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2 1. INTRODUCTION

1.1. GENERAL REMARKS

The human genome encodes more than 500 proteasesr@view, see [1]). Among them, a
heterogeneous group is referred to as cathepstgsydiess of the catalytic mechanism.
Cathepsins were described initially as lysosomatqmlytic enzymes due to their localization
in the lysosomes. Whereas cathepsins A and G areg@oteases, and cathepsins D and E
are aspartic proteases, cathepsins B, C, F, H, B, IS, V, W and X are cysteine proteases of
the papain-like subfamily C1A and represent thgdat and best characterized group of
cathepsins. Cysteine proteases of the C1A subfaamndyubiquitous among living organisms
including bacteria, viruses, plants, lower and biganimals. Most of the cysteine cathepsins
are endopeptidases, with the exception of the énxapeptidases cathepsins C and X. The
main function of the eleven papain-like lysosomgsteine proteases listed above is the
degradation of proteins that have entered the tysas system. The cleavage of the peptide
bond, catalyzed by cysteine cathepsins, is indi@gthe nucleophilic attack of the active site
cysteine to form an acyl enzyme and to releasd$tgoroduct. In the second step of the acyl
transfer, the hydrolysis of the thiol ester boratieto the release of the second product and to
the formation of the free enzyme. The proteolytitivaty is mediated by a catalytic triad
composed of the cysteine residue located at thieecehthe catalytic site, a histidine residue,
and an asparagine residue for keeping the imidadalg of histidine in a favourable
orientation to the thiol group of the catalytic ®ise [2].

Cysteine cathepsins are synthesized as inactiverqeezymes and processed to active
enzymes during maturation. Synthesis of cathepstiaits on membrane ribosomes with an
amino-terminal signal peptide mediating the nasgeolypeptide chain into the rough
endoplasmic reticulum (for a review, see [3]). Boling cotranslational cleavage of the
presequence, the proenzymes are then transportibe @Golgi complex for modification of
the oligosaccharides to high-mannose carbohydrates phosphorylation of the mannose
residues. This modification allows the binding ofogathepsins to membrane-bound
mannose-6-phosphate receptors directing them irdasport vesicles targeted to late
endosomes (for reviews, see [4] and [5]). Withia #tidic environment of late endosomes,
the prodomain is cleaved converting the inactivenagens into the mature active enzymes
[6], [7]. Activation can occur either autocatalgily [8], [9], as exemplified, or through
cleavage catalyzed by cathepsin D [6], [10], L dd $| or other typical lysosomal proteases

(for a review, see [9]).
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Cathepsins are monomeric enzymes with moleculaght®ibetween 22 and 28 kDa with one
exception; cathepsin C forms a tetrameric compidich has a molecular weight of 200 kDa
[12], [13]. They all have a papain-like fold revedlin the early days of crystallography [14].
However, structural characterization of cathepbiegan in the early 1990s with the structure
of cathepsin B [15]. Crystal structures of all hunmmgsosomal cysteine cathepsins or their
mammalian orthologs with the exception of cathepsih and W are now available. In
contrast to the structure of the processed forratifiepsins, only a few zymogen structures
are available ([15-28]; for a review, see [29])eTpapain-like fold consists of two domains,
L and R, folded together displaying a V-shaped igométion. The active site lies at the
interface between these two domains. The L-donmsimainly composed of three-helices
whereas the R-domain is based of-barrel motif. The crystal structure of the zymogen
already revealed the configuration of the activateture enzyme. The prodomain forms an
a-helical domain and is folded in such a way thabldcks access to the active site cleft
[30—33]. Propeptides are in fact inhibitors of th@dgnate enzymes, as shown for cathepsin
K, L and S by kinetic analyses [34].

Substrates bind along the active site cleft ofrttegure enzyme in an extend conformation
[35]. According to the Schechter and Berger [36ineaclature, the subsites on the protease
are called S (for subsites), and the substrate @@omd residues are called P (for peptide).
The amino acid residues of the amino-terminal sickae scissile bond are named P1, P2, P3,
P..., and those residues of the carboxy-terminal ardenumbered P1’, P2’, P3’ P...". By

definition, the scissile bond is located betweeraRd P1’ residues (Fig. 1).

