to the fragmentation of Boc at 248.2 and 204.2

(Fig. 3.25).
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Figure 3.25. Mass spectrum of the crude mixture resulting from the reaction reported in
Scheme 3.11.

We interpreted these results from the trial reactions as proof that both the
aldehyde and the ester were treated correctly during the procedure and that no
technical problem was responsible for the absence of the desired product 52 in the
reaction of interest. A possible, plausible explanation for this result is that the
difference in sterical hindrance of compounds 50 and 51 with respect to the
aldehyde and ester used in the trial reactions plays a major role in the reactivity of

the two compounds.

3.14.2 Boron Enolates

A long standing problem associated with the aldol addition reaction in
general and the chiral auxiliary mediated methodologies in particular, are the
production of anti-aldol products. Most of the auxiliaries developed to date
preferentially give syn-aldol products. The main problem arises from the fact that
E-configured enolates, needed in the closed transition state to give the anti
products, are not favored. Thus, one important direction of organic chemistry in
the future is the development of practical and inexpensive reagents which induce

preferential formation of E-enolates.

One potential class of such reagents has been presented by Abiko and
Masamune starting from the commercially available (-)-norephedrine (Scheme
3.12).23%* According to their work, under optimized conditions, the boron E-
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enolate is obtained exclusively; it is reported then to react with a broad range of
aldehyde substrates, including aliphatic, aromatic, o,pB-unsaturated, and

functionalized aldehydes, to afford aldols in up to 99:1 anti:syn selectivity ratio.

o ab o on O OH
P E—— XCOJ\‘/\R . xCoJﬁ)\R
XcO -989
90-98% I 5

anti/syn>98:2

Ph

Meﬁ)\
Xc:

/N\
Bn~ “SO,Mes

Scheme 3.12. Anti-selective boron-mediated asymmetric aldol reaction of carboxylic
esters. a) (CHex),BOT{, Et;N; b) RCHO.

According to Abiko and Masamune’s work, essential for the predominant
formation of the anti-aldols is the reaction of an ester consisting of a sterically
bulky alcohol with dicyclohexylboron triflate and then triethylamine. The use of
other boron auxiliary groups (dibutylboron triflate, dicyclopentylboron triflate) or
other amines (diisopropylethylamine) was also investigated, but it was shown that

it would affect negatively the reactivity and/or the selectivity of the reaction.

The method presented the highest stereochemical selectivity among the
ones found in literature, and for this reason, even though the reaction consisted of
numerous steps and the use and preparation of non-commercially available boron
auxiliaries required special care during operation, it was decided to use this

method to attempt our synthesis.

The ester reported in Scheme 3.13, modified for our purposes as in
compound 61, was prepared from commercially available (-)-norephedrine (56) in
four steps™ (Scheme 3.13): (1) selective sulfonylation of the amino group with
mesitylenesulfonyl chloride and triethylamine to give compound 57;%° (2)
selective N-alkylation with benzyl bromide in the presence of base (K,COs; in

CH;CN) afforded 58; (3) synthesis of the 4-methylpentanoyl chloride 60 from 4-
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methylpentanoyl acid 59; (4) the final acylation with 4-methylpentanoyl chloride
and pyridine afforded compound 61.

BnCl, BuNI
MesSO,Cl, Et;N K»CO3 CH4CN,
OH " Ch,Cl, 2h refl., 17h OH
HaC™ NH, 90% HsC 78% HaC l}l/\©
56 0=5=0 0=5=0
58
SOCl,, 1h
OH 0% cl
o) o)
59 60
o
0
Py, CH,Cl,

0°C to RT, 13h
58 + 60 HsC™ N
85% 0=S=0

Scheme 3.13. Synthesis of the norephedrine-derived propionate ester designed for E-
enolate and anti-aldols generation.

The reactions proceeded without difficulties in very good yields, as shown
in the scheme.

The next step was the more difficult synthesis of the boron auxiliary®”***

(Scheme 3.14).
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F
O + BH3/ SMes 0°C, 3h B hexane, 1h, RT B g F
total yield two steps
35%

62 63

Scheme 3.14. Synthesis of dicychlohexylboron trifluoromethanesulfonate.

Given the presence of highly reactive boron compounds, the reactions had
to be carried out in very dry conditions in argon atmosphere. All the solvents had
to be dried and the glassware oven-dried overnight; argon had to be flushed
before any addition of the reagents and the use of rubber septa was essential. The
difficulty of the reaction required the setting up of all the material and the
glassware in a very careful way, and it was necessary to repeat it several time

before the yield given in the scheme (total for the two steps) could be obtained.

The cyclohexene was placed in an oven-dried, nitrogen flushed flask,
capped with a rubber septum. Dry diethyl ether was added at 0 °C and the borane-
dimethyl sulfide complex was added dropwise, and then the whole reaction
mixture was stirred for 3 h at 0 °C. A solid formed, the supernatant organic
solution was removed, and the residual solid was dried under vacuum to give
dicyclohexylborane (62), which was used for the preparation of the triflate
without purification. The solid was suspended in dry n-hexane and
trifluoromethanesulfonic acid was added dropwise stirring. The solid gradually
disappeared. The reaction was left for 1 h without stirring. A semi-solid phase
appeared and the top layer was transferred into a dry flask with a syringe.
Crystalline c-Hex,BOTT (63) is obtained by placing the flask in a -20 °C freezer
for 36 hours, it was dried and redissolved in n-hexane to give the stock solution

used for the next reaction (Scheme 3.15).

The aldehyde necessary for the following reaction was synthesized using

the Weinreb amide procedure, as previously reported in Scheme 3.8.
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v |
' H
CHeX\B/CHeX )Vo H
T 49 @)
EtzN, CH,Cl, O~
-78°C, 2h ; -78°C, 1h

2. 30% H,0,,
pH 7 buffer-MeOH

61 + 63

K;@
TERE ?@f

(2,3)-anti (2,3)-syn

Iz

Scheme 3.15. Scheme of the anti-selective boron-mediated asymmetric aldol reaction of
carboxylic esters.

According to the method, compound 61 should react with the
dicychlohexylboron trifluoromethanesulfonate 63 and then triethylamine to form
predominantly the E-enolate intermediate. The next reaction with a designated

aldehyde should then afford essentially the anti-products 65.

The reaction was attempted several times, with variations involving
especially times and temperatures, but the products were never found in the final
mixture. At the light of the previous reaction (chapter 3.1.4.1), this result was not
surprising and our conclusion is that the sterical hindrance of the molecules

indeed plays a major role in their scarce reactivity in this system.
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3.143 Epoxide Opening with a Grignard Reagent

In this last attempt, we tried the development of a convenient procedure
for the synthesis of di-substituted statine analogues from a modification of the
synthesis of 2-heterosubstituted statine derivatives presented by Gstach and

239
coworkers.

The synthesis involves the conversion of a protected L-
phenylalaninol to a y-amino a,pB-unsaturated ester, its highly diastereoselective
epoxidation, followed by regioselective ring opening of the 2,3-epoxy esters with
a Grignard reagent, resulting in 2-substituted statine derivatives. According to this
work, the synthetic route was characterized by an extremily high stereochemical
control, allowing the preparation of molecules with the desired stereochemical

orientation. The synthesis, modified for our purposes, followed the routes

described in Scheme 3.16.

(COCI),, DMSO, TEA,

j\ CH,Cl, -55°C, 1h j\
OH H
AL, 40

N
82% H o
66
PhCH3 80°C, 1h
67 + PhsP=CH,CCOEt )V
O%
+ PhgP=0
DCM, RT,
5 days jj)\
68 + MCPBA O
53% )VO N
O

69

CuCN, Et,0, RT

O

OH O
70

69 +  Me-MgBr

Scheme 3.16. Epoxide opening with a Grignard reagent for the synthesis of di-
substituted statines.
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According to this scheme, protected (S)-phenylalaninol (66) was subjected
to Swern oxidation,”*" and the intermediate aldehyde was transformed by Wittig
reaction to the corresponding y-amino o,B-unsaturated ester 68. The configuration
of the olefinic double bond of 68 is defined trans in the reference paper; in our
work, the configuration was not determined. Upon treatment of the electron-
deficient y-amino olefin 68 with m-chloroperbenzoic acid (MCPBA), the
relatively smooth oxidation to the glycidic ester 69 took place. In the reference
work, examination of the crude reaction mixtures revealed the highly
diastereoselective formation of the desired (2S5,3R,4S) compound 69 in a 90%
excess with respect to the undesired (2S,3S,4S) compound. The reaction was very
straightforward and no undesired by-products were detected beside non reacted

starting material 68.

The diastereomeric mixture of epoxides 69 was reacted in the next ring
opening step with a Grignard reagent (MeMgBr). For this crucial step, the choice
of the correct conditions was essential: a number of catalysts (Cul, CuCN),
solvents (THF, Et,0) and temperatures (-78 °C, 0 °C, RT) were tried, and the
final combination (CuCN, Et,O, RT) resulted essential for the proceeding of the
synthesis. The product (of unidentified stereochemistry) was identified with mass
spectrometry (MW: 351.45; molecular ions identified: m/z 352.2 [M+1]"; 296.2
and 252.2, peaks derived from the fragmentation of the protecting group Boc) and
was purified by semipreparative HPLC.

Despite the final success in synthesizing the di-substituted statine, this
route was abandoned for a number of reasons. First of all, the final mixture
presented, with the desired product, also numerous unidentified compounds,
which explained the extremely low yields. Considering the stereochemistry
requirements for the final desired product, this low yields would be further
decreased in the amount of final material available. Furthermore, the synthesis
was performed using a commercially available Grignard reagent. The difficulty in

the preparation and reactivity of such reagents in the case in which a vast variety
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of nucleophiles -carrying different aliphatic, aromatic or functional groups-

makes this path not easily accessible and inadequately flexible.

3.2 MMP-9: a Target for Drug Development

In recent years, numerous studies have shown the importance of MMP-9 in
cancer and atherosclerosis. For example, in colorectal, breast, prostate and
bladder cancer, most patients with aggressive disease have increased plasma
levels of MMP-9.**! In advanced colorectal cancer, high levels of MMP-9 have
been associated with shortened survival.*** In cardiovascular diseases, MMP-9
has been identified in human atherosclerotic lesions and the enhanced expression

of MMP-9 has been linked to plaque rupture.243’244

Clinical trials of compounds with efficacy as cancer treatments have
involved several synthetic low-molecular-weight inhibitors of MMP activity,
including batimastat (BB-94) and marimastat (BB-2516) among others.
Preclinical studies showed that treatment of heart failure in animal models with

MMP inhibitors results in less tissue damage and improved cardiac function.”*

Limited clinical trials have been undertaken for rheumatoid arthritis.****** The
results are sometimes not fully clear, but inhibition of MMPs remains a primary
therapeutic target and inhibitors that can selectively bind to MMP-9 are expected

to be of value in treating a variety of pervasive diseases.

Resolution of the overall tertiary structure of full length MMP-9 has
provided important information for the structure-directed design of new enzyme
inhibitors directed toward the catalytic site. It has also given us hints for the
development of potentially highly selective bifunctional inhibitors capable of
differentiating between gelatinases (MMP-9 and -2) and the other enzymes of the
MMP family.

Indeed the gelatinases 2 and 9 differ from other MMPs by the presence of
the three fibronectin type-II (Fnll) like domains which are thought to mediate
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gelatin binding.''!**2>

In the crystal structure the three Fnll domains aggregate
at the tip of the elongated catalytic domain. The small propeptide is bound to one
side of the catalytic domain while its extended N-terminus reaches out to one of
the three Fnll domains from the active-site cleft of the catalytic domain where the
three helices of the prodomain are clustered. The gap between the third Fnll
domain and the compact globular propeptide domain is connected by a bridge of

1%, and the first residue of

amino acids between the first part of the construct, Va
the first helix, Thr*’. The most relevant feature of this bridge is that on the N-
terminal side of the gap, the side chain of Phe’' is constrained against the
hydrophobic side chains of residues Trp®’>, Phe’” and Trp®®® of the third Fnll

domain, as shown in Fig. 3.26.

Figure 3.26. Stereoview of Phe’' of the propeptide (light green) that interacts with a
cluster of aromatic side chains in the third Fnll domain.

The design of potential bivalent inhibitors was conceived from this
interaction between Phe’' and the aromatic cluster. Even though the role of the N-
terminal tip of the propeptide domain is still under investigation, it appeared clear
from modelling experiments that it might serve as an important anchoring motif,

that could introduce a selectivity point for inhibitors specifically designed for
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gelatinases and less potent toward other classes of MMPs. Indeed there is the
established notion that the gaining in affinity and selectivity of a bivalent
interaction of an inhibitor, compared to a monovalent one, is achieved by

exploiting the entropy effect.”>

The bivalent inhibitors should consist of a binding head for the catalytic
domain, e.g. a hydroxamic acid derivative, which is connected via a flexible
linker of appropriate length to a portion of the propeptide sequence centred on the
Phe’! that exploits the hydrophobic pocket of the third FnIl domain for exosite
binding. A schematic representation of head and tail groups interacting

simultaneously with the two distinct sites of the enzyme is depicted in Fig. 3.27.

Figure 3.27. Schematic representation of the inhibitors designed and modelled on the
crystal structure of proMMP-9. The catalytic domain is shown in red and the three Fnll
domains are in grey. The propeptide domain is erased and is replaced by the drawing of
a bivalent inhibitor containing the binding head for the catalytic domain (e.g. a
hydroxamate moiety) and the pentapeptide (corresponding to the sequence surrounding
Phe’') connected by a flexible linker.
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For the Zn*" binding head group, a pseudotripeptide was chosen with a
hydroxamate as the metal chelating group. In analogy with batimastat, a Phe
residue was introduced in position P,’; the essential S;” pocket was occupied by
the iBut lateral chain present also in batimastat, while in order to diminish
binding affinities, the C" of the hydroxamic acid was left unsubstituted. A Ser
was introduced as P;" residue in analogy with the natural sequence of the
propeptide, although it is not essential for recognition by the enzyme. As binding
head group for the fibronectin exosite the pentapeptide portion present of the
propeptide, i.e. Asp-Pro-Gly-Phe-Leu was selected. The orientation of the two
peptide sequences is antiparallel, a fact which affects the choice of possible
spacers. From flexibility and solubility considerations, and because of its modular
character, a PEG spacer was selected to connect the two peptidic portions of the
bivalent inhibitor. PEG is one of the best biocompatible polymers and possesses a
multitude of useful properties.”* It is soluble in both organic and aqueous media,

5

lacks toxicity and immunogenicity,” it is easily excreted from living

organisms>>® and resistant to degradation and modification.>>"***

To identify the the optimal spacer length the two binding heads were
docked on the MMP-9 structure in optimal interaction position; then the distances
between selected atoms of the two portions were measured; finally, these
distances were compared with the corresponding length of a modelled
bifunctional inhibitor with the hydroxamic acid portion linked to the pentapeptide
portion with PEGs of differing lengths; the results are reported in Table 3.10. As
shown in the table, the linker PEGs; is too small to allow interaction with both the
catalytic cleft and the Fnll domain; for PEG,, the calculated distance was
minimal, but more appropriate. Therefore, taking into account possible
movements of the protein domain, it was decided to attempt a scan for the

distances with PEG,, PEGg, and PEGsg.
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Wﬂ

Phe-Ser— OCH,CH, ¥-0—Asp-Gly-Pro-Phe-Leu

Distance crystal (A) n=3(A) n=4(A) n=5(A) n=6(A)
C*Phe -OH hydrox ac 35.0 31.62 35.74 38.66 42.60
C°Phe -C%hydr 31.3 30.04 33.92 36.85 40.26
C°Phe -C%Phe 28.0 26.71 30.30 33.67 37.04
C%Phe -C%Ser 25.3 22.90 26.66 29.83 33.30
C%Asp -OH hydrox ac 29.9 24.55 28.04 31.61 34.96
C%Asp -C%hydr 26.3 22.75 26.36 29.64 32.83
C%Asp -C“Phe 23.0 19.23 22.82 26.28 29.60
C%Asp -C*Ser 21.0 15.52 19.08 22.51 25.81

Table 3.10. Measured distances between the o carbon of the Phe (in red) and Asp (in
blue) residues of the exosite binding head and various atoms of the inhibitory portion;
the proposed molecules contain PEGs of differing lengths (n) and are measured in their
energy-minimized structures.

3.2.1 Synthesis of the Bivalent Inhibitors
Route A

For the synthesis of this series of inhibitors, a strategy based on fragment
condensation was applied based on the use of suitable orthogonal protecting
groups. The first route, outlined in Fig. 3.28, consisted in the preparation of the
two binding heads for their subsequent assembly into the linear construct via the

PEG spacers.
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H (6]
HO™ -Ser—O (o) O— Asp-Gly-Pro-Phe-Leu-H
I Phe-Ser \/\O/\/ \/\O/\/ p-Gly
(e}
H HO\/\O/\/O\/\O/\/OH
Bzl-O~ Phe-Ser(Bzl)-OH HO-Asp(Bzl)-Gly-Pro-Phe-Leu-Z

Figure 3.28. Route A for the synthesis of bivalent inhibitors of MMP-9.

The pentapeptide Z-Leu-Phe-Pro-Gly-Asp(Bzl)-OH (72, Scheme 3.17)
was synthesized on the 2-chlorotrityl chloride resin with Fmoc/HOBT chemistry.
Since the protecting groups for the N-terminal amino group and Asp carboxylate
lateral chain had to be orthogonal to the Fmoc group and resistant to the acid
resin-cleavage, Z- and Bzl-protecting groups were selected which can be removed
in the last step by hydrogenation. A similar protection scheme was applied for the
hydroxamate head moiety. To assembly the linear construct the PEG spacers
required monoprotection with a group that can be inserted easily on its hydroxy
group and is removed selectively. For this purpose the trityl group was selcted
which is cleaved under weak acidic conditions (1% TFA). The monoprotected

PEG (71) was obtained by known procedures>” in good yields.

The subsequent esterification of the carboxyl group of 72 with the PEG
derivative 71 to afford compound 73 proved to be difficult particularly in terms of
yields, even using 4-(dimethylamino)pyridine (DMAP) as a well established
catalyst.*® Scandium(Ill) triflate was previously reported to be an efficient
catalyst for reactions of acid anhydrides with primary, secondary and tertiary

261-263
alcohols.

For our purpose the use of 5 % Sc(OTf); (mol %) in the reaction
mixture did not improve sensibly the yields. The trityl group was then cleaved

under usual conditions to afford 74 in quantitative yields.
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.3 ‘ ()
Ag,0, KI Q 0 OOy
O ¥ 59% O
71

H O/\/O\/\O/\/O\/\OH

EDC, DMAP
CH,Cl,
Z-Leu-Phe-Pro-Gly-Asp(Bzl)-OH —_—
71 + 18%
72

)

Q O/\/O\/\O/\/O\/\O-Asp(le)-GIy-Pro-Phe-Leu-Z

C .

(DCM:TIS):TFA o o
(95:5):1 HO™ """ 07" 0. Asp(Bzl)-Gly-Pro-Phe-Leu-Z

0,
93% 74

Scheme 3.17.

For the synthesis of the hydroxamate-containing pseudotripeptide, a
commercially available (R)-2-isobutylsuccinic acid-1-methyl ester (75, Scheme
3.18) was used as starting material. This compound was first reacted with

264-266
to produce

(benzyloxy)amine following essentially known procedures,
compound 76, which was then converted to the free carboxylate by saponification
with 1 equiv of NaOH (77, Scheme 3.18). Since the oily free acid was not stable

on storage even in the cold it was converted to the DCHA salt.
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1 H,N-0-Bz|, H
HONO/ HBTU,HOBt,DCM o No/
o) Y 96%

75 76

1. EtOH, NaOH
2. DCHA

H 0
91% o Y
77

Scheme 3.18.

The subsequent reaction of 77 (Scheme 3.19) with the amino group of the
phenylalanine derivatives 78, both in solution or solid phase) failed using the
DCC/HOBt*** or other the more efficient acylation methods (HATU/HOAL,
HBTU/HOBt, EDC/HOBY).

H H 2
O/N\”/\)J\OH O/N\H/\)J\Ph R
H + H-PheR —=~ : &
©/\ ¢} € ©/\ (0] Y
78 79

R: -OMe, -Ser(Bzl)-OMe,
-Ser-(2-Chlorotrytyl chloride resin)

Scheme 3.19.

To explain these results, the acid was treated with coupling reagents (DCC,
HOBY) in absence of the amino component, which resulted in quantitative ring
closure to the succinimide derivative (80, Scheme 3.20), as well assessed by the

single product peak in HPLC with a mass of m/z 262,2 amu (MW_,.: 261,32).
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o \”/\:)J\OH DCC, HOBt N’O\/O
o) Y DCM

O
a4 80

Scheme 3.20.

The side reaction could be bypassed by coupling with EDC (or DCC) in
absence of HOBt and under pH control and the desired product (82) was obtained
in satisfactory yields (Scheme 3.21).

o NOH EDC, DMF o~ MPhe-Ser(le)-OMe
o = pH6 O =
h 5% h

77 * 82

H-Phe-Ser(Bzl)-OMe
81

Scheme 3.21.

After saponification of compound 82 with 1.1 eq of NaOH, the resulting
83 was reacted with the PEG-pentapeptide construct 74 to produce the difficult
ester bond (Scheme 3.22). The yields were even lower than those obtained in the

first esterification step. Therefore an alternative route was required.
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NaOH H i

a p

EtOH ©/\O WJ\ Phe-Ser(Bz|)-OH
O Y

82
89%
83
EDC, DMAP
o o CH,Cl,

HO™ > """ 07" 0 Asp(Bzl)-Gly-Pro-Phe-Leu-Z
83 + from HPLC
74 about 5%

’ 0
N
©/\ © \ﬂ/\g)J\Phe—Ser(BzI)—O/\/O\/\O/\/O\/\O-Asp(BzI)-GIy-Pro-Phe-Leu-Z
(@] Y

84

Scheme 3.22.

Route B

A possible solution of the problems encountered in route A was the
transformation of the alcoholic groups of PEG into amine groups which are more
reactive. This would lead to amide bonds between PEG and the two peptidic
binding heads and thus to an increased tendency for hydrogen bonding with the
enzyme. At the point where the amide would be formed, the inhibitor molecules
were supposed to protrude out of the protein surface. The possibility of hydrogen
bond formation that would attract this part to the surface, was envisaged as a
possibly negative interaction. Moreover, although yields in the esterification steps
can be improved with large excesses of alcohols, this bypass can be used in the

first esterification, but is rather uneconomical in the second step.

To improve the economy of these synthesis, we decided to esterify the
PEG spacer with only the suitably protected amino acid that is supposed to be
directly linked to the spacer (Fig. 3.29). Upon selective deprotection of one of the
two amino acids, the more efficient acylation of the free amine group should be

readily carried out with the remaining of the peptide. After an additional
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deprotection and coupling step the final, fully protected endproduct should

become accessible.

H (o]
HO™ -Ser—O0O 0 O— Asp-Gly-Pro-Phe-Leu-H
P {I
Bzl-O” Phe-OH HO-Gly-Pro-Phe-Leu-Z
o @ 9
Fmoc-Ser(Bzl)-OH HO-Asp(Bzl)-Boc

HO L~ O OH

Figure 3.29. Route B for the synthesis of bivalent inhibitors of MMP-9.

The details of this route are reported in Scheme 3.23-25. Given the low
yield and the large excess of PEG that was used (5 eq, corresponding for the first
esterification reaction, to a 10 eq excess, considering the two equivalent alcoholic
groups), PEG was not previously monoprotected as in route A. The difficulty
encountered in this step was the separation of unreacted PEG from the product
mixture, which could be resolved by extensive extractions with water (up to 15
times). The PEG derivative 86 was obtained and for the required orthogonality in
the amino protection, Boc and Fmoc were applied.

Fmoc-Ser(Bzl)-OH EDC, DMAP

CH,CI
+ 2Ll

HO L~ On g OH

Fmoc-Ser(Bzl)-O (@) OH
5206 \/\O/\/ \/\O/\/

85
(5eq)
85 EDC, DMAP
CH,CI
+ 2v-2 Fmoc-Ser(BzI)-O\/\O/\/O\/\O/\/O-ASp(BzI)-Boc
Boc-Asp(Bzl)-OH 38%

86

Scheme 3.23.
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The hydroxamic acid moiety 87 was readily synthesized from compound
77, with the sole attention paid to the coupling reagent as reported previously
(Scheme 3.24). The methyl ester was then saponified to compound 88 under

standard conditions.

0]

H
©/\O/NNOH EDC, DMF \ o
0 (0]
27 64% Y

87

+ H-Phe-OMe

o)
NaOH N
EtOH o : Phe-OH
87 I
98% Y

88

Scheme 3.24.

To prevent low yields of Z-Leu-Phe-Pro-Gly-OH (90) as resulting from
diketopiperazine formation at the Pro-Gly-resin step, the synthesis was carried
out on a 2-chlorotrityl chloride resin since the bulk of the trityl handle is known
to minimize this side reaction. However, even this procedure did not fully prevent
the side reaction and therefore Fmoc-Phe-Pro-OH was directly coupled to the
resin-linked Gly and the final product was readily purified to homogeneity as

judged by HPLC.

Finally, stepwise deprotection of the Boc and Fmoc groups and
condensation of the peptide 90 followed by the pseudopeptide 88 produced the
final protected compound 93 in very good yields (Scheme 3.25).

122



3. Results and Discussion
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Scheme 3.25.

Rather problematic proved to be the final cleavage of the protecting groups
by hydrogenolysis. While in the case of the PEG, compound 93, quantitative
cleavage of the Z and Bzl groups was obtained after 4 h by standard catalytic
hydrogenation (H, and 10% Pd/C in MeOH, Scheme 3.25), for the longer PEG
molecules this procedure led only to removal of the Z and of two benzyl groups.

Longer hydrogenation times resulted in reduction of the hydroxamic acid and
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267-2 . .
67269 \with ammonium

other methods such as catalytic transfer hydrogenolysis
formate, or changes in the experimental parameters (higher temperatures,
increased H, pressure, other solvents and longer reaction times) did not improve
the results. Among the protecting groups present in the final compounds the
benzyl ether derivative of Ser is the most difficult to remove. However, from
modelling experiments and the binding modes of hydroxamate-type inhibitors to
the catalytic domain of MMPs as derived from X-ray analysis strongly suggest a
minimal role of this residue in the binding process. Therefore the bivalent

constructs with PEGg (95) and PEGg (96) were used as Ser(Bzl) derivatives in the

enzyme assays.

3.2.2 Inhibitory Potencies

The three potential bivalent constructs were assayed for their inhibitory
potencies on two MMP-9 constructs: i) an enzyme containing the prodomain,
catalytic, fibronectin domain, which has to be preactivated and i1) the catalytic

domain.

With the catalytic domain very similar inhibitory potencies were
determined (Table 3.11) which clearly confirms a minimal interaction and thus
interference of the spacer and Fnll binding head with the catalytic site of the
enzyme. Moreover, the almost identical K; values support the hypothesis of a
minimal effect of the Ser(Bzl) group on binding affinities. As expected from the
structure of the hydroxamate head group of the bivalent constructs the affinities

are lower than those of batimastat, taken as reference hydroxamate-type inhibitor.
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Inhibitor 1Cs
HA-PEG4-PP (94) ~10-20 nM
HA-PEGg-PP (95) ~10-20 nM
HA-PEGg-PP (96) ~10-20 nM
Batimastat ~0.8 nM

Table 3.11. Preliminary inhibition potencies of the three bivalent inhibitors. HA
indicates the hydroxamic acid unit; PP is the pentapeptide HA-Leu-Phe-Pro-Gly-Asp-;
PEG;, is poly(oxyethylene), where n indicates the number of hydroxyethylene units.

Preliminary results with the larger MMP-9 construct containing the Fnll
domain are intriguing, since these would suggest in first instance a very strong
bivalent binding that, rather unexpectedly converts to monovalent binding by the
presence of excesses of the inhibitors. These observations require additional and

confirming experiments.
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4. Perspectives

The challenging task of converting the relatively large and linear peptidic
inhibitors of BACE-1, reported so far in the literature, into proteolitically more
stable peptidomimetic structures such as peptoids, hybrid peptide-peptoids and
retroinverso analogs failed due to the loss of inhibitory potency. Conversely,
molecular modeling experiments based on the known X-ray structures of
BACE-1/peptidic inhibitors led to the design of novel cyclic peptidic structures of
reduced size and containing statine as the transition-state analogue. These were
found to retain efficient affinities for the aspartic protease and thus to present the
statine moiety in correct orientation to the active site of the enzyme with the short
peptide-backbone in the B-type extended conformation for additional interactions
with the active-site cleft. First attempts to improve the structure of the transition-
state analogue statine and to restrict the side-chain cyclized peptide backbone in
the extended conformation by incorporation of aminobenzoic acid residues, led to
important hints for further developments of peptidomimetic cyclic compounds as
BACE-1 inhibitors with enhanced stability against protease degradation and thus
more suitable for in vivo biological studies on the role of this enzyme in

amyloidogenesis in Alzheimer’s disease.

The difficult problem of developing MMP inhibitors capable of
differentiating the gelatinases MMP-2 and -9 from the other members of the large
MMPs family including the collagenases, was again tackled by a structure-based
design relying on the peculiar interaction of a propeptide portion in MMP-9 with
a well delineated hydrophobic pocket of the third fibronectin domain. By
exploiting the binding affinities of metal chelating groups at the active site and

the exosite binding of a polipeptide portion to the fibronectin domain, application
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of the concept of bivalent inhibitors was attempted. For this purpose molecular
modeling experiments were performed to assess the size of the PEG spacer
chosen as linker of the two binding groups. Correspondingly PEG spacers of
different lengths were used to crosslink a hydroxamate head group containing
phenylalanine as P, residue for recognition and binding to the MMP-9 active
site, and a pentapeptide head for exosite binding. First enzymatic assays seem to

confirm the working hypothesis.

In summary, progresses were achieved in both projects that are most
promising for further developments of low mass peptidomimetic inhibitors of
BACE-1 and of highly selective inhibitors of the two gelatinases by applying the

concept of bivalency.
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S. Zusammenfassung

Die Aspartat-Protease BACE-1 ist eines der wichtigsten Enzyme, die
entscheidend die Amyloidbildung beeinflussen und somit fiir die Auslosung der
Alzheimer Erkrankung mitverantwortlich sind. Trotz der sehr intensiven Arbeit
akademischer und industrieller Forschung sind bislang als Hemmstoffe dieser
Aspartat-Protease weitgehend nur Statine-Peptide erheblicher Lénge bekannt.
Diese konnen zwar erfolgreich fiir biochemische Untersuchungen eingesetzt
werden, was auch durch die Strukturauflosung der entsprechenden Komplexe mit
BACE-1 voll bestitigt wurde, doch sind solche peptische Inhibitoren wegen des
schnellen enzymatischen Verdaus und wegen der schlechten Bioverfligbarkeit als
Werkzeuge fiir biologische Studien an Zellen and Versuchstieren ungeeignet.
Zielsetzung des Forschungsprojektes war deshalb der Struktur-basierte Design
von Proteolyse-resistenteren Hemmstoffen 1) durch Konvertierung der
peptidischen Strukturen in peptidomimetische Verbindungen und 2) durch
Cyclysierung der minimalen Bindungssequenz um dadurch den Konformations-
Freiraum einzuschrinken und die Ligandenaffinitit thermodynamisch zu

favorisieren.

Der Einsatz von peptidomimetischen Strategien zur Synthese von
Peptoiden, hybriden Peptoid-Peptiden und Retroinversopeptiden mit Statine als
Ubergangszustand-Analogon bewirkte einen starken und zum Teil auch vollen
Verlust der Hemmwirkung. Die alternative Strategie eines Struktur-basierten
Designs von cyclischen Statine-Peptiden fiihrte hingegen zu vielversprechenden
Leitstrukturen. Aufgrund von Modellingexperimenten mit den bekannten
Kristallstrukturen der BACE-1/Inhibitor Komplexe wurde eine minimale

Bindungssequenz durch unterschiedliche Seitenketten-Cyclisierungen in ihrer
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ausgestreckten [-artigen Konformation stabilisiert um thermodynamisch das
Andocken dieser neuartigen Liganden an die Aktivitdtstasche des Enzyms zu
favorisieren und gleichzeitig den Statinerest optimal fiir die Ausbildung der
Wasserstoffbindungen mit den Aspartresten des Aktivzentrum zu présentieren.
Die diffizilen Synthesen konnten erfolgreich durchgefiihrt werden und die
erhaltenen cyclischen Statinepeptide den Enzymtests zugefiihrt werden.
Interessante neuartige cyclische Verbindungen konnten auf diesem Wege erhalten
werden, in denen der Verlust an Bindungsaffinitdit durch Kiirzung der
Bindungssequenz vor allem entropisch geniigend kompensiert wird. Fiir eine
weitere Optimierung der Hemmeigenschaften durch Versteifung des
Peptidriickgrats in ausgestreckter Konformation wurden unterschiedlich
substituierte Aminobenzoesdure-Reste zunédchst in das Statine-Peptid eingebaut.
Auch hier konnten wertvolle Hinweise fiir neue cyclische Strukturen gewonnen
werden. Ein zusitzlicher Gewinn an Affinitit konnte laut Modelling eine
Disubstitution des Statine-Restes bringen um gleichzeitig als Ubergangszustand-
Analogon und P;” Rest zu fungieren. Erste Syntheseversuche in dieser Richtung
waren aber wegen der bendtigten raumfiillenden hydrophoben Reste aus
sterischen Griinden nicht erfolgreich. Insgesamt ergaben die neu aufgefundenen
verhdltnisméBig kleinen Inhibitoren mit micromolarer Affinitdt fir BACE-1

wichtige Hinweise fiir weitere zukiinftige Arbeiten auf diesem Gebiet.

Zweite Zielsetzung war die Entwicklung neuartiger spezifischer
Hemmstoffe der Gelatinasen MMP-2 und MMP-9 basierend auf dem
Bivalenzprinzip, das die Natur so vielseitig und erfolgreich in Protein/Protein
Wechselwirkungen zur Erh6hung von Spezifitit und Affinitit einsetzt. Ein Erfolg
in dieser Synthese von bivalenten spezifischen Inhibitoren der Gelatinasen konnte
in entscheidendem Mafe die Entwicklung effizienter Pharmaka fiir die Krebs-
und Arthritistherapie beeinflulen. Wichtige Hinweise fiir das Design solcher
bivalenten Inhibitoren erbrachte eine detaillierte Inspektion der Kristallstruktur

des ,,Full-Length MMP-9 inklusiv des Propeptids. Der Phe’' Rest des Propeptids
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bindet in eine hydrophobe Tasche der dritten Fibronectin-Doméne dieser
Gelatinase, die durch die Reste Trp’’>, Phe’” and Trp®® ausgebildet wird.
Modellingexperimente an dieser rdumlichen Struktur fithrte zum Design
bivalenter Konstrukte. In diesen sollte ein Peptidhydroxamat-Derivat an das Zn”"
Atom des katalytischen Aktivzentrums binden und somit die Metalloprotease
desaktivieren und gleichzeitig eine Pentapeptidsequenz des Propeptids mit Phe’!
iber einen Spacer geeigneter Linge fiir optimale Erkennung und Bindung an die
Fibronectin-Doméne angeboten werden. Da die Peptidrichtungen des
Hydroxamat-Kopfes und des Exosite-bindenden Pentapeptids antiparallel sein
sollten, wurden PEG-Spacer unterschiedlicher Lange eingesetzt um gleichzeitig
auch die Flexibilitdt und hydrophilen Eigenschaften dieser Oligomere auf der
Proteinoberfliche auszunutzen. Die Synthese dieser Konstrukte durch
Veresterung der peptiddischen Kopfgruppen mit den endstindigen
Hydroxylfunktionen der PEG-Oligomere war wegen sehr schlechter
Veresterungsausbeuten unter Standardbedingungen herausfordernd, konnte aber
nach vielen Optimierungsschritten zufriedenstellend gelost werden. Erste
Enzymhemmungen waren erfolgversprechend. Somit konnten auch in dieser
herausfordernden Fragestellung wertvolle Hinweise fiir nachfolgende Arbeiten

erzielt werden.
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6. Experimental Part

6.1 Materials and Methods
Solvents and Reagents

Purchased solvents and reagents were of the highest quality commercially
available and used without further purification; they were purchased from Sigma-
Aldrich, Fluka and Merck. The HBTU and EDC-HCI were from Senn Chemicals
while HATU from PE Biosystems. For analytic and preparative HPLC
acetonitrile was purchased by Merck in LiChrosolv® gradient grade for liquid
chromatography. Amino acids were all by the company Iris Biochem GmbH. Sta
and (Phe)Sta were from Neosystem, as well as the amino-benzoic acid
derivatives. The solid supports were purchased from Rapp Polymere GmbH and
Novabiochem. The fluorogenic substrate for inhibition activity measures of
BACE-1 was Mca-(Asn®”’,Leu®”")-amyloidB1A4 protein precursors;,(667-675)-

Lys(Dnp) ammonium salt, purchased from Bachem.

TLC plates were precoated Silica gel F,s4 plates by Merck, provided with
fluorescent indicator. For preparative gel chromatography Silica gel 60 (40-60
uM) from Merck was used.

Analytical and Preparative HPLC

Analytical RP-HPLC was carried out on an assembled system supplied by
Waters, composed of two 515 HPLC pumps, a 600S pump control module, a 717

plus autosampler and a 996 photodiode array detector. The system was controlled
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by a Millenium 2000 software version 3.00 supplied by Waters. The separations

were monitored at 210 nm using 5 different systems:

System I:

System 11:

System I11:

System I'V:

System V:

Chromolith Performance RP 18-¢, 100 x 4,6 mm C18 by Merck;
linear gradient from 100% solvent A [2% H3;PO,/CH;CN 95:5] to
100% solvent B [2% H3PO,4/ CH3CN 90:10] in 6 min, followed
by 1 min isocratic elution; flow: 3ml/min.

Xterra-TM-C8 MS 5um, 150 x 3.9 mm by Waters; linear gradient
from 100% solvent A [2% H;PO,/CH;CN 95:5] to 100% solvent
B [2% H;PO,/ CH;CN 90:10] in 17 min, followed by 1 min
1socratic elution; flow: 1.5ml/min.

ET 125/4 Nucleosil 100-5 Cg, 125 x 4 mm by by Macherey-
Nagel; linear gradient from 100% solvent A [H20 + 1%TFA] to
100% solvent B [CH3CN + 0.8%TFA] in 13 min, followed by 1
min 1socratic elution; flow: 1.5ml/min.

Chromolith Performance RP 18-, 100 x 4,6 mm C18 by Merck;
linear gradient from 100% solvent A [2% H;PO,/CH;CN 95:5] to
50% solvent B [2% H;PO4/ CH3CN 90:10] in 15 min, followed
by 1 min isocratic elution; flow: 3ml/min.

Chromolith Performance RP 18-¢, 100 x 4,6 mm C18 by Merck;
linear gradient from 100% solvent A [2% H;PO,/CH;CN 95:5] to
50% solvent B [2% H3PO,4/ CH3CN 90:10] in 30 min, followed
by 1 min isocratic elution; flow: 3ml/min.

Preparative RP-HPLC was carried out on an assembled system supplied by

Abimed-Gilson, composed of two 321 HPLC pumps, a 202 fraction collector and

a 152 UV/VIS detector. The system was controlled by a UniPoint system

software version 2.10 equipped with a 506C system interface module. The

purifications were performed using 2 different systems:

System 1:

System 2:

VP 250/21 Nucleosil 300-5 Cg PPN by Macherey-Nagel; gradient
as specified for each compound, using solvents A [H20 +
1%TFA] and B [CH3CN + 0.8%TFA]; flow: 10 ml/min.

VP 250/21 Nucleosil 100-5 C;3 PPN by Macherey-Nagel;
gradient as specified for each compound, using solvents A [H20
+ 1%TFA] and B [CH3CN + 0.8%TFA]; flow: 10 ml/min.
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Loading of 2-Chlorotrityl Chloride Resin

The attachment of the first amino acid on a 2-chlorotrityl chloride resin is
performed placing the desired amount of resin in an overnight dried, argon
flushed flask. The N-protected amino acid (1 eq, relative to the resin), dissolved
in dry DCM, and DIEA (4 eq) are added to the mixture. The mixture is let to stir
for 30 minutes, then the resin i1s washed three times with a solution of
DCM/MeOH/DIEA 17:2:1, three times with DCM, three times with DMF and
three times with DCM. Before further functionalization, the effective loading of

the resin is determined.

Determination of the First Amino Acid Attachment on 2-Chlorotrityl Chloride

Resin

A small amount (1-5 mg) of the resin loaded with the first desired amino
acid and overnight dried on NaOH is weight and placed into a 10 ml graduated
flask. 1 ml of freshly prepared solution of piperidine in DMF (20% v/v) 1s added
and let to react for 30 minutes. A reference solution is prepared in the same
manner without adding the resin. After 30 minutes, the graduated flasks are filled
with MeOH, and the absorption of the dibenzofulven-piperidin adduct (¢ = 7800
Mem™) solution is measured at 301 nm vs. the standard prepared in the same
way. The estimate of the first residue attachment is obtained from the following

Lambert-Beer’s equation:*"

Fmoc loading(mmol/g) =

[A301nm.Vgraduate ﬂask(ml)] / [7800 M_lcm_l'D(Cm)'mresin (mg)]

where: Aszginm s the absorption of the solution at 301 nm; V gaguate flask (ml) 1s the

volume of the graduate flask expressed in ml; 7800 M'cm™ is the empirically
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derived value of the extinction coefficient for the dibenzofulvene-piperidine
adduct; D (cm) is the optical path length expressed in cm; m,;, (mg) is the mass

of dry resin expressed in mg.

Mass Spectrometry

Routine ESI-MS analysis were run on a Perkin-Elmer SCIEX API 165

spectrometer equipped with a nebulizer-assisted electrospray source.