53 /_\Sl /\SZ
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Figure 1. Schematic depiction to illustrate the SchechterBader nomenclature.

Predominantly three substrate binding sites ofetgst cathepsins, S2, S1 and S1’, mediate
main as well as side chain contacts between stibstamd enzymes (for a review, see [37]).
Whereas the S2 binding site is a deep po@@tin the case of cathepsins K, S, and L, the S1
and S1’ sites provide a binding surface [23], [236], [31]. The S1’ pocket of cathepsins X
and B is relatively deep and well-defined [28],][88mpared to the endopeptidases cathepsin

K, S, and L. In addition, cathepsin B possessdmhosv S2’ subsite. The carboxydipeptidase
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activity is attributed to the presence of an ocrigdoop, an extra peptide segment, which
provides an appropriately spaced acceptor (HisdridHis-111) for the negatively charged
C-terminal carboxylate of the substrate at the P@sition [15]. Generally, interactions
between the endopeptidases and the P3 and P2iesxd the substrate are solely based on
side chains. Thus, the papain-like cysteine preteaspresent a special group of peptidases
with a small number of substrate-binding sites careg to serine proteases and aspartic
proteases.

Most of the enzymes are endopeptidases (cathepsiKsL, O, S, V, and W) in which the
active-site cleft extends along the whole lengththef two-domain interface. However, the
papain-like cysteine peptidase subfamily also caseprexopeptidases (cathepsins B, C, H
and X) (for reviews, see [29], [39]). Cathepsin 8Ba carboxydipeptidase, cathepsin C an
aminodipeptidase, cathepsin H an aminomonopeptidaskecathepsin X primarily possesses
a carboxymonopeptidase activity. Among these extgbeges, access to the substrate binding
sites is restricted by additional features preventhe binding of longer peptidyl substrates
and providing interaction with charged N or C chi@rmini of substrates; loops in the case of
cathepsin B [15] and X [40-42], or propeptide pantshe case of cathepsin H [19] and C
[17]. Beside their exopeptidase activity, cathepsiB and H also exhibit endopeptidase
activity by conformational flexibility (for reviewssee [4], [39]).

Apart from determinants of gene expression, agtigit papain-like cysteine cathepsins is
regulated by a number of factors, with pH beingriest important. The majority of cysteine
proteases are unstable and weakly active at nqaitand thus are optimized to function in
acidic intracellular vesicles. Cathepsin precursare inactive until they reach their
appropriate localization, where activation gengrattquires an acidic environment, thus
preventing indiscriminate activation following noshlization (for reviews, see [33], [43]).
Furthermore, the active site cysteine is readilyidiazed preventing thiol-dependent
proteolysis, therefore these enzymes need a reglarironment that is provided in the
lysosomal compartments by a cysteine-specific lyswd transport system [44]. Activity is
also dependent on the balance between the amouattoe enzyme and the amount of
endogenous inhibitors. Numerous inhibitors of pagikie cysteine cathepsins have been
described. The most abundant is the superfamilycyaftatins, which bind tightly and
essentially irreversibly to the corresponding ciysi@roteases [45].

As soluble enzymes with a clear preference fomh8lgacidic pH conditions and reducing
environments, cysteine cathepsin activity is malabalized within the compartments of the