The ESI-MS and ESI-MS/MS spectra for the peptoids study were
measured using an Applied Biosystems API300 triple quadrupole mass
spectrometer by Applied Biosystems (Weiterstadt, Germany) equipped with an
in-house-built nanospray source. Compounds were diluted with 80% MeOH in
0.5 mM ammonium acetate buffer and approximately 3 pl were transferred to an
in-house-pulled nanospray capillary tube and mounted in the source. Usually, a
small pressure of compressed air was applied to the capillary tube to initiate the
spray. The high voltage applied to the capillary varied from 800 to 1,000 V. The
orifice voltage was optimized for each experiment. Compressed nitrogen 5.0
(Linde, Pullach, Germany) was used as curtain and as collision gas in MS/MS
experiments. The scan range was 500-1000 m/z (2 s/scan) for the ESI-MS spectra
and 30 m/z units above the m/z value of the parent ion (2 s/scan) for the ESI-
MS/MS spectra.

NMR Spectrometry

NMR experiments were carried out on Bruker DRX 500 and Bruker AMX
400 spectrometers. Deuterated solvents were purchased from Eurisotop (France).
The 2D-total correlated spectroscopy (TOCSY) spectra were recorded with spin
lock periods of 60 ms using the MLEV-17 sequence for isotropic mixing.”’' For
ROESY experiments the standard pulse program from Bruker was used. Data
processing and assignment was performed using XWINNMR-v3.
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Modeling Studies

Distance geometry (DG) and molecular dynamics-simulated annealing
(MD-SA) calculations were performed with the INSIGHT II (version 98.0)
software package (Accelrys, San Diego, CA) on Silicon Graphics O2 R5000
computers (Silicon Graphics, Inc., Mountain View, CA). One hundred structures
were generated from the distance-bound matrices. Triangle-bound smoothing was
used. NOE intensities were extracted from 4°C spectra and were converted into
interproton distance constraints using the following classification: very strong
(vs) 1.7-2.3 A, strong (s) 2.2-2.8 A, medium (m) 2.6-3.4 A, weak (w) 3.0-4.0 A,
very weak (vw) 3.2-4.8 A, and the distances of pseudo atoms were corrected as
described by Wiithrich.”’? The structures were generated in four dimensions and
then reduced to three dimensions with the EMBED algorithm and optimized with
a simulated annealing step according to the standard protocol of the DG 11
package of INSIGHT II. All one hundred structures were refined with a short
MD-SA protocol: after an initial minimization, 5 ps at 300 K were simulated
followed by exponential cooling to ~0 K during 10 ps. A time step of 1 fs was
used with the CVFF force field while simulating the solvent H,O with a dielectric
constant of 80.0. The experimental dihedral and distance constraints were applied
at every stage of the calculation with 30 kcal'mol”-rad? and 50 kcal'mol™-A~,

respectively.

BACE-1 Assays

Reversible kinetic assays were performed on a 96 well Synergy HT
Bio-Tek plate reader using a BACE stock solution in phosphate-buffered saline
0.1% Triton X-100 and stored at -80 °C in aliquots. The concentration of the
enzyme in the stock solution was 1.25 nM, as estimated by Bradford assay (Bio-
Rad). Active enzyme concentrations were obtained by active site titration using
the statine-based inhibitor H-EVN-Statine-VAEFNH, and by fitting data from

inhibition experiments approaching titration conditions to the general equation for
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tight binding inhibitors.””” Enzyme inhibition was measured in 50 mM NaOAc
(pH 4.5) at 37 °C, using Mca-(Asn””,Leu®’")-amyloidB1A4 protein
precursory7o(667-675)-Lys(Dnp) ammonium salt purchased from Bachem as the
fluorogenic substrate (68 uM final concentration) and 0.14 nM enzyme
concentration at 328 nm excitation and 420 nm emission. Enzyme and buffer
were incubated for 10 min at 37 °C prior to addition of substrate and inhibitor.
Substrate hydrolysis was monitored over 20 min with inhibitor concentrations
ranging from 0 uM to 77.8 uM while gentle shaking the samples. Obtaining
relative fluorescent units (RFU)/min permitted calculation of a K; using non-

linear regression analysis (vi/v, = 1/(1+[I]/[K]).

6.2  Synthesis

6.2.1 Peptoids, Hybrids Peptoid-peptides and Retroinverted Peptide
Approach

6.2.1.1 Peptides Synthesis

Peptides 1, 5, 6 and 7 were synthesized by automated solid-phase
methodology on an ABI-Pioneer Perseptive Biosystems peptide synthesizer using
Fmoc/HBTU/DMF chemistry. The side chains of all the residues were protected
in the standard manner compatible with TFA cleavage and deprotection
protocols. The synthesis of peptide 1 was carried out on a 0.1-mmol scale of
TentaGel S PHB resin (substitution: 0.25 mmol/g). The protocol included
extended cycles and double coupling steps (4 mmol of activated amino acid
derivative per cycle). The peptide was obtained as an acid peptide and the N-
terminus was left free, the final Fmoc removal step been performed on the

synthesizer. Peptides S, 6 and 7 were synthesized on a TentaGel S RAM support
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(substitution: 0.24 mmol/g), which allows the synthesis of peptide amides, on a
0.1-mmol scale. The protocol included extended cycles (4 mmol of activated
amino acid derivative per cycle). The final Fmoc removal step was performed on
the synthesizer, followed by a final capping reaction with Ac,O : 2,6-Lutidine :
DMF = 5:6:89. All the products were then cleaved from the resin by TFA in the
presence of 2.5% TIS and 2.5% water at room temperature in 2 h, the resin was
filtered off and the crude peptides were precipitated with a cold solution of ter-
butyl methyl ether/hexane 2:1 and lyophilised over night. The peptides were then
purified by preparative RP-HPLC. The purity of the peptides exceeded 97% as
determined by analytical RP-HPLC and their structural integrity was confirmed

by electrospray ionization mass spectrometry.

Compound 1: Purification (System 1): gradient: from 20 to 70%B in 60 min.
HPLC (System I): tg 3.27 min; (System II): tg 10.24 min; (System III): tx 6.39
min; ESI-MS: m/z: 963.8 [M+H]’, calculated monoisotopic mass for
Ca4H70N10O14: 963.

Compound 5: Purification (System 2): gradient: from 10 to 30%B in 7 min, then
30 to 60%B in 60 min. HPLC (System I): tz 1.63 min; (System III): tg 7.83 min;
ESI-MS: m/z: 960.8 [M+H]", calculated monoisotopic mass for CyHggN1gO4:
960.

Compound 6: Purification (System 2): gradient: from 10 to 30%B in 7 min, then
30 to 60%B in 60 min. HPLC (System I): tg 1.72 min; (System III): tg 7.91 min;
ESI-MS: m/z: 976.6 [M+H]', calculated monoisotopic mass for CysHgoNoOs:
976.

Compound 7: Purification (System 2): gradient: from 10 to 30%B in 7 min, then
30 to 60%B in 60 min. HPLC (System I): tg 1.92 min; (System III): tg 8.44 min;
ESI-MS: m/z: 977.8 [M+H]’, calculated monoisotopic mass for Cs3HeN;oO1s:
9717.
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6.2.1.2 Peptoid and Peptide-Peptoid Hybrids Synthesis

Two methods for the synthesis of peptoids by organic solid-phase
chemistry have been described in the literature. In the submonomer method, the
oligomer is prepared on the resin by repeated coupling of bromoacetic acid
followed by a substitution reaction with an appropriate amine that comprises the
side  chain  functionality.” In  the monomer  approach, 9-

fluorenylmethoxycarbonyl (Fmoc)-protected N-substituted glycines are coupled.

Peptoid 2 and peptide-peptoid hybrids 3 and 4 were synthesized manually
on Rink amide MBHA resin (substitution: 0.64 mmol/g, scale: 0.08 mmol) and
obtained as amides at the C-terminus. The synthesis of the peptoidic parts were
performed using a combination of the two peptoid synthesis approaches.
According to the two submonomers assembly method, acylation reactions were
performed by additon of bromoacetic acid (0.8 mmol, 112 mg) in DMF (2 ml),
followed by additon of N,N’-diisopropylcarbodiimide (0.8 mmol, 123.8 pL) in
DMF (1 ml). Reactions mixtures were agitated at room temperature for 30
minutes and then the couplings repeated under the same conditions. Each reaction
was then monitored using the chloranil test®®' for acylations of secondary amines
or TNBS' and/or Keiser tests”” for acylations of primary amines. Bromo
displacement reactions were performed by addition of the primary amine
(0.8 mmol) as 2M solutions in DMSO and in the case of isopropyl amine the
reaction was repeated a second time. Reactions were agitated at room temperature
for 1 h. Nglu side chain was introduced protected as H--Ala-OtBu - HCI. The
Nala was introduced using the presynthesized commercially available monomer
Fmoc-Sar-OH. Sta was introduced after preactivation of Fmoc-Sta-OH
(1.4 mmol, 55.7 mg) with HATU/HOAt/DIEA. The products were then cleaved
from the resin by TFA in the presence of 2.5% TIS and 2.5% water at room
temperature in 2 h, the resin was filtered off and the crude peptides were
precipitated with a cold solution of ter-butyl methyl ether/hexane 2:1 and
lyophilised over night. The peptides were then purified by preparative RP-HPLC.
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Their structural integrity was confirmed by electrospray ionization mass

spectrometry.

Compound 2: Purification (System 1): gradient: from 15 to 30%B in 45 min.
HPLC (System I): tg 2.77 min; (System II): tg 9.72 min; ESI-MS: m/z: 963.6

[M+H]", calculated monoisotopic mass for C44H7oN;oO4: 963.

Compound 3: Purification (System 1): gradient: from 5 to 15%B in 5 min, then
15 to 45%B in 60 min. HPLC (System II): tg 8.93 min; ESI-MS: m/z: 978.6
[M+H]", calculated monoisotopic mass for C4sH71NgOys: 978.

Compound 4: Purification (System 1): gradient: from 5 to 30%B in 60 min.
HPLC (System II): tg 8.63 min; ESI-MS: m/z: 978.6 [M+H]", calculated

monoisotopic mass for C4sH7NgO,5: 978.

6.2.2 Macrocycles Approach

6.2.1.2 Synthesis of Peptides 8-19

Peptides 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18 and 19 were synthesized by
manual solid-phase methodology using Fmoc/HBTU/DMF chemistry. The side
chains of all the residues were protected in the standard manner compatible with
TFA cleavage and deprotection protocols and obtained as N-acetyl-peptide
amides. Peptides were synthesized on a Rink Amide MBHA Resin (loading: 0.64
mmol/g for peptide 8, 9, 10, 11, 12; loading: 0.69 mmol/g for peptides 13, 14, 15,
16, 17, 18 and 19), which allows the synthesis of peptide amides, on a 0.1-mmol
scale. Amino acids, HOBt and HBTU were used in a 2 eq excess respect to the
scale of the resin in each cycle. After removal of the last Fmoc protecting group,
the final acetylation reaction was performed with DMF: Ac,O : pyridine = 8:1:1
during 10 minutes and then repeated a second time. The extent of coupling and

acetylation at each step was verified with the qualitative TNBS' and/or Keiser
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tests on a sample of a few resin beads. The products were then cleaved from
the resin by TFA in the presence of 2.5% TIS and 2.5% water at room
temperature in 2 h, the resin was filtered off and the crude peptides were
precipitated with a cold solution of ter-butyl methyl ether/hexane 2:1 and
lyophilised over night. The peptides were then purified by preparative RP-HPLC.
Their structural integrity was confirmed by electrospray ionization mass

spectrometry.

Compound 8: Purification (System 1): gradient: from 12 to 42%B in 60 min.
HPLC (System I): tg 2.05 min; ESI-MS: m/z: 578.4 [M+H] , calculated

monoisotopic mass for C,sH43NsOg: 577.

Compound 9: Purification (System 1): gradient: from 7 to 37%B in 60 min.
HPLC (System I): tg 1.49 min; ESI-MS: m/z: 479.2 [M+H]", 958.0 [2M+H]’,

calculated monoisotopic mass for Cy3H34N,O7: 478.

Compound 10: Purification (System 1): gradient: from 7 to 37%B in 60 min.
HPLC (System I): tg 1.43 min; ESI-MS: m/z: 465.2 [M+H]", 929.6 [2M+H]’,

calculated monoisotopic mass for Cy,H3,N4O7: 464.

Compound 11: Purification (System 1): gradient: from 10 to 40%B in 60 min.
HPLC (System I): tg 1.95 min; ESI-MS: m/z: 693.4 [M+H]', calculated

monoisotopic mass for C3,HysNgOq;: 692.

Compound 12: Purification (System 1): gradient: from 7 to 37%B in 60 min.
HPLC (System I): tg 1.33 min; ESI-MS: m/z: 580.4 [M+H]", 1159.6 [2M+H]",

calculated monoisotopic mass for C,sH37NsOq¢: 579.

Compound 13: Purification (System 1): gradient: from 10 to 40%B in 60 min.
HPLC (System I): tg 1.84 min; ESI-MS: m/z: 659.4 [M+H]", 1318.0 [2M+H]",

calculated monoisotopic mass for CroHs5oN¢O;;: 658.

Compound 14: Purification (System 1): gradient: from 20 to 50%B in 60 min.
HPLC (System I): tg 2.46 min; ESI-MS: m/z: 521.4 [M+H]", 1041.8 [2M+H]",

calculated monoisotopic mass for CysH4oN4O7: 520.
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Compound 15: Purification (System 1): gradient: from 20 to 50%B in 60 min.
HPLC (System I): ty 2.42 min; ESI-MS: m/z: 521.4 [M+H]", 1041.8 [2M+H]",

calculated monoisotopic mass for CysH4N4O7: 520.

Compound 16: Purification (System 1): gradient: from 20 to 50%B in 60 min.
HPLC (System I): tg 2.36 min; ESI-MS: m/z: 541.2 [M+H]’, 1081.8 [2M+H]",

calculated monoisotopic mass for CygH3¢N,O7: 540.

Compound 17: Purification (System 1): gradient: from 20 to 50%B in 60 min.
HPLC (System I): tg 2.43 min; ESI-MS: m/z: 559.4 [M+H]', 1117.4 [2M+H]",

calculated monoisotopic mass for CygH;35N407: 558.

Compound 18: Purification (System 1): gradient: from 20 to 50%B in 60 min.
HPLC (System I): tg 2.52 min; ESI-MS: m/z: 672.6 [M+H]", 1343.8 [2M+H]",

calculated monoisotopic mass for C3,H4NsO;;: 671.

Compound 19: Purification (System 1): gradient: from 20 to 50%B in 60 min.
HPLC (System I): tg 2.42 min; ESI-MS: m/z: 638.4 [M+H]', 1275.8 [2M+H]",

calculated monoisotopic mass for CygH43N501: 637.

6.2.2.2 Macrocyles
Synthesis of Substituted Asp of General Formula Z/Fmoc-Asp(R)-OH

1-(N-Boc-aminomethyl)-3-aminomethylbenzene

A solution of di-tert-butyl dicarbonate (1.5 g, 6.9 mmol) in dioxane (40
ml) was added drop wise at room temperature over a period of 3 h to a solution of
o,0."-diamino-m-xylol (7.5 g, 55.0 mmol) in dioxane (40 ml). The mixture was
stirred for 22 h and the solvent was then removed using a rotary evaporator.
Water (50 ml) was added to the residue and the insoluble bis-substituted product
was collected by filtration (32 mg, 1.3% based on dicarbonate). The filtrate was
then extracted with methylene chloride (3 x 50 ml) and the methylene chloride

extract was backwashed with water (5 x 50 ml). The solvent was dried over
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MgSO, and evaporated, the resulting crude was purified on a silica gel column
with a gradient from DCM/MeOH 95:5 to DCM/MeOH 8:2, to yield the pure
product as a yellow oil. Yield: 1.28 g (79%); TLC: DCM/MeOH 6:4, R 0.38;
HPLC (System I): tg 1.58 min; ESI-MS: m/z: 237.2 [M+H]", 473.8 [2M+H]",

calculated monoisotopic mass for C;3H;)N,O,: 236.

Fmoc-Asp[3-(Boc-aminomethyl)-benzylamine]-OAll

Fmoc-Asp-OAll (600 mg, 1.52 mmol) in DMF (5 ml) was preactivated
during 10 minutes with HOBt (205 mg, 1.52 mmol), HBTU (575 mg, 1.52 mmol)
and DIEA (520 pl, 3.03 mmol). A solution of 3-(Boc-aminomethyl)-benzylamine
(326 mg, 1.38 mmol) in DMF (2 ml) was added and the solution stirred for 12 h
at room temperature. The DMF was then evaporated and the oily residue
redissolved in EtOAc (50 ml). The organic layer was washed with H,O (1 x 50
ml), NaHCO; 5% (3 x 50 ml), H,O (1 x 50 ml), KHSO, 5% (3 x 50 ml) and
saturated NaCl (1 x 50 ml), dried over MgSO, and concentrated. The pure
product was obtained by precipitation from EtOAc/petroleum ether as a
crystalline solid. Yield: 815.4 mg (97%); HPLC (System I): tg 4.52 min; ESI-MS:
m/z: 614.4 [M+H]", 558.4 [(M-tBu)+H]", 514.4 [(M-Boc)+H]', 1227.6 [2M+H]",

calculated monoisotopic mass for C3sH39N;07: 613.

Fmoc-Asp[3-(Boc-aminomethyl)-benzylamine]-OH

Fmoc-Asp[3-(Boc-aminomethyl)-benzylamine]-OAll (815 mg, 1.33
mmol), dried over-night under reduced pressure, was dissolved in DMF (10 ml)
in an Argon atmosphere with PhSiH; (0.82 ml, 6.6 mmol). Pd(PPhs)4 (31 mg, 27
umol) was flushed with Argon, suspended in DMF (10 ml) and added to the
solution. The mixture was stirred at room temperature under an inert atmosphere
for 30 minutes and the progress of the reaction checked via HPLC. Upon
completion of the reaction, the DMF was evaporated, the residue redissolved in
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EtOAc (30 ml) and the organic layer washed with H,O (1 x 30 ml), citric acid 5%
(5 x 30 ml) and saturated NaCl (1 x 30 ml), dried over MgSO, and concentrated.
The pure product was obtained by precipitation from DCM/petroleum ether as a
crystalline solid. Yield: 594 mg (78%); HPLC (System I): tg 3.89 min; ESI-MS:
m/z: 574.4 [M+H]', 518.4 [(M-tBu)+H]", 474.4 [(M-Boc)+H]', 1147.8 [2M+H]’,

calculated monoisotopic mass for C3,H;35N307: 573.

Z-Asp[3-(Boc-aminomethyl)-benzylamine]-OBzl

3-(Boc-aminomethyl)-benzylamine (0.62 mg, 2.64 mmol) was added to a
solution of Z-Asp(OSu)-OBzl (1.00 g, 2.20 mmol) in DCM (20 ml) and the
mixture stirred for 12 h at room temperature. The DCM was then evaporated and
the residue redissolved in EtOAc (50 ml). The organic layer was washed with
H,O (1 x 50 ml), NaHCOj3; 5% (3 x 50 ml), H,O (1 x 50 ml), KHSO,4 5% (3 x 50
ml) and saturated NaCl (1 x 50 ml), dried over MgSO, and concentrated. The
pure product was obtained by precipitation from EtOAc/petroleum ether as a
crystalline solid. Yield: 1.03 g (93%); TLC: DCM/MeOH 9:1, Ry 0.34; HPLC
(System I): tg 4.04 min; ESI-MS: m/z: 576.4 [M+H]", 520.4 [(M-tBu)+H]", 476.2
[(M-Boc)+H]’, calculated monoisotopic mass for C3,H37N305: 575.

Z-Asp[3-(Boc-aminomethyl)-benzylamine]-OH

Z-Asp[3-(Boc-aminomethyl)-benzylamine]-OBzl (1.13 g, 1.96 mmol) was
hydrolysed in EtOH using NaOH (1 M aqueous, 1.1 eq). The reaction was stirred
for 30 minutes at room temperature and the progress of it checked via HPLC.
Upon completion of the reaction, the EtOH was diluted with water, the pH of the
solution decreased to 2 with HCI 1 N and the product extracted with EtOAc (3 x
50 ml). The organic layer was washed with HO (3 x 50 ml), citric acid 5% (5 x
30 ml) and saturated NaCl (1 x 30 ml), dried over MgSO, and concentrated. The
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pure product was obtained by precipitation from EtOAc/petroleum ether as a
crystalline solid. Yield: 681 mg (72%); HPLC (System I): tg 3.44 min; ESI-MS:
m/z: 486.4 [M+H]", 430.4 [(M-tBu)+H]", 386.2 [(M-Boc)+H]", 971.6 [2M+H]’,

calculated monoisotopic mass for C,sH;3N;O7: 485.

N-Boc-1.4-phenvylendiamine

A solution of di-tert-butyl dicarbonate (2.0 g, 9.2 mmol) in dioxane (40
ml) was added drop wise at room temperature over a period of 3 h to a solution of
1,4-phenylendiamine (7.9 g, 73.3 mmol) in dioxane (80 ml). The mixture was
stirred for 22 h and the solvent was then removed using a rotary evaporator.
Water (50 ml) was added to the residue and the insoluble bis-substituted product
was collected by filtration (0.9 mg, 3% based on dicarbonate). The filtrate was
then extracted with methylene chloride (3 x 50 ml) and the methylene chloride
extract was backwashed with water (8 x 50 ml). The solvent was dried over
MgSO, and evaporated and the pure product was crystallized from petroleum
ether. Yield: 1.50 g (78%); TLC: DCM/MeOH 95:5, R¢0.56; HPLC (System I):
tg 1.44 min; ESI-MS: m/z: 209.0 [M+H]", 417.2 [2M+H]", calculated

monoisotopic mass for C;H;sN,O,: 208.

Fmoc-Asp[4-(Boc-amino)-1.4-phenyldiamine]-OAll

Fmoc-Asp-OAll (600 mg, 1.52 mmol) in DMF (5 ml) was preactivated
during 10 minutes with HOAt (205 mg, 1.52 mmol), HATU (577 mg, 1.52 mmol)
and DIEA (520 ul, 3.03 mmol). A solution of Boc-1,4-phenylendiamine (287 mg,
1.38 mmol) in DMF (2 ml) was added and the solution stirred for 12 h at room
temperature. The DMF was then evaporated and the oily residue redissolved in
EtOAc (50 ml). The organic layer was washed with H;O (1 x 50 ml), NaHCO;
5% (3 x 50 ml), H,O (1 x 50 ml), KHSO,4 5% (3 x 50 ml) and saturated NaCl (1 x
50 ml), dried over MgSO, and concentrated. The pure product was obtained by
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precipitation from EtOAc/petroleum ether as a crystalline solid. Yield: 739 mg
(91%); HPLC (System I): tg 4.51 min; ESI-MS: m/z: 586.4 [M+H]", 530.4 [(M-
tBu)+H]", 1171.6 [2M+H]’", calculated monoisotopic mass for C33H3sN307: 585.

Fmoc-Asp[4-(Boc-amino)-1.4-phenyldiamine]-OH

Fmoc-Asp[4-(Boc-amino)-1,4-phenyldiamine]-OAll (739 mg, 1.20 mmol),
dried over-night under reduced pressure, was dissolved in DMF (10 ml) in an
Argon atmosphere with PhSiH; (1.6 ml, 12.6 mmol). Pd(PPh;), (73 mg, 63 umol)
was flushed with Argon, suspended in DMF (10 ml) and added to the solution.
The mixture was stirred at room temperature under an inert atmosphere for 30
minutes and the progress of the reaction checked via HPLC. Upon completion of
the reaction, the DMF was evaporated, the residue redissolved in EtOAc (30 ml)
and the organic layer washed with H,O (1 x 30 ml), citric acid 5% (5 x 30 ml)
and saturated NaCl (1 x 30 ml), dried over MgSO, and concentrated. The pure
product was obtained by precipitation from DCM/petroleum ether as a crystalline
solid. Yield: 505 mg (77%); HPLC (System I): tg 3.96 min; ESI-MS: m/z: 546.4
[M+H]", 490.4 [(M-tBu)+H]", 1091.6 [2M+H]", calculated monoisotopic mass
for C5oH3N;07: 545.

Z-Asp[4-(Boc-amino)-1.4-phenyldiamine]-OBzl

Boc-1,4-phenylendiamine (0.55 g, 2.64 mmol) was added to a solution of
Z-Asp(OSu)-OBzl (1.00 g, 2.20 mmol) in DCM (20 ml) and the mixture stirred
for 12 h at room temperature. The DCM was then evaporated and the residue
redissolved in EtOAc (50 ml). The organic layer was washed with H,O (1 x 50
ml), NaHCO; 5% (3 x 50 ml), H,O (1 x 50 ml), KHSO,4 5% (3 x 50 ml) and
saturated NaCl (1 x 50 ml), dried over MgSO, and concentrated. The pure

product was obtained by precipitation from EtOAc/petroleum ether as a brown
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crystalline solid. Yield: 1.02 g (85%); TLC: DCM/MeOH 95:5, Ry 0.54; HPLC
(System I): tg 4.11 min; ESI-MS: m/z: 548.6 [M+H]", 492.2 [(M-tBu)+H]", 448.2
[(M-Boc)+H]", 1095.9 [2M+H]", calculated monoisotopic mass for C3oH33N305:
547.

Z-Aspl[4-(Boc-amino)-phenylamine]-OH

Z-Asp[4-(Boc-amino)-phenylamine]-OBzl (1.09 g, 1.99 mmol) was
hydrolysed in EtOH using NaOH (1 M aqueous, 1.1 eq). The reaction was stirred
for 30 minutes at room temperature and the progress of it checked via HPLC.
Upon completion of the reaction, the EtOH was diluted with water, the pH of the
solution decreased to 2 with HC1 1 N and the product extracted with EtOAc (3 x
50 ml). The organic layer was washed with H,O (3 x 50 ml), citric acid 5% (5 x
30 ml) and saturated NaCl (1 x 30 ml), dried over MgSO, and concentrated. The
pure product was obtained by precipitation from EtOAc/petroleum ether as a
crystalline solid. Yield: 728 mg (80%); HPLC (System I): tg 3.21 min; ESI-MS:
m/z: 458.4 [M+H]', 402.4 [(M-tBu)+H]", 358.2 [(M-Boc)+H]", 915.6 [2M+H]’,

calculated monoisotopic mass for Cy3H;7N507: 457.

N-Boc-1.3-diaminopropane

A solution of di-tert-butyl dicarbonate (3.7 g, 16.86 mmol) in dioxane (40
ml) was added drop wise at room temperature over a period of 3 h to a solution of
1,3-diaminopropane (10.0 g, 134.9 mmol) in dioxane (80 ml). The mixture was
stirred for 22 h and the solvent was then removed using a rotary evaporator.
Water (50 ml) was added to the residue and the insoluble bis-substituted product
was collected by filtration (18 mg, 4% based on dicarbonate). The filtrate was
then extracted with methylene chloride (3 x 50 ml) and the methylene chloride
extract was backwashed with water (8 x 50 ml). The solvent was dried over

MgSO, and evaporated, the resulting crude was purified on a silica gel column
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with a gradient from DCM/MeOH 95:5 to DCM/MeOH 8:2, to yield the pure
product as an oil. Yield: 1.93 g (66%); TLC: DCM/MeOH 4:1, Ry 0.26; HPLC
(System I): tg 5.20 min; ESI-MS: m/z: 175.2 [M+H]", 348.6 [2M+H]", calculated

monoisotopic mass for CgHsN,O,: 174.

Fmoc-Asp[3-(Boc-amino)-1,3-diaminopropane]-OAll

Fmoc-Asp-OAll (600 mg, 1.52 mmol) in DMF (5 ml) was preactivated
during 10 minutes with HOBt (205 mg, 1.52 mmol), HBTU (577 mg, 1.52 mmol)
and DIEA (520 pl, 3.03 mmol). A solution of Boc-1,3-diaminopropane (240 mg,
1.38 mmol) in DMF (2 ml) was added and the solution stirred for 12 h at room
temperature. The DMF was then evaporated and the oily residue redissolved in
EtOAc (50 ml). The organic layer was washed with H,O (1 x 50 ml), NaHCO;
5% (3 x 50 ml), H,O (1 x 50 ml), KHSO,4 5% (3 x 50 ml) and saturated NaCl (1 x
50 ml), dried over MgSO, and concentrated. The pure product was obtained by
precipitation from EtOAc/petroleum ether as a crystalline solid. Yield: 717 mg
(94%); HPLC (System I): tg 4.11 min; ESI-MS: m/z: 552.4 [M+H]", 496.6 [(M-
tBu)+H]", 452.4 [(M-Boc)+H]", 1103.6 [2M+H]", calculated monoisotopic mass
for C5oH37N;07: 551.

Fmoc-Asp[3-(Boc-amino)-1,3-diaminopropane]-OH

Fmoc-Asp[3-(Boc-amino)-1,3-diaminopropane]-OAll (717 mg, 1.30
mmol), dried over-night under reduced pressure, was dissolved in DMF (10 ml)
in an Argon atmosphere with PhSiH; (0.8 ml, 6.5 mmol). Pd(PPh;), (30 mg, 26
pmol) was flushed with Argon, suspended in DMF (10 ml) and added to the
solution. The mixture was stirred at room temperature under an inert atmosphere
for 30 minutes and the progress of the reaction checked via HPLC. Upon
completion of the reaction, the DMF was evaporated, the residue redissolved in
EtOAc (30 ml) and the organic layer washed with H,O (1 x 30 ml), citric acid 5%
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(5 x 30 ml) and saturated NaCl (1 x 30 ml), dried over MgSO, and concentrated.
The pure product was obtained by precipitation from DCM/petroleum ether as a
crystalline solid. Yield: 652 mg (98%); HPLC (System I): tg 3.56 min; ESI-MS:
m/z: 512.4 [M+H]", 456.4 [(M-tBu)+H]", 412.2 [(M-Boc)+H]", 1023.6 [2M+H]",

calculated monoisotopic mass for C,7H33N307: 511.

N-Boc-1.4-diaminobutane

A solution of di-tert-butyl dicarbonate (3.1 g, 14.2 mmol) in dioxane (40
ml) was added drop wise at room temperature over a period of 3 h to a solution of
1,4-diaminobutane (10.0 g, 113.4 mmol) in dioxane (80 ml). The mixture was
stirred for 22 h and the solvent was then removed using a rotary evaporator.
Water (50 ml) was added to the residue and the insoluble bis-substituted product
was collected by filtration (13 mg, 3% based on dicarbonate). The filtrate was
then extracted with methylene chloride (3 x 50 ml) and the methylene chloride
extract was backwashed with water (8 x 50 ml). The solvent was dried over
MgSO, and evaporated, the resulting crude was purified on a silica gel column
with eluent DCM/MeOH 8:2, to yield the pure product as an oil. Yield: 2.00 g
(75%); TLC: DCM/MeOH 4:1, R; 0.24; ESI-MS: m/z: 189.0 [M+H]", 377.6
[2M+H]", calculated monoisotopic mass for CoH,oN,O,: 188.

Fmoc-Asp[4-(Boc-amino)-1.4-diaminobutane]-OAll

Fmoc-Asp-OAll (600 mg, 1.52 mmol) in DMF (5 ml) was preactivated
during 10 minutes with HOBt (205 mg, 1.52 mmol), HATU (577 mg, 1.52 mmol)
and DIEA (520 pl, 3.03 mmol). A solution of Boc-1,4-diaminobutane (260 mg,
1.38 mmol) in DMF (2 ml) was added and the solution stirred for 12 h at room
temperature. The DMF was then evaporated and the oily residue redissolved in

EtOAc (50 ml). The organic layer was washed with H,O (1 x 50 ml), NaHCO;
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5% (3 x 50 ml), H,O (1 x 50 ml), KHSO,4 5% (3 x 50 ml) and saturated NaCl (1 x
50 ml), dried over MgSO, and concentrated. The pure product was obtained by
precipitation from EtOAc/petroleum ether as a crystalline solid. Yield: 780 mg
(92%); HPLC (System I): tg 4.14 min; ESI-MS: m/z: 566.4 [M+H]", 510.6 [(M-
tBu)+H]', 466.4 [(M-Boc)+H]", 1131.8 [2M+H]", calculated monoisotopic mass
for C5;H39N307: 565.

Fmoc-Asp[4-(Boc-amino)-1.4-diaminobutane]-OH

Fmoc-Asp[4-(Boc-amino)-1,4-diaminobutane]-OAll (713 mg, 1.26 mmol),
dried over-night under reduced pressure, was dissolved in DMF (5 ml) in an
Argon atmosphere with PhSiH; (1.6 ml, 12.6 mmol). Pd(PPh;), (146 mg, 0.13
mmol) was flushed with Argon, suspended in DMF (5 ml) and added to the
solution. The mixture was stirred at room temperature under an inert atmosphere
for 30 minutes and the progress of the reaction checked via HPLC. Upon
completion of the reaction, the DMF was evaporated, the residue redissolved in
EtOAc (30 ml) and the organic layer washed with H,O (1 x 30 ml), citric acid 5%
(5 x 30 ml) and saturated NaCl (1 x 30 ml), dried over MgSO, and concentrated.
The pure product was obtained by precipitation from DCM/petroleum ether as a
crystalline solid. Yield: 576 mg (87%); HPLC (System I): tg 3.61 min; ESI-MS:
m/z: 526.4 [M+H]', 470.4 [(M-tBu)+H]', 426.2 [(M-Boc)+H]", 1051.6 [2M+H]",

calculated monoisotopic mass for CogH35sN3;07: 525.

N-Boc-1,5-diaminopentane

A solution of di-tert-butyl dicarbonate (2.3 g, 10.6 mmol) in dioxane (30
ml) was added drop wise at room temperature over a period of 3 h to a solution of
1,5-diaminopentane (8.7 g, 85.1 mmol) in dioxane (50 ml). The mixture was
stirred for 22 h and the solvent was then removed using a rotary evaporator.

Water (50 ml) was added to the residue and the insoluble bis-substituted product
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was collected by filtration (9 mg, 3% based on dicarbonate). The filtrate was then
extracted with methylene chloride (3 x 50 ml) and the methylene chloride extract
was backwashed with water (8 x 50 ml). The solvent was dried over MgSO, and
evaporated, the resulting crude was purified on a silica gel column with eluent
DCM/MeOH 8:2, to yield the pure product as an oil. Yield: 2.15 g (61%); TLC:
DCM/MeOH 4:1, R; 0.24; ESI-MS: m/z: 202.8 [M+H]', 404.6 [2M+H],

calculated monoisotopic mass for C;(H;,N,O,: 202.

Fmoc-Asp[5-(Boc-amino)-1,5-diaminopentane]-OAll

Fmoc-Asp-OAll (600 mg, 1.52 mmol) in DMF (5 ml) was preactivated
during 10 minutes with HOBt (205 mg, 1.52 mmol), HBTU (577 mg, 1.52 mmol)
and DIEA (520 pl, 3.03 mmol). A solution of Boc-1,5-diaminopentane (279 mg,
1.38 mmol) in DMF (2 ml) was added and the solution stirred for 12 h at room
temperature. The DMF was then evaporated and the oily residue redissolved in
EtOAc (50 ml). The organic layer was washed with H,O (1 x 50 ml), NaHCO;
5% (3 x 50 ml), H,O (1 x 50 ml), KHSO, 5% (3 x 50 ml) and saturated NaCl (1 x
50 ml), dried over MgSO, and concentrated. The pure product was obtained by
precipitation from EtOAc/petroleum ether as a crystalline solid. Yield: 682 mg
(85%); HPLC (System I): tg 4.36 min; ESI-MS: m/z: 580.4 [M+H]", 524.6 [(M-
tBu)+H]", 480.4 [(M-Boc)+H]', 1159.8 [2M+H]", calculated monoisotopic mass
for C5,H41N;07: 579.

Fmoc-Asp[5-(Boc-amino)-1,5-diaminopentane]-OH

Fmoc-Asp[5-(Boc-amino)-1,5-diaminopentane]-OAll (682 mg, 1.18
mmol), dried over-night under reduced pressure, was dissolved in DMF (10 ml)
in an Argon atmosphere with PhSiH; (0.7 ml, 5.9 mmol). Pd(PPhs), (27 mg, 23.5
umol) was flushed with Argon, suspended in DMF (10 ml) and added to the
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solution. The mixture was stirred at room temperature under an inert atmosphere
for 45 minutes and the progress of the reaction checked via HPLC. Upon
completion of the reaction, the DMF was evaporated, the residue redissolved in
EtOAc (30 ml) and the organic layer washed with H,O (1 x 30 ml), citric acid 5%
(5 x 30 ml) and saturated NaCl (1 x 30 ml), dried over MgSO, and concentrated.
The pure product was obtained by precipitation from DCM/petroleum ether as a
crystalline solid. Yield: 470 mg (74%); HPLC (System I): tg 3.73 min; ESI-MS:
m/z: 540.6 [M+H]", 484.6 [(M-tBu)+H]", 440.4 [(M-Boc)+H]", 1079.8 [2M+H]",

calculated monoisotopic mass for Cy9H;37N307: 539.

Synthesis of Peptides of General Formula Z-Asp(R)-Sta-Val-Asp-NH,

Z-Asp(3-aminomethyl)-benzylamine)-Sta-Val-Asp-NH, (20)

Z-Asp(4-amino-phenylamine)-Sta-Val-Asp-NH, (22)

The synthesis was conducted by manual solid-phase methodology using
Fmoc/HBTU/DMF  chemistry. Asp' was introduced as Z-Asp[3-(Boc-
aminomethyl)-benzylamine]-OH (AL121) for peptide 20 and as Z-Asp[4-(Boc-
amino)-phenylamine]-OH for peptide 22. The peptides were synthesized as
peptide amides on a Rink amide MBHA Resin (loading: 0.66 mmol/g) on a
0.125-mmol scale. Amino acids, HOBt and HBTU were used in a 2 eq excess
respect to the scale of the synthesis in each cycle. The extent of coupling at each
step was verified with the qualitative TNBS and/or Kaiser tests on a sample of a
few resin beads. The products were then cleaved from the resin by TFA in the
presence of 2.5% TIS and 2.5% water at room temperature in 2 h, the resin was
filtered off and the crude peptides were precipitated with a cold solution of ter-
butyl methyl ether/hexane 2:1 and lyophilised over night. The purity of the
peptides exceeded 90% as determined by analytical RP-HPLC and were used for
the cyclization reaction without further purification. Their structural integrity was

confirmed by electrospray ionization mass spectrometry.
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Compound 20. Yield: 94.5 mg (85%); HPLC (System I): tg 2.15 min; ESI-MS:
m/z: 756.6 [M+H]", calculated monoisotopic mass for C37Hs3N;Oo: 755.

Compound 22. Yield: 86 mg (94%); HPLC (System I): tg 2.07 min; ESI-MS:
m/z: 728.4 [M+H]", calculated monoisotopic mass for C3sHyoNsOo: 727.

Compound 21

Peptide 20 (18.6 mg, 24.6 umol) was dissolved in DMF (250 ml, to give a
10* M concentration). HOAt (16.8 mg, 0.12 mmol), HATU (46.8 mg, 0.12
mmol) and DIEA (42 ul, 0.25 mmol) were added and the solution stirred for 12 h
at room temperature. The DMF was then evaporated and the product was purified
by preparative RP-HPLC (System 2, gradient: from 0 to 10%B in 5 min, then
from 10 to 40%B in 60 min). Yield: 2.2 mg (12%); HPLC (System I): tg 2.65
min; (System IV): tg 8.26 min; ESI-MS: m/z: 738.4 [M+H]", calculated

monoisotopic mass for C3;HsN-;Og: 737.

Compound 23

Peptide 22 (27.0 mg, 37.1 umol) was dissolved in DMF (370 ml, to give a
10* M concentration). HOAt (25.3 mg, 0.19 mmol), HATU (70.6 mg, 0.19
mmol) and DIEA (64 ul, 0.37 mmol) were added and the solution stirred for 12 h
at room temperature. The DMF was then evaporated and the product was purified
by preparative RP-HPLC (System 2, gradient: from 10 to 20%B in 5 min, then
from 20 to 50%B in 60 min). Yield: 2.6 mg (13%); HPLC (System I): tg 3.02
min; (System V): tg 7.61 min; ESI-MS: m/z: 710.6 [M+H]', calculated

monoisotopic mass for C3sHy7N;Og: 709.
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Synthesis of Peptides of General Formula Z-Asp(R)-Sta-Val-OH

Z-Asp-Sta-Val-OH  (24)

Z-Asp(3-aminomethyl)-benzylamine)-Sta-Val-OH  (25)

Z-Asp(4-amino-phenylamine)-Sta-Val-OH  (27)

The synthesis was conducted by manual solid-phase methodology using
Fmoc/HBTU/DMF chemistry. Asp was introduced as Z-Asp(tBu)-OH for peptide
24, Z-Asp[3-(Boc-aminomethyl)-benzylamine]-OH (AL121) for peptide 25 and
as Z-Asp[4-(Boc-amino)-phenylamine]-OH (AL120) for peptide 27. The peptides
were synthesized as peptide acids on a 2-Chlorotrytyl chloride Resin (loading:
0.83 mmol/g, as estimated using the procedure reported in Chapter 6.1) on a 0.25-
mmol scale. Amino acids, HOBt and HBTU were used in a 2 eq excess respect to
the scale of the synthesis in each cycle. The extent of coupling at each step was
verified with the qualitative TNBS and/or Kaiser tests on a sample of a few resin
beads. The products were then cleaved from the resin by TFA in the presence of
2.5% TIS and 2.5% water at room temperature in 2 h, the resin was filtered off
and the crude peptides were precipitated with a cold solution of ter-butyl methyl
ether/hexane 2:1 and lyophilised over night. The purity of the peptides exceeded
90% as determined by analytical RP-HPLC and were used for the cyclization
reaction without further purification. Their structural integrity was confirmed by

electrospray ionization mass spectrometry.

Compound 24. Yield: 115 mg (88%); HPLC (System I): tg 1.24 min; ESI-MS:
m/z: 524.8 [M+H]", calculated monoisotopic mass for C,sH37N;09: 523.

Compound 25. Yield: 136 mg (85%); HPLC (System I): tg 1.39 min; ESI-MS:
m/z: 642.6 [M+H]", calculated monoisotopic mass for C33H,7NsOg: 641.

Compound 27. Yield: 112 mg (73%); HPLC (System I): tg 2.36 min; ESI-MS:
m/z: 614.6 [M+H]", calculated monoisotopic mass for C3;H43NsOq: 613.
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Compound 26

Peptide 25 (20.52 mg, 32.0 umol) was dissolved in DMF (320 ml, to give
a 10* M concentration). HOAt (21.8 mg, 0.16 mmol), HATU (61 mg, 0.16
mmol) and DIEA (55 ul, 0.32 mmol) were added and the solution stirred for 12 h
at room temperature. The DMF was then evaporated and the product was purified
by preparative RP-HPLC (System 2, gradient: from 15 to 25%B in 5 min, then
from 25 to 55%B in 60 min). Yield: 2.6 mg (13%); HPLC (System I): tg 3.09
min; (System IV): tg 10.19 min; ESI-MS: m/z: 624.6 [M+H]", calculated

monoisotopic mass for C33HysNsO7: 623.

Compound 28

Peptide 27 (17.66 mg, 28.8 umol) was dissolved in DMF (290 ml, to give
a 10" M concentration). HOAt (19.6 mg, 0.14 mmol), HATU (54.7 mg, 0.14
mmol) and DIEA (49 ul, 0.29 mmol) were added and the solution stirred for 12 h
at room temperature. The DMF was then evaporated and the product was purified
by preparative RP-HPLC (System 2, gradient: from 10 to 20%B in 5 min, then
from 20 to 50%B in 60 min). Yield: 1.1 mg (6%); HPLC (System I): tg 2.79 min;
(System IV): tg 8.14 min; ESI-MS: m/z: 596.4 [M+H]", 1191.8 [2M+H]",

calculated monoisotopic mass for C3;H4 NsO7: 595.

Z-Asp-Sta-Val-Asp-OH (29)

The synthesis was conducted by manual solid-phase methodology using
Fmoc/HBTU/DMF chemistry. The peptide was synthesized as peptide acid on a
2-chlorotrytyl chloride resin (loading: 0.76 mmol/g, as estimated using the
procedure reported in Chapter 6.1) on a 0.25-mmol scale. Amino acids, HOBt and
HBTU were used in a 2 eq excess respect to the scale of the synthesis in each

cycle. The extent of coupling at each step was verified with the qualitative TNBS
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and/or Kaiser tests on a sample of a few resin beads. The product was then
cleaved from the resin by TFA in the presence of 2.5% TIS and 2.5% water at
room temperature in 2 h, the resin was filtered off and the crude peptide was
precipitated with a cold solution of ter-butyl methyl ether/hexane 2:1 and
lyophilised over night. The purity of the peptide exceeded 90% as determined by
analytical RP-HPLC and were used for the cyclization reaction without further
purification. Their structural integrity was confirmed by electrospray ionization

mass spectrometry.

Compound 29. Yield: 120 mg (75%); HPLC (System I): tg 1.22 min; ESI-MS:
m/z: 639.2 [M+H]", calculated monoisotopic mass for C,sH37N30,: 638.

Z-Asp[(3-aminomethyl)-benzylamine]-Sta-Val-Asp(ODmab)-OH (30-protected)

The synthesis was conducted by manual solid-phase methodology using
Fmoc/HBTU/DMF  chemistry. Asp' was introduced as Z-Asp[3-(Boc-
aminomethyl)-benzylamine]-OH and Asp® as Fmoc-Asp(ODmab)-OH. The
peptide was synthesized as peptide acid on a 2-Chlorotrytyl chloride resin
(loading: 0.78 mmol/g, as estimated using the procedure reported in Chapter 6.1)
on a 0.15-mmol scale. Amino acids, HOBt and HBTU were used in a 2 eq excess
respect to the scale of the synthesis in each cycle. The extent of coupling at each
step was verified with the qualitative TNBS and/or Kaiser tests on a sample of a
few resin beads. The products were then cleaved from the resin by TFA in the
presence of 2.5% TIS and 2.5% water at room temperature in 2 h, the resin was
filtered off and the crude peptides were precipitated with a cold solution of ter-
butyl methyl ether/hexane 2:1 and lyophilised over night. The purity of the
peptide exceeded 90% as determined by analytical RP-HPLC and was used for
the cyclization reaction without further purification. Its structural integrity was

confirmed by electrospray ionization mass spectrometry.
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Compound 30protected. Yield: 117.0 mg (73%); HPLC (System I): tg 3.46 min;
ESI-MS: m/z: 1068.8 [M+H]", 535.0 [(M+2H)/2]", calculated monoisotopic mass
for C57H77N7013Z 1067.

Compound 30

Peptide 30-protected (4.2 mg, 3.9 umol) was dissolved in DMF (980 nl).
hydrazine (20 pl) was added and the solution stirred for 10 min at room
temperature. The product was then precipitated from the solution with diethyl
ether and used without further purification. Yield: 2.8 mg (76%); HPLC (System
I): tg 4.52 min; ESI-MS: m/z: 757.4 [M+H]", calculated monoisotopic mass for
C37H5,NgO41: 736.

Compound 31-protected

Peptide 30-protected(54.1 mg, 50.6 umol) was dissolved in DMF (500 ml,
to give a 10™* M concentration). HOAt (34.4 mg, 0.25 mmol), HATU (96.2 mg,
0.25 mmol) and DIEA (60 ul, 0.51 mmol) were added and the solution stirred for
12 h at room temperature. The DMF was then evaporated and the product was
dissolved in acetonitrile/H,O 1:1 and lyophilised. Yield: 7.9 mg (15%); HPLC
(System I): tx 1.34 min; ESI-MS: m/z: 1050.6 [M+H]', 526.0 [(M+2H)/2]",

calculated monoisotopic mass for Cs;H75N;O1,: 1049.

Compound 31

Peptide 31-protected (7.9 mg, 7.5 umol) was dissolved in DMF (980 nl).
hydrazine (20 pl) was added and the solution stirred for 10 min at room
temperature. The product was then precipitated from the solution with diethyl
ether and purified by preparative RP-HPLC (System 2, gradient: from 0 to 25%B
in 10 min, then from 25 to 55%B in 60 min). Yield: 2.8 mg (51%); HPLC
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(System I): tg 2.92 min; ESI-MS: m/z: 739.4 [M+H]", calculated monoisotopic
mass for C37H50N6010: 738.

Synthesis of Peptides of General Formula Ac-lle-Asp(R)-(Phe)Sta-Val-Asp-NH,

Ac-lle-Asp[3-(Boc-amino)-1.3-diaminopropane]-(Phe)Sta-Val-Asp-NH, (32)

Ac-Ile-Asp[4-(Boc-amino)-1.4-diaminobutane]-(Phe)Sta-Val-Asp-NH, (34)

Ac-Ile-Asp[5-(Boc-amino)-1,5-diaminopentane]-(Phe)Sta-Val-Asp-NH, (36)

Ac-Ile-Asp[3-(Boc-aminomethyl)-benzylamine]-(Phe)Sta-Val-Asp-NH, (38)

Ac-Ile-Asp[4-(Boc-amino)-1.4-phenyldiamine]-(Phe)Sta-Val-Asp-NH, (40)

The synthesis was conducted by manual solid-phase methodology using
Fmoc/HBTU/DMF chemistry. The side chain of Asp’ was protected with tBu,
following the standard procedure compatible with TFA cleavage and deprotection
protocols. Asp” was introduced as Fmoc-Asp(R)-OH. The peptide was
synthesized as peptide amide on a Rink Amide MBHA Resin (loading: 0.69
mmol/g) on a 0.125-mmol scale. Amino acids, HOBt and HBTU were used in a 2
eq excess respect to the scale of the synthesis in each cycle. After removal of the
last Fmoc protecting group, the final acetylation reaction was performed with
DMF/Ac,O/pyridine 8:1:1 during 10 minutes and then repeated a second time.
The extent of coupling and acetylation at each step was verified with the
qualitative TNBS and/or Kaiser tests on a sample of a few resin beads. The
products were then cleaved from the resin by TFA in the presence of 2.5% TIS
and 2.5% water at room temperature in 2 h, the resin was filtered off and the
crude peptides were precipitated with a cold solution of ter-butyl methyl
ether/hexane 2:1 and lyophilised over night. The purity of the peptides exceeded
90% as determined by analytical RP-HPLC and were used for the cyclization
reaction without further purification. Their structural integrity was confirmed by

electrospray ionization mass spectrometry.

159



6. Experimental Part

Compound 32. Yield: 93 mg (89%); HPLC (System I): tg 1.75 min; ESI-MS:
m/z: 749.6 [M+H]", calculated monoisotopic mass for C3sHsgNgOo: 748.

Compound 34. Yield: 95 mg (88%); HPLC (System I): tg 1.71 min; ESI-MS:
m/z: 763.6 [M+H]", calculated monoisotopic mass for C3sHsgNgOo: 762.

Compound 36. Yield: 65 mg (67%); HPLC (System I): tg 1.74 min; ESI-MS:
m/z: 777.6 [M+H]", calculated monoisotopic mass for C3;HgoNgOy¢: 776.

Compound 38. Yield: 84 mg (83%); HPLC (System I): tg 1.85 min; ESI-MS:
m/z: 811.4 [M+H]", calculated monoisotopic mass for C4oHsgNgOyo: 810.

Compound 40. Yield: 98 mg (91%); HPLC (System I): tg 1.75 min; ESI-MS:
m/z: 783.4 [M+H]", calculated monoisotopic mass for C3sHssNgOo: 782.

Compound 33

Peptide 32 (51.2 mg, 68.4 umol) was dissolved in DMF (690 ml, to give a
10* M concentration). HOAt (46.6 mg, 0.34 mmol), HATU (130.1 mg, 0.34
mmol) and DIEA (117 pl, 0.68 mmol) were added and the solution stirred for 12
h at room temperature. The DMF was then evaporated and the residue redissolved
in EtOAc (5 ml). The organic layer was washed with H,O (1 x 5 ml), NaHCO;
5% (3 x 5 ml), HO (1 x 5 ml), KHSO,4 5% (3 x 5 ml) and saturated NaCl (1 x 5
ml) and concentrated. The product was dissolved in acetonitrile, lyophilised and
used without further purification. Yield: 20.0 mg (40%); HPLC (System I): tg
2.04 min; ESI-MS: m/z: 731.6 [M+H]', calculated monoisotopic mass for
C35Hs54NgO9: 730.

Compound 35

Peptide 34 (52.4 mg, 68.7 umol) was dissolved in DMF (690 ml, to give a
10* M concentration). HOAt (46.7 mg, 0.34 mmol), HATU (130.6 mg, 0.34
mmol) and DIEA (118 pl, 0.68 mmol) were added and the solution stirred for 12
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h at room temperature. The DMF was then evaporated and the residue redissolved
in EtOAc (5 ml). The organic layer was washed with H,O (1 x 5 ml), NaHCO;
5% (3 x 5 ml), HO (1 x 5 ml), KHSO,4 5% (3 x 5 ml) and saturated NaCl (1 x 5
ml) and concentrated. The product was dissolved in acetonitrile, lyophilised and
used without further purification. Yield: 19.0 mg (37%); HPLC (System I): tg
2.13 min; ESI-MS: m/z: 745.4 [M+H]', calculated monoisotopic mass for
C;36Hs¢NgOg: 744.

Compound 37

Peptide 36 (32.4 mg, 41.7 umol) was dissolved in DMF (420 ml, to give a
10* M concentration). HOAt (28.4 mg, 0.21 mmol), HATU (79 mg, 0.21 mmol)
and DIEA (71 pl, 0.42 mmol) were added and the solution stirred for 12 h at
room temperature. The DMF was then evaporated and the residue redissolved in
EtOAc (5 ml). The organic layer was washed with H,O (1 x 5 ml), NaHCO; 5%
(3 x 5 ml), H,O (1 x 5 ml), KHSO4 5% (3 x 5 ml) and saturated NaCl (1 x 5 ml)
and concentrated. The product was dissolved in acetonitrile, lyophilised and used
without further purification. Yield: 6.6 mg (21%); HPLC (System I): tg 2.25 min;
ESI-MS: m/z: 759.6 [M+H]", calculated monoisotopic mass for C3;HsgNgOyg: 758.

Compound 39

Peptide 38 (50.5 mg, 62.3 umol) was dissolved in DMF (620 ml, to give a
10 M concentration). HOAt (42.4 mg, 0.31 mmol), HATU (118.4 mg, 0.31
mmol) and DIEA (107 ul, 0.62 mmol) were added and the solution stirred for 12
h at room temperature. The DMF was then evaporated and the residue redissolved
in EtOAc (5 ml). The organic layer was washed with HO (1 x 5 ml), NaHCO;
5% (3 x 5 ml), H,O (1 x 5 ml), KHSO,4 5% (3 x 5 ml) and saturated NaCl (1 x 5

ml) and concentrated. The product was dissolved in acetonitrile, lyophilised and

161



6. Experimental Part

used without further purification. Yield: 9.0 mg (18%); HPLC (System I): tg 2.55
min; ESI-MS: m/z: 793.6 [M+H]", calculated monoisotopic mass for C4HssNgOy:
792.

Compound 41

Peptide 40 (33.8 mg, 43.2 umol) was dissolved in DMF (430 ml, to give a
10* M concentration). HOAt (29.4 mg, 0.21 mmol), HATU (82.1 mg, 0.21
mmol) and DIEA (89 ul, 0.52 mmol) were added and the solution stirred for 12 h
at room temperature. The DMF was then evaporated and the residue washed with
H,0 (3 x 5 ml), NaHCO; 5% (3 x 5 ml), KHSO,4 5% (3 x 5 ml), acetonitrile (3 x
5 ml) and saturated NaCl (1 x 5 ml). The product was then lyophilised and used
without further purification. Yield: 3.4 mg (10%); HPLC (System I): tg 2.50 min;
ESI-MS: m/z: 765.4 [M+H]", calculated monoisotopic mass for C3gHs;NgOq: 764.

6.2.3 Amino-Benzoic Acid Containing Molecules

Peptide 42, 43, 44 and 45 were synthesized by manual solid-phase
methodology using Fmoc/HBTU/DMF chemistry and obtained as N-acyl-peptide
amides. Peptides were synthesized on a Rink Amide MBHA Resin (loading: 0.69
mmol/g), which allows the synthesis of peptide amides, on a 0.125-mmol scale.
Amino acids, HOBt and HBTU were used in a 2 eq excess respect to the scale of
the resin in each cycle. After removal of the last Fmoc protecting group, the final
acetylation reaction was performed with DMF: Ac,0 : pyridine = 8:1:1 during 10
minutes and then repeated a second time. The extent of coupling at each step was
verified with the qualitative TNBS and/or Kaiser tests on a sample of a few resin
beads. The products were then cleaved from the resin by TFA in the presence of
2.5% TIS and 2.5% water at room temperature in 2 h, the resin was filtered off
and the crude peptides were precipitated with a cold solution of ter-butyl methyl
ether/hexane 2:1 and lyophilised over night. The peptides were then purified by
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preparative RP-HPLC. The purity of the peptides exceeded 97% as determined by
analytical RP-HPLC and their structural integrity was confirmed by electrospray

ionization mass spectrometry.

Compound 42. Purification (System 1): gradient: from 20 to 50%B in 60 min.
HPLC (System I): tg 2.87 min; ESI-MS: m/z: 582.4 [M+H]', 1164.8 [2M+H]",

calculated monoisotopic mass for C3;H43N504: 581.

Compound 43. Purification (System 1): gradient: from 20 to 50%B in 60 min.
HPLC (System I): tg 2.57 min; ESI-MS: m/z: 582.4 [M+H]', 1164.8 [2M+H]",

calculated monoisotopic mass for C3;H43N5Oq: 581.

Compound 44. Purification (System 1): gradient: from 20 to 50%B in 60 min.
HPLC (System I): tg 2.56 min; ESI-MS: m/z: 582.4 [M+H]", 1164.0 [2M+H]",

calculated monoisotopic mass for C3;H43N5O¢: 581.

Compound 485. Purification (System 1): gradient: from 20 to 50%B in 60 min.
HPLC (System I): tg 2.69 min; ESI-MS: m/z: 612.6 [M+H]', 1224.8 [2M+H]",

calculated monoisotopic mass for C3,Hy5N50O7: 611.

6.2.4 Di-substituted Statine Synthesis

6.2.4.1 Lithium Enolates

2.4-Dimethylphenyl isocaproate (48)

4-methylvaleric acid (2.32 g, 20 mmol) was added dropwise to a stirred
solution of carbonyldiimidazole (3.41 g, 21 mmol) in THF (20 ml) and stirred for
2 h. A solution of 2,4-dimethylphenol (3.67 g, 30 mmol) in THF (10 ml) was
added to a suspension NaH (810 mg, 32 mmol) in THF (20 ml) at 0 °C and stirred
for 60 min. During this time, the solution became homogeneous with a light
purple colour. The acyl imidazole solution was added dropwise over 5 min to the

sodium phenolate solution at 0 °C, and was stirred for 3 h. Ethyl acetate (100 ml)
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was added and the solution was extracted with citric acid (3 x 30 ml), NaHCO; (3
x 30 ml), and brine (60 ml). Concentration of the solution followed by
chromatography (10-30% DCM in PE) yielded 2.42 g (55%) the aryl ester. HPLC
(System I): tg 4.90 min; ESI-MS: m/z: 221.2 [M+H]", calculated monoisotopic
mass for C4H,,0,: 220.

Boc-Leu-N-methoxy-N-methylamide (49)

2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium  tetrafluoroborate
(TBTU) (5.12 g, 16 mmol), N-Hydroxybenzotriazole (HOBt) (2.12 g, 16 mmol)
and diisopropylethylamine (DIEA) (2.73 ml, 16mmol) were added to a stirred
solution of Boc-Leu-OH (3.70 g, 16 mmol) in dichloromethane (100 ml) at 0°C.
After 5 minutes of stirring, O,N-dimethylhydroxyamine hydrochloride (1.71 g, 18
mmol) was added, followed by DIEA (3 ml, 18 mmol). All solid material
dissolved within 10 minutes and the mixture was stirred overnight at RT. The
solvent was evaporated, the reaction mixture redissolved in AcOEt and washed
with H,O (30 ml), citric acid 5% (5 x 30 ml), H,O (1 x 30 ml), 5% aqueous
NaHCO;j; solution (3 x 30 ml) and saturated NaCl (1 x 30 ml). The solution was
dried over MgSQO,, the solvent removed in vacuo to give the product as a
colourless oil (4.20 g, 95%). HPLC (System I): tg 3.23 min; ESI-MS: m/z: 275.2
[M+H]", 219.2 [(M-tBu)+H]", 175.2 [(M-Boc)+H]", 571.4 [2M+H]", calculated

monoisotopic mass for C;3H,sN,O4: 274.

Boc-Leucinal (50)

Boc-Leu-N-methoxy-N-methylamide (3.54 g, 12.8 mmol) ass dissolved in
dry Et,0 (90 ml) at 0°C. Argon was flushed and LiAlH, (0.63 g, 16.6 mmol) was
added slowly. The mixture was stirred for 1h at RT. Then a 0.1 M HCI solution
was added under vigorous stirring until pH 7 (76 ml, 7.6 mmol). The product was

extracted twice with methylterbutyl ether (50ml) and washed with citric acid 5%
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(5 x 50 ml), H,O (1 x 50 ml), 5% aqueous NaHCO; solution (3 x 50 ml) and
saturated NaCl (1 x 50 ml). The solution was dried over MgSQO,, the solvent
removed In vacuo to give the product as a colourless oil (2.75 g, 98%). HPLC
(System II): tg 11.98 min (broad peak); ESI-MS: m/z: 216.4 [M+H]", 160.2 [(M-
tBu)+H]', 116.2 [(M-Boc)+H]', 431.4 [2M+H]", calculated monoisotopic mass
for C;;H,NO;: 215.

2.6-dimethylphenyl 2-[hydroxyl (4-methoxyphenyl) methyl] -4-methylpentanoate

(33)

A solution of 2,4-dimethylphenyl isocaproate (2) (1.10 g, 5.0 mmol) in
THF (20 ml) was added dropwise over 10 min to a THF solution of LDA circa 2
M (3 ml, 6 mmol) in THF (40 ml) at —78 °C. After the solution was stirred for 1 h
at —78 °C, a —78 °C solution of anisaldehyde (0.727 ml, 6 mmol) in THF (5 ml)
was added dropwise over 2 min. The solution was stirred for 1 h during which the
reaction warmed to —20 °C. The reaction was quenched with AcOH (up to pH 5),
EtOAc was added (120 ml), and the solution was washed with 5% citric acid (3 x
30 ml), NaHCOj; (3 x 30 ml), and brine (60 ml). The solution was dried over
MgSO, and the solvent concentrated to yield the desired crude product. HPLC
(System I): tz 5.01 min; ESI-MS: m/z: 339.2 [M-H,0+H]", 217.2 [M-(2,6-

dimethylphenol)—i-H]E calculated monoisotopic mass for Cy,H,304: 356.

Boc-Statine-ethyl ester (55)

A solution of ethyl acetate (0.49 ml, 5.0 mmol) in THF (20 ml) was added
dropwise over 10 min to a THF solution of LDA circa 2 M (3 ml, 6 mmol) in
THF (40 ml) at —78 °C. After the solution was stirred for 1 h at =78 °C, a —78 °C
solution of Boc-Leucinal (5) (1.29 mg, 6 mmol) in THF (5 ml) was added
dropwise over 2 min. The solution was stirred for 1 h during which the reaction

warmed to —20 °C. The reaction was quenched with AcOH (up to pH 5), EtOAc

165



6. Experimental Part

was added (120 ml), and the solution was washed with 5% citric acid (3 x 30 ml),
NaHCO; (3 x 30 ml), and brine (60 ml). The solution was dried over MgSO, and
the solvent concentrated to yield the desired crude product. HPLC (System I): tg
4.19 min; ESI-MS: m/z: 304.2 [M+H]", 248.2 [(M-tBu)+H]", 2042 [(M-

Boc)+H]', calculated monoisotopic mass for C;sH,yNOs: 303.

6.2.4.2 Boron Enolates

2-(N-mesitylenesulfonyl)amino-1-phenyl-1-propanol (57)

To a stirred solution (-)-norefedrine (1.0 g, 6.6 mmol) and triethylamine
(1.10 ml, 7.9 mmol) in dry DCM (10 ml) mesitylensulfonyl chloride (1.44 g, 6.6
mmol) was added at 0°C. The reaction was stirred at 0°C for 2 h and then diluted
with diethyl ether (200 ml). The mixture was washed successively with 100 ml
each of water, IM HCI, water, saturated NaHCO; and brine, dried over MgSQO,.
The organic solution is filtered, the filtrate is concentrated to give an oily residue,
which is redissolved in DCM and precipitated with hexane. Yield: 1.99 g (90%).
TLC: Hexane/EtOAc 3:1, R¢ 0.46; HPLC (System I): tg 3.95 min; HPLC (System
I1): tg 13.73 min; ESI-MS: m/z: 334.2 [M+H]", 667.2 [2M+H]", calculated

monoisotopic mass for C;gH3NO;S: 333.

2-(N-benzyl-N-mesitylenesulfonyl)amino-1-phenyl-1-propanol (58)

A mixture of 2-(N-mesitylenesulfonyl)amino-1-phenyl-1-propanol (13)
(1.9 g, 5.7 mmol), benzyl chloride (0.79 ml, 6.84 mmol), tetrabutyl ammonium
1odide (22 mg, 0.06 mmol) and potassium carbonate (0.95 g, 6.84 mmol) in100
ml acetonitrile is heated under reflux for 17 hr. The cooled mixture is filtered and
the salt is washed with diethyl ether (100 ml). The combined organic layers are
concentrated and the residue is crystallized from DCM and hexane to give the

product. Yield: 1.88 g (78%). TLC: Hexane/EtOAc 3:1, R¢ 0.59; HPLC (System
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I): tg 5.03 min; HPLC (System II): tg 16.98 min; ESI-MS: m/z: 424.2 [M+H]",
847.4 [2M+H]’, calculated monoisotopic mass for C,sH,oNO5S: 423.

2-(N-benzyl-N-mesitylenesulfonyl) amino-1-phenyl-1-propyl 4-methylpentanoate

(61)

To a solution of 4-methylpentanoic acid (160 pl, 1.26 mmol) in DCM
(10ml) at 0 °C SOCl, (110.4 pl, 1.52 mmol) is added slowly and the mixture is
left to react at RT for 3 h. After this time another 1 eq of SOCI, is added and the
reaction let stirring for 1 more h. The solvent is then evaporated, the solution is
diluted with DCM and the solvent re-evaporated: this procedure is repeated 4
times. The oil obtained (60) is used in the next reaction without further

purification.

The 4-methylpentanoyl chloride obtained is added dropwise at 0°C to a
solution of 2-(N-benzyl-N-mesitylenesulfonyl)amino-1-phenyl-1-propanol (300
mg, 0.71 mmol) and pyridine (74.1 pl, 0.92 mmol) in DCM (20 ml). The reaction
mixture is stirred at room temperature for 13 h and then diluted with diethyl ether
(50 ml). The mixture is washed successively with 50 ml each of water, 1M HCI,
water, saturated NaHCO; and brine, dried over MgSQ,. The organic solution is
filtered, the filtrate is concentrated to give a crystalline residue, which was
triturated with hexane to yield 315 mg (85%). HPLC (System II): tg 14.05 min;
ESI-MS: m/z: 522.4 [M+H]", calculated monoisotopic mass for Cs;H3sNO,S:
521.

Dicyclohexylboron trifluoromethanesulfonate (63)

An oven-dried, 250 ml, round bottom flask containing a stir bar and
capped with a rubber septum is charged with cychlohexene (17.02 ml, 168 mmol)
and dry diethyl ether (25 ml) and kept under argon at 0°C. The 2M solution of
borane-dimethyl sulphide complex in diethyl ether (40 ml, 80 mmol) is added
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dropwise during 30 min with stirring. The reaction mixture is stirred for 3 h at
0°C, the solid 1s allowed to settle without stirring. The supernatant organic
solution is removed as much as possible with a syringe and the residue is dried
flushing argon, to give dicychloexilborane, which is used without purification for

the preparation of the triflate.

The solid obtained is suspended in 100 ml of dry hexane and
trifluoromethanesulfonic acid (17.13 ml, 80 mmol) is added dropwise via a glass
syringe over 30 min with constant stirring, during which time vigorous gas
evolution occurs; the solid gradually dissolves and the solution develops a
yellow-orange colour. Stirring is continued at RT for 1 h, then the reaction
mixture is left for 2 h without stirring. A semisolid phase separate and the top
layer is transferred via syringe into a dry, 250 ml round-bottom flask. The flask is
placed in a freezer at -20°C for 36 h. Large crystals form and the mother liquor is
transferred via syringe to another dry round-bottom flask for further
crystallization. The crystals are dried flushing Argon for 5 hr giving 9.1 g (35%)
of dicyclohexylboron trifluoromethanesulfonate. 'H NMR (400 MHz, CDCl;):
0.79 (m, 10 H), 1.26 (m, 12 H).

6.2.4.3 Epoxide Opening with Grignard Reagent

Boc-Phenylalaninal (67)

Oxalyl chloride (1.69 ml, 20 mmol) is dissolved in 20 ml of dry DCM and
cooled to -55°C. 1.28 ml (18 mmol) of dimethyl sulfoxide was added dropwise.
Then, Boc-Phenylalaninol (2.54 g, 10 mmol), dissolved in 20 ml of DCM is
added dropwise, and then more dimethyl sulfoxide (1.70 ml, 24 mmol) was added
at -55°C. The reaction mixture was stirred at -55°C for 1 h, reacted with
triethylamine (9.7 ml, 70 mmol), and stirred until room temperature was reached.
After dilution with 100 ml of DCM, the mixture was washed with 1 N HCI and
dried over MgSQ,, and the solvent evaporated to yield 2.04 g (82%) of product.
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HPLC (System I): tg 2.82 min (broad peak); ESI-MS: m/z: 250.2 [M+H]’,

calculated monoisotopic mass for C,4H;oNO;: 249.

4(S)-[(1,1-dimethylethoxy)carbonyl amino]-5-phenyl-2-(E)-pentenoic acid ethyl
ester (68)

To Boc-Phenylalaninal (2.04 g, 8.2 mmol) dissolved in toluene,

(ethoxycarbonyl)-methyleneltriphenylphosphorane (3.83 g, 11 mmol) was added,
and the reaction mixture was heated to 80°C for 1 h. The solvent was then
evaporated and the resulting crude was purified on a silica gel column with a
gradient from DCM to DCM/MeOH 95:5, to yield the pure product as a yellow
oil. Yield: 2.10 g (80%). TLC: to DCM/MeOH 95:5, R¢ 0.74; HPLC (System I):
tg 3.89 min; ESI-MS: m/z: 320.4 [M+H]", 264.2 [(M-tBu)+H]", 220.2 [(M-

Boc)+H]", calculated monoisotopic mass for C;gHpsNO,4: 319.

(2S/R, 3S/R, 4S) - 4 -[ (1,1-dimethylethoxy) carbonyl amino] - 2.3 - epoxy - 5 -

phenylpentanoic acid ethyl ester (69)

4(S)-[(1,1-dimethylethoxy)carbonyl amino]-5-phenyl-2-(E)-pentenoic acid
ethyl ester (0.5 g, 1.57 mmol) is dissolved in 30 ml of dichloromethane and m-
chloroperbenzoic acid (0.5 g, circa 2.66 mmol) was added. The reaction mixture
was stirred for 5 d. The solvent was evaporated and the pure product obtained
after purification on a silica gel column with a gradient from PE/EtOAc 4:1 to
PE/EtOAc 8:1, to yield the pure product as a clear oil. Yield: 1.58 g (53%). TLC:
toluene/EtOAc 4:1, Ry 0.56; TLC: PE/EtOAc 4:1, R¢ 0.50; HPLC (System I): tg
4.15 min; ESI-MS: m/z: 336.2 [M+H]', 280.2 [(M-tBu)+H]', 236.2 [(M-

Boc)+H]+, calculated monoisotopic mass for C;gH,sNOs: 335.
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(4S) - 2 - (methyl) - 4 [( 1,1 - dimethylethoxy carbonyl) amino] - 3 - hydroxyl - 5

-phenylpentanoic acid ethyl ester (70)

CuCN (87 mg, 1 mmol) are suspended in anhydrous ethyl ether (5 ml) and
cooled to -78°C. A solution of CH;MgBr circa 3M in ethyl ether (0.5 ml, 1.50
mmol) is added and at this temperature (2S/R,3S/R,4S)-4-[(1,1-
dimethylethoxy)carbonyl amino]-2,3-epoxy-5-phenylpentanoic acid ethyl ester
(25) (330 mg, 0.98 mmol), dissolved in 20 ml of ethyl ether is added. The
reaction mixture is brought to room temperature and stirred for 2 h. The solvent
was then evaporated, and the residue was analyzed. HPLC (System I): tg 3.45
min; ESI-MS: m/z: 352.6 [M+H]', 296.2 [(M-tBu)+H]', 252.2 [(M-Boc)+H]",

calculated monoisotopic mass for C;9HoNOs: 351.

6.2.5 Synthesis of Bivalent Inhibitors for MMP-9

6.2.5.1 Route A

Trt-(0-CH,-CH,),-OH (71)

To a solution of H-(O-CH,-CH,),-OH (2.0 g, 10.30 mmol) in DCM (40
ml), Ag,O (3.58 g, 15.45 mmol), KI (0.68 g, 4.12 mmol) and Trt-Cl (3.16 g,
11.33 mmol) were added. The resulting mixture was heated to reflux for 22 h.
After this time, the silver salts were removed by filtration through a pad of celite,
which was thoroughly washed with EtOAc. The filtrates were combined,
evaporated under reduced pressure and the residue was purified by silica gel
column chromatography with a gradient from EtOAc/petroleum ether 1:1 to
EtOAc/petroleum ether 3:1, to yield the pure product as an oil. Yield: 2.7 g
(59%); TLC: DCM/MeOH 95:5, R¢ 0.79; EtOAc/petroleum ether 3:1, Ry 0.40;
HPLC (System I): tg 4.11 min; ESI-MS: m/z: 454.4 [(M+H,0)+H]", calculated
monoisotopic mass for Cy;H3,05: 436; 'H NMR (CDCly) ¢ 3.27 (t, 2H), 3.60 (t,
2H), 3.69-3.80 (m, 12H), 7.20-7.57 (m, 15H).
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Z-1Leu-Phe-Pro-Gly-Asp(OBz])-OH (72):

The synthesis was conducted by manual solid-phase methodology using
Fmoc/HBTU/DMF chemistry. The peptide was synthesized as peptide acid on a
2-chlorotrytyl chloride resin (loading: 1.1 mmol/g, as estimated using the
procedure reported in Chapter 6.1) on a 1.0-mmol scale. Amino acids, HOBt and
HBTU were used in a 2 eq excess respect to the scale of the synthesis in each
cycle. The extent of coupling at each step was verified with the qualitative TNBS
and/or Kaiser tests on a sample of a few resin beads. The products were then
cleaved from the resin by TFA in the presence of 2.5% TIS and 2.5% water at
room temperature in 2 h, the resin was filtered off and the crude peptides were
precipitated with a cold solution of ter-butyl methyl ether/hexane 2:1 and
lyophilised over night. The purity of the peptide exceeded 97% as determined by
analytical RP-HPLC and used without further purification. Its structural integrity
was confirmed by electrospray ionization mass spectrometry. Yield: 866 mg
(90%); HPLC (System I): tg 3.80 min; ESI-MS: m/z: 772.6 [M+H]", calculated

calculated monoisotopic mass for C4;H49Ns5O,o: 771.

Trt-(O-CH,-CH,)4-Asp(OBzl)-Gly-Pro-Phe-Leu-Z (73)

To a solution of Z-Leu-Phe-Pro-Gly-Asp(OBzl)-OH (150 mg, 0.19 mmol)
in DCM (2 ml), DMAP (23.7 mg, 0.19 mmol), EDC (36.2 mg, 0.23 mmol) and
Trt-(O-CH,-CH,),-OH (102 mg, 0.23 mmol) were added. The solution was stirred
for 12 h at room temperature. The DCM was then evaporated and the oily residue
redissolved in EtOAc (20 ml). The organic layer was washed with H,O (1 x 20
ml), NaHCO; 5% (3 x 20 ml), H,O (1 x 20 ml), KHSO,4 5% (3 x 20 ml) and
saturated NaCl (1 x 20 ml), dried over MgSO, and concentrated under reduced
pressure. The residue was purified by silica gel column chromatography with a
gradient DCM/MeOH 98:2 to DCM/MeOH 95:5, to yield the pure product as an
oil. Yield: 41.6 mg (18%); TLC: DCM/MeOH 95:5, R 0.29; EtOAc/petroleum
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ether 4:1, R 0.23; HPLC (System I): tg 5.56 min; ESI-MS: m/z: 1190.8 [M+H]",
1207.8 [(M+H20)+H]+, calculated monoisotopic mass for C4gH79NsOy4: 1189.

H-(O-CH,-CH,)4-Asp(OBzl)-Gly-Pro-Phe-Leu-Z (74)

Trt-(O-CH,-CH,)4-Asp(OBzl)-Gly-Pro-Phe-Leu-Z (34.8 mg, 29.4 umol)
was dissolved in DCM/MeOH 95:5 (990 pl), then TFA (10 ul) were added and
the reaction stirred for 45 minutes at room temperature. The product is obtained
as an oil after precipitation with a cold solution of ter-butyl methyl ether/hexane
2:1, lyophilised and purified by preparative RP-HPLC (System 1, gradient: from
45 to 55%B in 5 min, then from 55 to 80%B in 60 min). Yield: 25.9 mg (93%);
HPLC (System I): tg 3.77 min; (System III): tg 10.43 min; (System VI): tz 8.89
min; ESI-MS: m/z: 948.8 [M+H], 965.8 [(M+H,O)+H], -calculated

monoisotopic mass for C4HgsNsOy4: 947.

[4-(N-benzyloxyamino)-2(R)-1sobutylsuccinyl]-methyl ester (76)

To (R)-2-1sobutyl succinic acid-1-methyl ester (75) (1.00 g, 5.31 mmol) in
DCM (30 ml) were added HOBt (0.98 g, 6.38 mmol) and HBTU (2.42 g, 6.38
mmol). A solution of benzyloxyamin-hydrochloride (1.02 g, 6.38 mmol) and
DIEA (2.18 ul, 12.75 mmol) in DCM (20 ml) was added and the solution stirred
for 12 h at room temperature. The DCM was then evaporated and the oily residue
redissolved in EtOAc (50 ml). The organic layer was washed with H,O (1 x 50
ml), NaHCO; 5% (3 x 50 ml), H,O (1 x 50 ml), KHSO, 5% (3 x 50 ml) and
saturated NaCl (1 x 50 ml), dried over MgSO, and concentrated. The pure
product was obtained as an oil. Yield: 1.50 g (96%); HPLC (System I): tg 3.19
min; (System III): tg 9.27 min; ESI-MS: m/z: 294.2 [M+H]", 587.6 [2M+H]’,

calculated monoisotopic mass for C;sHp3NO,4: 293.
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4-(N-benzyloxyamino)-2(R)-isobutylsuccinic acid - Na

[4-(N-benzyloxyamino)-2(R)-isobutylsuccinyl]-methyl ester (500 mg, 1.7
mmol) was hydrolysed in MeOH (5 ml) using NaOH (1 M aqueous, 1.1 eq). The
reaction was stirred for 30 minutes at room temperature and the progress of it
checked via HPLC. Upon completion of the reaction, the MeOH was diluted with
water, the pH of the solution decreased to 2 with HCI 0.5 N and the product
extracted with EtOAc (3 x 10 ml). The organic layer was washed with H,O (1 x
50 ml), citric acid 5% (3 x 50 ml) and saturated NaCl (1 x 50 ml), dried over
MgSO, and concentrated. The resulting oil was then redissolved in dioxane (30
ml) and an aqueous solution of concentrated NaCl is added dropwise (1.1 eq)
under vigorous stirring. Precipitation occurred within 5 min to give a light
mixture. The mixture is diluted with Et,O, stirred vigorously for 30 min and left
for 8 h at 4 °C. The product, white solid, is then filtered, washed with Et,0O and
dried in vacuum. Yield: 408 mg (79%); HPLC (System I): tg 2.55 min; ESI-MS:
m/z: 3022 [M+H], 603.4 [2M+H]', calculated monoisotopic mass for
C1sH23NOsNa: 301; 'H NMR (CDCl;) & 0.81 (d, 6H), 1.05-1.17 (m, 1H), 1.35-
1.51 (m, 2H), 2.00-2.11 (m, 1H), 2.51 (d, 2H), 4.73 (s, 1H), 7-27-7.38 (m, 6H).

4-(N-benzyloxyamino)-2(R)-isobutylsuccinic acid - DCHA

[4-(N-benzyloxyamino)-2(R)-isobutylsuccinyl]-methyl ester (1.6 g, 5.5
mmol) was hydrolysed in MeOH (10 ml) using NaOH (1 M aqueous, 1.1 eq). The
reaction was stirred for 30 minutes at room temperature and the progress of it
checked via HPLC. Upon completion of the reaction, the MeOH was diluted with
water, the pH of the solution decreased to 2 with HCI 0.5 N and the product
extracted with EtOAc (3 x 50 ml). The organic layer was washed with H,O (1 x
50 ml), citric acid 5% (3 x 50 ml) and saturated NaCl (1 x 50 ml), dried over
MgSO, and then treated with dicyloexylamine (1.2 ml, 6.1 mmol) under vigorous

stirring. Precipitation occurred within 5 min to give a thick mixture. The mixture
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1s diluted with Et,0O, stirred vigorously for 30 min and left for 8 h at 4 °C. The
product, white solid, is then filtered, washed with Et,O and dried in vacuum.
Yield: 2.17 g (86%); HPLC (System I): tg 2.53 min; ESI-MS: m/z: 302.2 [M+H]’,
603.4 [2M+H]", calculated monoisotopic mass for C;sHp3NO4Na: 301.

Boc-Phe-Ser(Bzl)-OMe

Boc-Phe-OSu (3.6 g, 10.00 mmol) and H,N-Ser(Bzl)-OMe (2.3 g, 10.99
mmol) were dissolved in DCM (50 ml) and the solution stirred for 12 h at room
temperature. The DCM was then evaporated and the residue redissolved in
EtOAc (100 ml). The organic layer was washed with HO (1 x 50 ml), NaHCO;
5% (3 x 50 ml), H,O (1 x 50 ml), citric acid 5% (3 x 50 ml) and saturated NaCl
(1 x 50 ml), dried over MgSO, and concentrated. The pure product was obtained
by precipitation from EtOAc/petroleum ether as a crystalline solid. Yield: 4.57 g
(91%); HPLC (System I): tg 3.94 min; ESI-MS: m/z: 457.4 [M+H]", 401.4 [(M-
tBu)+H]", 357.2 [(M-Boc)+H]", 913.8 [2M+H]", calculated monoisotopic mass
for C,5H3,N,O4: 456.

H-Phe-Ser(Bzl)-OMe (81)

Boc-Phe-Ser(Bzl)-OMe (644 mg, 1.41 mmol) was dissolved in DCM/TFA
4:1 (10 ml) and stirred for 1 h. After addition of toluene (10 ml), the solvent was
evaporated to dryness under reduced pressure and further evaporated two times
with toluene (2 x 10 ml). The crude product was triturated using a diethyl ether,
filtered and washed with diethyl ether to give H-Phe-Ser(Bzl)-OMe as a white
precipitate. Yield: 493 mg (98%); HPLC (System I): tg 2.24 min; ESI-MS: m/z:
357.2 [M+H]", 713.6 [2M+H]", calculated monoisotopic mass for C,oHpsN,Oy:
356.
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[4-(N-benzyloxyvamino)-2(R)-isobutylsuccinyl]-Phe-Ser(Bzl)-OMe (82)

4-(N-benzyloxyamino)-2(R)-isobutylsuccinic acid DCHA salt (500 mg,
1.01 mmol) was suspended in EtOAc (10 ml) in a separating funnel, an ice-cold
solution of H,SO, (2 M, 1.1 eq) was added and the mixture shaken until it
became clear. The organic layer was separated, cold water (10 ml) was added to
the aqueous layer and it was further extracted with EtOAc (2 x 10 ml). The
combined organic layers were washed with HO (1 x 30 ml) and saturated NaCl
(1 x 30 ml) and concentrated under reduced pressure to obtain compound 77 as an
oil. It was then redissolved in DMF (5 ml), EDC (270 mg, 1.41 mmol) and H-
Phe-Ser(Bzl)-OMe (644 mg, 1.41 mmol) was added, the pH increased to 6 and
the solution stirred for 12 h at room temperature. The DMF was then evaporated
and the residue redissolved in CHCl; (20 ml). The organic layer was washed with
H,O (1 x 20 ml), NaHCO3 5% (3 x 20 ml), H,O (1 x 20 ml), HC1 0.1 N (3 x 20
ml) and saturated NaCl (1 x 20 ml), dried over MgSO, and concentrated. The
pure product was obtained by precipitation from CHCls/petroleum ether as a
crystalline solid. Yield: 435 mg (65%); HPLC (System I): tg 3.950 min; ESI-MS:
m/z: 618.6 [M+H]", calculated monoisotopic mass for C3sHy3N;07: 617.

[4-(N-benzyloxyamino)-2(R)-1sobutylsuccinyl]-Phe-Ser(Bzl)-OH (83)

[4-(N-benzyloxyamino)-2(R)-isobutylsuccinyl]-Phe-Ser(Bzl)-OMe (400
mg, 0.65 mmol) was hydrolysed in MeOH (20 ml) using NaOH (1 M aqueous,
1.1 eq). The reaction was stirred for 30 minutes at room temperature and the
progress of it checked via HPLC. Upon completion of the reaction, the MeOH
was diluted with water, the pH of the solution decreased to 2 with HC1 0.5 N and
the product extracted with EtOAc (3 x 20 ml). The organic layer was washed
with H,O (1 x 20 ml), citric acid 5% (3 x 20 ml) and saturated NaCl (1 x 20 ml),
dried over MgSO,. The pure product was obtained by precipitation from
EtOAc/petroleum ether as a crystalline solid. Yield: 349 mg (89%); HPLC
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(System I): tg 3.57 min; ESI-MS: m/z: 604.4 [M+H]", calculated monoisotopic
mass for C34H41N307: 603.

[4-(N-benzyloxyamino)-2(R)-isobutylsuccinyl]-Phe-Ser(Bzl)-(O-CH,-CH,),-
Asp(OBzl)-Gly-Pro-Phe-Leu-Z (84)

To a solution of [4-(N-Benzyloxyamino)-2(R)-isobutylsuccinyl]-Phe-
Ser(Bzl)-OH (12.7 mg, 21.1 pumol) in DCM (10 ml) were added DMAP (0.6 mg,
21.1 umol), EDC (4.3 mg, 27.6 umol) and H-(O-CH,-CH,)4-Asp(OBzl)-Gly-Pro-
Phe-Leu-Z (20.0 mg, 21.1 umol). The solution was stirred for 12 h at room
temperature. The DCM was then evaporated and the oily residue redissolved in
EtOAc (20 ml). The organic layer was washed with H,O (1 x 10 ml), NaHCO;
5% (3 x 10 ml), HO (1 x 10 ml), KHSO4 5% (3 x 10 ml). Yield from HPLC
(crude): 5%; HPLC (System I): tg 4.820 min; ESI-MS: m/z: 1534.1 [M+H]",
1552.2 [(M+H,0)+H]", 768.0 [(M+2H)/2]", calculated monoisotopic mass for
Cs3H104NgO50: 1532.

6.2.5.2 Route B: PEG,4

Fmoc-Ser(Bzl)-(O-CH,-CH,)4-OH (85)

To a solution of Fmoc-Ser(Bzl)-OH (1.0 g, 2.4 mmol) in DCM (50 ml)
were added DMAP (146.3 mg, 0.1 mmol), EDC (483.3 mg, 3.11 mmol) and H-
(O-CH,-CH,)4-OH (4.7 g, 23.9 mmol). The solution was stirred for 12 h at room
temperature. The DCM was then evaporated and the oily residue redissolved in
EtOAc (50 ml). The organic layer was washed with H;O (5 x 50 ml), NaHCO;
5% (3 x 50 ml), H,O (5 x 50 ml), KHSO,4 5% (3 x 50 ml) and saturated NaCl (2 x
50 ml), dried over MgSO, and concentrated under reduced pressure. The residue

was purified by silica gel column chromatography with EtOAc as eluent, to yield
the pure product as an oil. Yield: 877 mg (62%); TLC: EtOAc, Ry 0.24; HPLC
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(System I): tg 3.87 min; ESI-MS: m/z: 594.4 [M+H]", 611.8 [(M+H,0)+H]",

calculated monoisotopic mass for C33H39NOg: 593.

Fmoc-Ser(Bzl)-(O-CH,-CH,)4-O-Asp(OBzl)-Boc (86)

To a solution of Boc-Asp(OBzl)-OH (478 mg, 1.5 mmol) in DCM (30 ml)
were added DMAP (90.2 mg, 0.7 mmol), EDC (298.0 mg, 1.92 mmol) and Fmoc-
Ser(Bzl)-(O-CH,-CH,)4-OH (877 mg, 1.5 mmol). The solution was stirred for 12
h at room temperature. The DCM was then evaporated and the oily residue
redissolved in EtOAc (30 ml). The organic layer was washed with H,O (1 x 20
ml), NaHCO; 5% (3 x 20 ml), H,O (1 x 20 ml), KHSO, 5% (3 x 20 ml) and
saturated NaCl (1 x 20 ml), dried over MgSO, and concentrated under reduced
pressure. The pure product was obtained as a clear oil. Yield: 504 mg (38%);
HPLC (System I): tg 5.08 min; ESI-MS: m/z: 899.6 [M+H]', 916.6
[(M+H,O)y+H]", 843.6 [(M-tBu)+H]", 799.4 [(M-Boc)+H]", calculated

monoisotopic mass for C34Hy1N3;07: 603.

[4-(N-benzyloxyamino)-2(R)-isobutylsuccinyl]-Phe-OMe (87)

4-(N-benzyloxyamino)-2(R)-isobutylsuccinic acid DCHA salt (680 mg,
1.48 mmol) was suspended in EtOAc (20 ml) in a separating funnel, an ice-cold
solution of H,SO, (2 M, 1.1 eq) was added and the mixture shaken until it
became clear. The organic layer was separated, cold water (20 ml) was added to
the aqueous layer and it was further extracted with EtOAc (2 x 20 ml). The
combined organic layers were washed with H,O (1 x 50 ml) and saturated NaCl
(1 x 50 ml) and concentrated under reduced pressure. It was then redissolved in
DMF (15 ml), EDC (298 mg, 1.92 mmol) and H-Phe-OMe-HCI (414 g, 1.92
mmol) were added, pH increased to 6 and the solution stirred for 12 h at room

temperature. The DMF was then evaporated and the residue redissolved in CHCl;
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(50 ml). The organic layer was washed with H,O (1 x 50 ml), NaHCO; 5% (3 x
50 ml), H,O (1 x 50 ml), HCI 0.1 N (3 x 50 ml) and saturated NaCl (1 x 50 ml),
dried over MgSO, and concentrated. The pure product was obtained by
precipitation from CHCls/petroleum ether as a crystalline solid. Yield: 436 mg
(64%); HPLC (System I): tgx 3.33 min; ESI-MS: m/z: 441.4 [M+H]", 881.6
[2M+H]", calculated monoisotopic mass for C,sH3,N,O7: 440.

[4-(N-benzyloxyamino)-2(R)-i1sobutylsuccinyl]-Phe-OH (88)

[4-(N-benzyloxyamino)-2(R)-isobutylsuccinyl]-Phe-OMe (350 mg, 0.77
mmol) was hydrolysed in MeOH (20 ml) using NaOH (1 M aqueous, 1.1 eq). The
reaction was stirred for 1 h at room temperature and the progress of it checked via
HPLC. Upon completion of the reaction, the MeOH was diluted with water, the
pH of the solution decreased to 2 with HCI 0.5 N and the product extracted with
EtOAc (3 x 20 ml). The organic layer was washed with H,O (1 x 20 ml), citric
acid 5% (3 x 20 ml) and saturated NaCl (1 x 20 ml), dried over MgSO,. The pure
product was obtained by precipitation from EtOAc/petroleum ether as a
crystalline solid. Yield: 324 mg (98%); HPLC (System I): tg 2.93 min; ESI-MS:
m/z: 427.4 [M+H]', 853.6 [2M+H]', calculated monoisotopic mass for
Cy4H30N,Os5: 426.

Fmoc-Ser(Bzl)-(O-CH,-CH,),-O-Asp(OBzl)-H (89)

Fmoc-Ser(Bzl)-(O-CH,-CH,)4-O-Asp(OBzl)-Boc (400 mg, 0.44 mmol)
was dissolved in DCM/TFA 4:1 (20 ml), the reaction stirred for 30 minutes at
room temperature and the progress of it checked via HPLC. After addition of
toluene (10 ml), the solvent was evaporated to dryness under reduced pressure
and further evaporated two times with toluene (2 x 10 ml). The crude product was
triturated using a diethyl ether, filtered and washed with diethyl ether to give
Fmoc-Ser(Bzl)-(O-CH,-CH,)4-O-Asp(OBzl)-H as a clear oil. Yield: 348 mg
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(98%); HPLC (System I): tg 3.95 min; ESI-MS: m/z: 799.4 [M+H]", calculated

monoisotopic mass for C44HsoN,O1,: 798.

Z-Leu-Phe-Pro-Gly-OH (90) (first method)

The synthesis was conducted by manual solid-phase methodology using
Fmoc/HBTU/DMF chemistry. The peptide was synthesized as peptide acid on a
TCP-Harz-Gly-Fmoc Resin (loading: 0.53 mmol/g) on a 1.3-mmol scale. Amino
acids, HOBt and HBTU were used in a 2 eq excess respect to the scale of the
synthesis in each cycle. The extent of coupling at each step was verified with the
qualitative TNBS and/or Kaiser tests on a sample of a few resin beads. The
products were then cleaved from the resin by TFA in the presence of 2.5% TIS
and 2.5% water at room temperature in 2 h, the resin was filtered off and the
crude peptides were precipitated with a cold solution of ter-butyl methyl
ether/hexane 2:1 and lyophilised over night. The purity of the peptide exceeded
97% as determined by analytical RP-HPLC and used without further purification.
Its structural integrity was confirmed by electrospray ionization mass
spectrometry. Yield: 529 mg (55%); HPLC (System I): tz 3.15 min; ESI-MS:
m/z: 567.4 [M+H]", 1133.8 [2M+H]", calculated monoisotopic mass for
C;0H3sN407: 566.

Fmoc-Phe-Pro-OtBu

Fmoc-Phe-OH (4.6 g, 12.0 mmol), HOBt (1.9g, 14.4 mmol) and HBTU
(5.5 g, 14.4 mmol) were dissolved in DCM (100 ml). H,N-Pro-OtBu HCI (3.0 g,
14.4 mmol) and DIEA (4.9 ml, 28.8 mmol) were then added and the solution
stirred for 12 h at room temperature. The DCM was then evaporated and the
residue redissolved in EtOAc (100 ml). The organic layer was washed with H,O
(1 x 50 ml), NaHCO; 5% (3 x 50 ml), H,O (1 x 50 ml), citric acid 5% (3 x 50 ml)

and saturated NaCl (1 x 50 ml), dried over MgSO, and concentrated. The pure
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product was obtained by precipitation from EtOAc/petroleum ether as a
crystalline solid. Yield: 6.0 g (92%); HPLC (System I): tg 4.82 min; ESI-MS:
m/z: 541.2 [M+H]", calculated monoisotopic mass for C33H3¢N,Os: 540.

Fmoc-Phe-Pro-OH

Fmoc-Phe-Pro-OtBu (6.0 g, 11.0 mmol) was dissolved in DCM/TFA 4:1
(50 ml), the reaction stirred for 30 minutes at room temperature and the progress
of it checked via HPLC. After addition of toluene (10 ml), the solvent was
evaporated to dryness under reduced pressure and further evaporated two times
with toluene (2 x 10 ml). The crude product was triturated using a diethyl ether,
filtered and washed with diethyl ether to give Fmoc-Phe-Pro-OH as a crystalline
solid. Yield: 5.2 g (97%); HPLC (System I): tg 3.76 min; ESI-MS: m/z: 485.4
[M+H]", 969.6 [2M+H]", calculated monoisotopic mass for CooHpgN,Os: 484.

Z-Leu-Phe-Pro-Gly-OH (90) (second method)

The synthesis was conducted by manual solid-phase methodology using
Fmoc/HBTU/DMF chemistry as reported in the previous synthesis of compound
90, but using the building block Fmoc-Phe-Pro-OH. Yield: 894 mg (93%); HPLC
(System I): tgx 3.18 min; ESI-MS: m/z: 567.6 [M+H]", 1133.8 [2M+H]’,

calculated monoisotopic mass for C3oH;3N4O7: 566.

Fmoc-Ser(Bzl)-(O-CH,-CH,),-O-Asp(OBzl)-Gly-Pro-Phe-Leu-Z (91)

Z-Leu-Phe-Pro-Gly-OH (90) (277 mg, 0.49 mmol) in DMF (10 ml) was
preactivated during 10 minutes with HOAt (66.6 mg, 0.49 mmol), HATU (186.1
mg, 0.49 mmol) and DIEA (190 ul, 1.11 mmol). Fmoc-Ser(Bzl)-(O-CH,-CH,),-
0O-Asp(OBzl)-H (89) (348 mg, 0.44 mmol) was added and the solution stirred for

12 h at room temperature. The DMF was then evaporated and the oily residue
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redissolved in EtOAc (50 ml). The organic layer was washed with H,O (1 x 50
ml), NaHCO; 5% (3 x 50 ml), HO (1 x 50 ml), KHSO,4 5% (3 x 50 ml) and
saturated NaCl (1 x 50 ml), dried over MgSO, and concentrated. The pure
product was obtained as a clear oil. Yield: 498 mg (83%); HPLC (System I): tg
5.15 min; ESI-MS: m/z: 1349.0 [M+H]", 1366.0 [(M+H,0)+H]’, calculated

monoisotopic mass for C;4HggNgO 5: 1346.

H-Ser(Bzl)-(O-CH,-CH,)4-O-Asp(OBzl)-Gly-Pro-Phe-Leu-Z (92)

Fmoc-Ser(Bzl)-(O-CH,-CH,)4-O-Asp(OBzl)-Gly-Pro-Phe-Leu-Z (91) (498
mg, 0.37 mmol) was dissolved in DMF/DEA 9:1 (5 ml), the reaction stirred for 2
hours at room temperature and the progress of it checked via HPLC. The solvent
was evaporated to dryness under reduced pressure and further evaporated two
times with DMF (2 x 5 ml). The crude product was triturated using diethyl ether
and washed with diethyl ether to give H-Ser(Bzl)-(O-CH,-CH,),-O-Asp(OBzl)-
Gly-Pro-Phe-Leu-Z as a precipitate. Yield: 403 mg (97%); HPLC (System I): tg
3.77 min; ESI-MS: m/z: 1125.8 [M+H]', calculated monoisotopic mass for
CsoH76NgO16: 1124,

[4-(N-benzyloxyamino)-2(R)-isobutylsuccinyl]-Phe-Ser(Bzl)-(O-CH,-CH,)4-O-
Asp(OBzl)-Gly-Pro-Phe-Leu-Z (93)

[4-(N-benzyloxyamino)-2(R)-isobutylsuccinyl]-Phe-OH (88) (132 mg,
0.31 mmol) in DMF (10 ml) was preactivated during 10 minutes with HOAt (46.3
mg, 0.34 mmol), HATU (129.3 mg, 0.34 mmol) and DIEA (116 pl, 0.68 mmol).
H-Ser(Bzl)-(O-CH,-CH,)4-O-Asp(OBzl)-Gly-Pro-Phe-Leu-Z (92) (403 mg, 0.36
mmol) was added and the solution stirred for 12 h at room temperature. The DMF
was then evaporated and the oily residue redissolved in EtOAc (50 ml). The
organic layer was washed with H,O (1 x 50 ml), NaHCO; 5% (3 x 50 ml), H,O
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(1 x 50 ml), KHSO,4 5% (3 x 50 ml) and saturated NaCl (1 x 50 ml), dried over
MgSO, and concentrated. The pure product was obtained as a yellow oil. Yield:
342 mg (72%); HPLC (System I): tgx 4.64 min; ESI-MS: m/z: 1535.0 [M+H]",
1552.0 [(M+H,0)+H]", 767.4 [(M+2H)/2]", calculated monoisotopic mass for
Cg3H04NgO50: 1532.

[4-(N-hydroxyamino)-2(R)-isobutylsuccinyl]-Phe-Ser-(O-CH,-CH,)4-O-Asp-Gly-
Pro-Phe-Leu-H (94)

[4-(N-benzyloxyamino)-2(R)-isobutylsuccinyl]-Phe-Ser(Bzl)-(O-CH,-
CH,)4-O-Asp(OBzl)-Gly-Pro-Phe-Leu-Z (93) (130 mg, 84.8 um) was
hydrogenated in methanol (100 ml) with 10% Pd/C under hydrogen atmosphere
at room temperature. The catalyst was removed by filtration and the filtrate was
evaporated. The pure product was obtained from EtOAc/(ter-butyl methyl
ether/hexane 2:1) as an orange crystal. Yield: 57.3 mg (60%); HPLC (System I):
tg 2.28 min; ESI-MS: m/z: 1129.8 [M+H]', 565.4 [(M+2H)/2]", calculated

monoisotopic mass for CssHgoNgOg: 1128.

6.2.5.3 Route B: PEGq

Fmoc-Ser(Bzl)-(O-CH,-CH,)s-OH

To a solution of Fmoc-Ser(Bzl)-OH (2.95 g, 7.08 mmol) in DCM (50 ml)
were added DMAP (0.43 g, 3.54 mmol), EDC (1.43 g, 9.21 mmol) and H-(O-
CH,-CH,)¢-OH (10.0 g, 35.43 mmol). The solution was stirred for 12 h at room
temperature. The DCM was then evaporated and the oily residue redissolved in
EtOAc (50 ml). The organic layer was washed with H;O (5 x 50 ml), NaHCO;
5% (3 x 50 ml), H,O (5 x 50 ml), KHSO,4 5% (3 x 50 ml) and saturated NaCl (1 x
50 ml), dried over MgSO, and concentrated under reduced pressure. The product

was obtained as an oil and used without further purification. Yield: 2.73 g (56%);
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HPLC (System I): tx 4.12 min; ESI-MS: m/z: 682.8 [M+H]", 699.8
[(M+H,0)+H]", calculated monoisotopic mass for C3;H4NO,;: 681.

Fmoc-Ser(Bzl)-(O-CH,-CH,)-O-Asp(OBzl)-Boc

To a solution of Boc-Asp(OBzl)-OH (1.7 g, 5.21 mmol) in DMF (50 ml)
were added DMAP (0.24 g, 2.00 mmol), EDC (1.00 g, 6.41 mmol) and Fmoc-
Ser(Bzl)-(O-CH,-CH,)s-OH (2.73 g, 4.01 mmol). The solution was stirred for 12
h at room temperature. The DMF was then evaporated and the oily residue
redissolved in EtOAc (100 ml). The organic layer was washed with H,O (1 x 50
ml), NaHCO; 5% (3 x 50 ml), HO (1 x 50 ml), KHSO, 5% (3 x 50 ml) and
saturated NaCl (1 x 50 ml), dried over MgSO, and concentrated under reduced
pressure. The pure product was obtained as an oil. Yield: 1.7 mg (42%); HPLC
(System I): tg 5.34 min; ESI-MS: m/z: 988.0 [M+H]", 1005.0 [(M+H,0)+H]",
932.0 [(M-tBu)+H]", 887.8 [(M-Boc)+H]", calculated monoisotopic mass for
Cs3HgN2O14: 986.

Fmoc-Ser(Bzl)-(0-CH,-CH,)s-O-Asp(OBzl)-H

Fmoc-Ser(Bzl)-(0O-CH,-CH,)s-O-Asp(OBzl)-Boc (600 mg, 0.61 mmol)
was dissolved in DCM/TFA 4:1 (50 ml), the reaction stirred for 30 minutes at
room temperature and the progress of it checked via HPLC. After addition of
toluene (10 ml), the solvent was evaporated to dryness under reduced pressure
and further evaporated two times with toluene (2 x 10 ml). The crude product was
triturated using a diethyl ether, filtered and washed with diethyl ether to give
Fmoc-Ser(Bzl)-(O-CH,-CH,)¢-O-Asp(OBzl)-H as a clear oil. Yield: 512 mg
(95%); HPLC (System I): tg 4.01 min; ESI-MS: m/z: 887.6 [M+H]", calculated

monoisotopic mass for C4sHsgN,Oy4: 887.
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Fmoc-Ser(Bzl)-(O-CH,-CH,)-O-Asp(OBzl)-Gly-Pro-Phe-Leu-Z

Z-Leu-Phe-Pro-Gly-OH (260 mg, 0.46 mmol) in DMF (10 ml) was
preactivated during 10 minutes with HOAt (68.8 mg, 0.51 mmol), HATU (192.2
mg, 0.51 mmol) and DIEA (173 ul, 1.01 mmol). Fmoc-Ser(Bzl)-(O-CH,-CH,)s-
0O-Asp(OBzl)-H (530 mg, 0.60 mmol) was added and the solution stirred for 12 h
at room temperature. The DMF was then evaporated and the oily residue
redissolved in EtOAc (50 ml). The organic layer was washed with H,O (1 x 50
ml), NaHCO; 5% (3 x 50 ml), H,O (1 x 50 ml), KHSO4 5% (3 x 50 ml) and
saturated NaCl (1 x 50 ml), dried over MgSO, and concentrated. The pure
product was obtained as a clear oil. Yield: 568 mg (86%); HPLC (System 1): tg
5.20 min; ESI-MS: m/z: 1436.4 [M+H]', 1453.8 [(M+H,0)+H]', calculated

monoisotopic mass for C;4HgsN¢O,o: 1435.

H-Ser(Bzl)-(O-CH,-CH,)c-O-Asp(OBzl)-Gly-Pro-Phe-Leu-Z

Fmoc-Ser(Bzl)-(O-CH,-CH,)s-O-Asp(OBzl)-Gly-Pro-Phe-Leu-Z (550 mg,
0.38 mmol) was dissolved in DMF/DEA 9:1 (10 ml), the reaction stirred for 2
hours at room temperature and the progress of it checked via HPLC. The solvent
was evaporated to dryness under reduced pressure and further evaporated two
times with DMF (2 x 5 ml). The crude product was triturated using diethyl ether
and washed with diethyl ether to give H-Ser(Bzl)-(O-CH,-CH,)s-O-Asp(OBzl)-
Gly-Pro-Phe-Leu-Z as a precipitate. Yield: 460 mg (99%); HPLC (System I): tg
3.82 min; ESI-MS: m/z: 1214.0 [M+H]", 607.8 [(M+2H)/2]", calculated

monoisotopic mass for Cg3HgyNeOyg: 1213.
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[4-(N-benzyloxyamino)-2(R)-isobutylsuccinyl]-Phe-Ser(Bzl)-(O-CH,-CH,)s-O-
Asp(OBzl)-Gly-Pro-Phe-Leu-Z

[4-(N-benzyloxyamino)-2(R)-isobutylsuccinyl]-Phe-OH (196 mg, 0.46
mmol) in DMF (10 ml) was preactivated during 10 minutes with HOAt (62.6 mg,
0.46 mmol), HATU (174.9 mg, 0.46 mmol) and DIEA (157 pl, 0.92 mmol). H-
Ser(Bzl)-(0O-CH,-CH,)s-O-Asp(OBzl)-Gly-Pro-Phe-Leu-Z (460 mg, 0.38 mmol)
was added and the solution stirred for 12 h at room temperature. The DMF was
then evaporated and the oily residue redissolved in EtOAc (50 ml). The organic
layer was washed with HO (1 x 50 ml), NaHCO; 5% (3 x 50 ml), H,O (1 x 50
ml), KHSO,4 5% (3 x 50 ml) and saturated NaCl (1 x 50 ml), dried over MgSO,
and concentrated. The pure product was obtained as a yellow oil. Yield: 509 mg
(65%); HPLC (System I): tg 4.89 min; ESI-MS: m/z: 1623.0 [M+H]", 812.0
[(M+2H)/2]+, calculated monoisotopic mass for Cg7H;,NgOyp,: 1622.

[4-(N-hydroxyamino)-2(R)-isobutylsuccinyl]-Phe-Ser(Bzl)-(O-CH,-CH,)¢-O-
Asp-Gly-Pro-Phe-Leu-H (95)

[4-(N-benzyloxyamino)-2(R)-isobutylsuccinyl]-Phe-Ser(Bzl)-(O-CH,-
CH,)s-O-Asp(OBzl)-Gly-Pro-Phe-Leu-Z (100 mg, 61.7 um) was hydrogenated in
methanol (100 ml) with 10% Pd/C under hydrogen atmosphere at room
temperature. The catalyst was removed by filtration and the filtrate was
evaporated. The pure product was obtained from EtOAc/(ter-butyl methyl
ether/hexane 2:1) as an pale yellow crystal. Yield: 57.3 mg (71%); HPLC
(System I): tx 2.83 min; ESI-MS: m/z: 1308.2 [M+H]', 654.8 [(M+2H)/2]",

calculated monoisotopic mass for C4sHosNgO,o: 1307.
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6.2.54 Route B: PEGg

Fmoc-Ser(Bzl)-(O-CH,-CH,)s-OH

To a solution of Fmoc-Ser(Bzl)-OH (2.25 g, 5.4 mmol) in DCM (50 ml)
were added DMAP (0.33 g, 2.7 mmol), EDC (1.09 g, 7.02 mmol) and H-(O-CH,-
CH,)s-OH (10.0 g, 27.0 mmol). The solution was stirred for 12 h at room
temperature. The DCM was then evaporated and the oily residue redissolved in
EtOAc (50 ml). The organic layer was washed with H,O (1 x 50 ml), NaHCO;
5% (3 x 50 ml), H,O (1 x 50 ml), KHSO,4 5% (3 x 50 ml) and saturated NaCl (1 x
50 ml), dried over MgSO, and concentrated under reduced pressure. The product
was obtained as an oil and used without further purification. Yield: 2.06 g (49%);
HPLC (System I): tg 4.14 min; ESI-MS: m/z: 770.8 [M+H]", 788.0
[(M+H,0)+H]", calculated monoisotopic mass for C4;HssNO3: 769.

Fmoc-Ser(Bzl)-(O-CH,-CH,)s-O-Asp(OBzl)-Boc

To a solution of Boc-Asp(OBzl)-OH (1.12 g, 3.47 mmol) in DMF (50 ml)
were added DMAP (0.16 g, 1.33 mmol), EDC (0.66 g, 4.27 mmol) and Fmoc-
Ser(Bzl)-(O-CH,-CH,)s-OH (2.06 g, 2.67 mmol). The solution was stirred for 12
h at room temperature. The DMF was then evaporated and the oily residue
redissolved in EtOAc (100 ml). The organic layer was washed with H,O (1 x 50
ml), NaHCO; 5% (3 x 50 ml), H,O (1 x 50 ml), KHSO, 5% (3 x 50 ml) and
saturated NaCl (1 x 50 ml), dried over MgSO, and concentrated under reduced
pressure. The pure product was obtained as an oil. Yield: 1.23 mg (43%); HPLC
(System I): tg 5.236 min; ESI-MS: m/z: 1075.8 [M+H]", 1093.0 [(M+H,0)+H]",
1019.8 [(M-tBu)+H]', 976.0 [(M-Boc)+H]", calculated monoisotopic mass for
Cs7H74N,044: 1074.
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Fmoc-Ser(Bzl)-(0-CH,-CH,);-O-Asp(OBzl)-H

Fmoc-Ser(Bzl)-(O-CH,-CH,)s-O-Asp(OBzl)-Boc (600 mg, 0.56 mmol)
was dissolved in DCM/TFA 4:1 (20 ml), the reaction stirred for 30 minutes at
room temperature and the progress of it checked via HPLC. After addition of
toluene (10 ml), the solvent was evaporated to dryness under reduced pressure
and further evaporated two times with toluene (2 x 10 ml). The crude product was
triturated using diethyl ether, filtered and washed with diethyl ether to give Fmoc-
Ser(Bzl)-(O-CH,-CH,)s-O-Asp(OBzl)-H as a clear oil. Yield: 533 mg (98%);
HPLC (System I): tg 4.13 min; ESI-MS: m/z: 976.2 [M+H]', calculated

monoisotopic mass for Cs;HggN,O14: 975.

Fmoc-Ser(Bzl)-(O-CH,-CH,)s-O-Asp(OBzl)-Gly-Pro-Phe-Leu-Z

Z-Leu-Phe-Pro-Gly-OH (241 mg, 0.43 mmol) in DMF (10 ml) was
preactivated during 10 minutes with HOAt (63.8 mg, 0.47 mmol), HATU (178.2
mg, 0.47 mmol) and DIEA (160 pl, 0.94 mmol). Fmoc-Ser(Bzl)-(O-CH,-CH,)s-
O-Asp(OBzl)-H (533 mg, 0.54 mmol) was added and the solution stirred for 12 h
at room temperature. The DMF was then evaporated and the oily residue
redissolved in EtOAc (50 ml). The organic layer was washed with H,O (1 x 50
ml), NaHCO; 5% (3 x 50 ml), HO (1 x 50 ml), KHSO, 5% (3 x 50 ml) and
saturated NaCl (1 x 50 ml), dried over MgSO, and concentrated. The pure
product was obtained as a clear oil. Yield: 583 mg (89%); HPLC (System I): tg
5.22 min; ESI-MS: m/z: 1523.8 [M+H]", 1541.0 [(M+H,0)+H]’, calculated

monoisotopic mass for CgrH;0,NgOsy: 1523.

H-Ser(Bzl)-(O-CH,-CH,)s-O-Asp(OBzl)-Gly-Pro-Phe-Leu-Z

Fmoc-Ser(Bzl)-(O-CH,-CH,)s-O-Asp(OBzl)-Gly-Pro-Phe-Leu-Z (583 mg,
0.38 mmol) was dissolved in DMF/DEA 9:1 (20 ml), the reaction stirred for 2

187



6. Experimental Part

hours at room temperature and the progress of it checked via HPLC. The solvent
was evaporated to dryness under reduced pressure and further evaporated two
times with DMF (2 x 5 ml). The crude product was triturated using diethyl ether
and washed with diethyl ether to give H-Ser(Bzl)-(O-CH,-CH,)s-O-Asp(OBzl)-
Gly-Pro-Phe-Leu-Z as a precipitate. Yield: 483 mg (97%); HPLC (System I): tg
3.85 min; ESI-MS: m/z: 1302.2 [M+H]", 651.8 [(M+2H)/2]", calculated

monoisotopic mass for Cg7;Hg,NeO,0: 1301.

[4-(N-benzyloxyamino)-2(R)-isobutylsuccinyl]-Phe-Ser(Bzl)-(O-CH,-CH,)s-O-
Asp(OBzl)-Gly-Pro-Phe-Leu-Z

[4-(N-benzyloxyamino)-2(R)-isobutylsuccinyl]-Phe-OH (187 mg, 0.44
mmol) in DMF (10 ml) was preactivated during 10 minutes with HOAt (59.9 mg,
0.44 mmol), HATU (167.3 mg, 0.44 mmol) and DIEA (151 pl, 0.88 mmol). H-
Ser(Bzl)-(0O-CH,-CH,)s-O-Asp(OBzl)-Gly-Pro-Phe-Leu-Z (483 mg, 0.37 mmol)
was added and the solution stirred for 12 h at room temperature. The DMF was
then evaporated and the oily residue redissolved in EtOAc (50 ml). The organic
layer was washed with HO (1 x 50 ml), NaHCO; 5% (3 x 50 ml), HO (1 x 50
ml), KHSO,4 5% (3 x 50 ml) and saturated NaCl (1 x 50 ml), dried over MgSO,
and concentrated. The pure product was obtained as a yellow oil. Yield: 424 mg
(67%); HPLC (System I): tg 4.82 min; ESI-MS: m/z: 1710.8 [M+H]", 1727.0
[(M+H,0)+H]", 856.0 [(M+2H)/2]", calculated monoisotopic mass for
Co1H20NgO54: 1710.

[4-(N-hydroxyamino)-2(R)-isobutylsuccinyl]-Phe-Ser(Bzl)-(O-CH,-CH,)s-O-
Asp-Gly-Pro-Phe-Leu-H (96)

[4-(N-benzyloxyamino)-2(R)-isobutylsuccinyl]-Phe-Ser(Bzl)-(O-CH,-
CH,)s-O-Asp(OBzl)-Gly-Pro-Phe-Leu-Z (100 mg, 58.5 um) was hydrogenated in
methanol (100 ml) with 10% Pd/C under hydrogen atmosphere at room
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temperature. The catalyst was removed by filtration and the filtrate was
evaporated. The product was obtained from EtOAc/(ter-butyl methyl
ether/hexane 2:1) as an orange crystal. Yield: 55.5 mg (68%); HPLC (System I):
tg 2.90 min; ESI-MS: m/z: 1396.2 [M+H]", 698.8 [(M+2H)/2]", calculated

monoisotopic mass for CgoH;¢oNgO,y: 1128.
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	3.1.2 Macrocyclic BACE Inhibitors 
	3.1.2.1  Determination of the Minimum Size of Inhibitory Statine-Peptides
	Formula
	Formula
	 
	Scheme 3.3. Synthesis of the linear precursor followed by simultaneous resin-cleavage and deprotectetion of both side-chain carboxy functions for subsequent one-pot cyclization in solution via the unprotected diamine spacer.
	Fmoc-Asp[3-(Boc-aminomethyl)-benzylamine]-OAll 
	Fmoc-Asp[3-(Boc-aminomethyl)-benzylamine]-OH 
	Z-Asp[3-(Boc-aminomethyl)-benzylamine]-OBzl 
	Z-Asp[3-(Boc-aminomethyl)-benzylamine]-OH 
	Z-Asp[3-(Boc-aminomethyl)-benzylamine]-OBzl (1.13 g, 1.96 mmol) was hydrolysed in EtOH using NaOH (1 M aqueous, 1.1 eq). The reaction was stirred for 30 minutes at room temperature and the progress of it checked via HPLC. Upon completion of the reaction, the EtOH was diluted with water, the pH of the solution decreased to 2 with HCl 1 N and the product extracted with EtOAc (3 ( 50 ml). The organic layer was washed with H2O (3 ( 50 ml), citric acid 5% (5 ( 30 ml) and saturated NaCl (1 ( 30 ml), dried over MgSO4 and concentrated. The pure product was obtained by precipitation from EtOAc/petroleum ether as a crystalline solid. Yield: 681 mg (72%); HPLC (System I): tR 3.44 min; ESI MS: m/z: 486.4 [M+H]+, 430.4 [(M-tBu)+H]+, 386.2 [(M-Boc)+H]+, 971.6 [2M+H]+, calculated monoisotopic mass for C25H31N3O7: 485.
	Fmoc-Asp[4-(Boc-amino)-1,4-phenyldiamine]-OAll 
	Fmoc-Asp[4-(Boc-amino)-1,4-phenyldiamine]-OH 
	Fmoc-Asp[4-(Boc-amino)-1,4-phenyldiamine]-OAll (739 mg, 1.20 mmol), dried over-night under reduced pressure, was dissolved in DMF (10 ml) in an Argon atmosphere with PhSiH3 (1.6 ml, 12.6 mmol). Pd(PPh3)4 (73 mg, 63 (mol) was flushed with Argon, suspended in DMF (10 ml) and added to the solution. The mixture was stirred at room temperature under an inert atmosphere for 30 minutes and the progress of the reaction checked via HPLC. Upon completion of the reaction, the DMF was evaporated, the residue redissolved in EtOAc (30 ml) and the organic layer washed with H2O (1 ( 30 ml), citric acid 5% (5 ( 30 ml) and saturated NaCl (1 ( 30 ml), dried over MgSO4 and concentrated. The pure product was obtained by precipitation from DCM/petroleum ether as a crystalline solid. Yield: 505 mg (77%); HPLC (System I): tR 3.96 min; ESI MS: m/z: 546.4 [M+H]+, 490.4 [(M-tBu)+H]+, 1091.6 [2M+H]+, calculated monoisotopic mass for C30H31N3O7: 545.
	Z-Asp[4-(Boc-amino)-1,4-phenyldiamine]-OBzl 
	Z-Asp[4-(Boc-amino)-phenylamine]-OH 
	Z-Asp[4-(Boc-amino)-phenylamine]-OBzl (1.09 g, 1.99 mmol) was hydrolysed in EtOH using NaOH (1 M aqueous, 1.1 eq). The reaction was stirred for 30 minutes at room temperature and the progress of it checked via HPLC. Upon completion of the reaction, the EtOH was diluted with water, the pH of the solution decreased to 2 with HCl 1 N and the product extracted with EtOAc (3 ( 50 ml). The organic layer was washed with H2O (3 ( 50 ml), citric acid 5% (5 ( 30 ml) and saturated NaCl (1 ( 30 ml), dried over MgSO4 and concentrated. The pure product was obtained by precipitation from EtOAc/petroleum ether as a crystalline solid. Yield: 728 mg (80%); HPLC (System I): tR 3.21 min; ESI MS: m/z: 458.4 [M+H]+, 402.4 [(M-tBu)+H]+, 358.2 [(M-Boc)+H]+, 915.6 [2M+H]+, calculated monoisotopic mass for C23H27N3O7: 457.
	Fmoc-Asp[3-(Boc-amino)-1,3-diaminopropane]-OAll 
	Fmoc-Asp[3-(Boc-amino)-1,3-diaminopropane]-OH 
	Fmoc-Asp[3-(Boc-amino)-1,3-diaminopropane]-OAll (717 mg, 1.30 mmol), dried over-night under reduced pressure, was dissolved in DMF (10 ml) in an Argon atmosphere with PhSiH3 (0.8 ml, 6.5 mmol). Pd(PPh3)4 (30 mg, 26 (mol) was flushed with Argon, suspended in DMF (10 ml) and added to the solution. The mixture was stirred at room temperature under an inert atmosphere for 30 minutes and the progress of the reaction checked via HPLC. Upon completion of the reaction, the DMF was evaporated, the residue redissolved in EtOAc (30 ml) and the organic layer washed with H2O (1 ( 30 ml), citric acid 5% (5 ( 30 ml) and saturated NaCl (1 ( 30 ml), dried over MgSO4 and concentrated. The pure product was obtained by precipitation from DCM/petroleum ether as a crystalline solid. Yield: 652 mg (98%); HPLC (System I): tR 3.56 min; ESI MS: m/z: 512.4 [M+H]+, 456.4 [(M-tBu)+H]+, 412.2 [(M-Boc)+H]+, 1023.6 [2M+H]+, calculated monoisotopic mass for C27H33N3O7: 511.
	Fmoc-Asp[4-(Boc-amino)-1,4-diaminobutane]-OAll 
	Fmoc-Asp[4-(Boc-amino)-1,4-diaminobutane]-OH 
	Fmoc-Asp[5-(Boc-amino)-1,5-diaminopentane]-OAll 
	Fmoc-Asp[5-(Boc-amino)-1,5-diaminopentane]-OH 
	Fmoc-Asp[5-(Boc-amino)-1,5-diaminopentane]-OAll (682 mg, 1.18 mmol), dried over-night under reduced pressure, was dissolved in DMF (10 ml) in an Argon atmosphere with PhSiH3 (0.7 ml, 5.9 mmol). Pd(PPh3)4 (27 mg, 23.5 (mol) was flushed with Argon, suspended in DMF (10 ml) and added to the solution. The mixture was stirred at room temperature under an inert atmosphere for 45 minutes and the progress of the reaction checked via HPLC. Upon completion of the reaction, the DMF was evaporated, the residue redissolved in EtOAc (30 ml) and the organic layer washed with H2O (1 ( 30 ml), citric acid 5% (5 ( 30 ml) and saturated NaCl (1 ( 30 ml), dried over MgSO4 and concentrated. The pure product was obtained by precipitation from DCM/petroleum ether as a crystalline solid. Yield: 470 mg (74%); HPLC (System I): tR 3.73 min; ESI MS: m/z: 540.6 [M+H]+, 484.6 [(M-tBu)+H]+, 440.4 [(M-Boc)+H]+, 1079.8 [2M+H]+, calculated monoisotopic mass for C29H37N3O7: 539.
	Compound 21
	Compound 23
	The synthesis was conducted by manual solid-phase methodology using Fmoc/HBTU/DMF chemistry. Asp was introduced as Z-Asp(tBu)-OH for peptide 24, Z-Asp[3-(Boc-aminomethyl)-benzylamine]-OH (AL121) for peptide 25 and as Z-Asp[4-(Boc-amino)-phenylamine]-OH (AL120) for peptide 27. The peptides were synthesized as peptide acids on a 2-Chlorotrytyl chloride Resin (loading: 0.83 mmol/g, as estimated using the procedure reported in Chapter 6.1) on a 0.25-mmol scale. Amino acids, HOBt and HBTU were used in a 2 eq excess respect to the scale of the synthesis in each cycle. The extent of coupling at each step was verified with the qualitative TNBS and/or Kaiser tests on a sample of a few resin beads. The products were then cleaved from the resin by TFA in the presence of 2.5% TIS and 2.5% water at room temperature in 2 h, the resin was filtered off and the crude peptides were precipitated with a cold solution of ter-butyl methyl ether/hexane 2:1 and lyophilised over night. The purity of the peptides exceeded 90% as determined by analytical RP-HPLC and were used for the cyclization reaction without further purification. Their structural integrity was confirmed by electrospray ionization mass spectrometry.
	Compound 26
	Compound 28
	The synthesis was conducted by manual solid-phase methodology using Fmoc/HBTU/DMF chemistry. The peptide was synthesized as peptide acid on a 2-chlorotrytyl chloride resin (loading: 0.76 mmol/g, as estimated using the procedure reported in Chapter 6.1) on a 0.25-mmol scale. Amino acids, HOBt and HBTU were used in a 2 eq excess respect to the scale of the synthesis in each cycle. The extent of coupling at each step was verified with the qualitative TNBS and/or Kaiser tests on a sample of a few resin beads. The product was then cleaved from the resin by TFA in the presence of 2.5% TIS and 2.5% water at room temperature in 2 h, the resin was filtered off and the crude peptide was precipitated with a cold solution of ter-butyl methyl ether/hexane 2:1 and lyophilised over night. The purity of the peptide exceeded 90% as determined by analytical RP-HPLC and were used for the cyclization reaction without further purification. Their structural integrity was confirmed by electrospray ionization mass spectrometry.
	Compound 33
	Compound 35
	Compound 37
	Compound 39
	Compound 41