endosomal-lysosomal system and traditionally belieto be responsible for bulk protein
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turnover. By the use of cathepsin gene knockoutsctional redundancy of cathepsins
regarding unspecific protein degradation was shde—51]; for a review, see [52]).
However, beside their role in non-selective protieimover, gene knockouts also revealed
specific and individual functions which are verypontant for normal cell processes (for a
review, see [3]). These specific functions are roftessociated with restricted tissue
localization of the cathepsins, as demonstrateddtrepsin S being predominantly expressed
in spleen [53], the thymus and testis-specific epn V [54] also known as cathepsin L2,
and cathepsin K which is highly expressed in owaramd osteoclasts [55]. Although
cathepsins B, C, F, H, L, O, and X are ubiquitoumiywidely expressed (for a review, see
[3]), this does not preclude them from being inealvin more specialized processes because
subcellular localization of cathepsins in differenganelles and even at the cell surface under
specific physiological circumstances must be cared ([56]; for a review, see [57]. An
enormous amount of data describing the functiocatiiepsins has been achieved through the
generation of gene-targeted knockout animal modeisa review, see [58]). A few remarks
about the more specific functions of the five meensively characterized cathepsins B, K,

S, L and C are given in the following paragraphs.



6 1. INTRODUCTION

1.2. FUNCTIONS OF CATHEPSINS B, K, S, L, AND C

Cathepsin B is involved in physiological processes;h as remodeling of the extracellular
matrix, promoting cell migration during wound heai([59]; for a review, see [60]), and

apoptosis ([61], [62]; for reviews, see [63], [64]h addition, cathepsin B-deficient mice

show alterations in pancreas and thyroid physiol&®y, [66], but do not display any severe
phenotype suggesting that cathepsin B is not aas@émtnormal development [65]. This is

probably due to a functional redundancy of cathep8 and L because combined deficiency
in mice is lethal [67], which was not observeddorgle-deficient mice [51].

Cathepsin K was shown to be crucial for bone mateagradation (for a review, see [43]).
This enzyme was initially detected in osteoclastsltinucleated cells mediating normal bone
remodeling [55], [68], [69]. Later, cathepsin K mRNvas detected in a variety of tissues
[70-72]. Cathepsin K is secreted by osteoclastsd@guades several components of the bone
matrix including type | collagen, the main constitii of the organic matrix of bones, as well
as osteopontin and osteonectin. The degradati@ollzigen mediated by cathepsin K occurs
not only outside osteoclasts but also in lysosoméhkin the osteoclasts [73] because
inhibition of cathepsin K by specific inhibitors by cathepsin K antisense oligonucleotides
results in the accumulation of undigested collafijemis in lysosomes within the osteoclasts
(for a review, see [74]). Recently, beside itsag#in degrading activity, a regulatory function
in bone resorption was identified for cathepsin/g]|

Cathepsin S has been demonstrated to play an ieégele in the MHC class Il antigen
presentation pathway. It is the major processimyme of the MHC class Il invariant chain
necessary for subsequent peptide loading ([49}-188 for reviews, see [79], [80]), which
was investigated by the use of a specific cathepsimhibitor [81]. Cathepsin S activity was
quantified mainly in endosomes of antigen presgntells using a novel specific substrate
[82]. In addition, the repertoire of antigenic pdps in cathepsin S-deficient mice was
changed providing an involvement of cathepsin héngeneration of antigenic peptides [78].

Also, cathepsin L (and F) seems to participaterocgssing of the MHC class Il invariant
chain, primarily in cells or tissues not expressicaghepsin S [47], [83]. Furthermore,
cathepsin L is involved in epidermal homeostasi r@gular hair-follicle morphogenesis and
recycling; cathepsin L-deficient mice developediguaic hair loss and epidermal hyperplasia
[51] similar to the phenotype of tHerless mouse mutant [84]. Within secretory vesicles,

cathepsin L is responsible for the generation ofesd peptide neurotransmitters and
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hormones (for a review, see [85]). Recently, it whewn that cathepsin L participates in the
turnover of the extracellular matrix by conversafproheparanase into its active form which
is able to degrade heparan sulfate in the extrdeell matrix and on the cell
surface [86].

Cathepsin C (also referred to as dipeptidyl pepgdh appears to be important for the
processing and activation of serine proteases mune cells. For instance, cathepsin C is
involved in the conversion of pro-granzymes intotpolytically active enzymes. It was
reported that granzymes A and B from cytotoxic fiypcytes of cathepsin C-deficient mice
are mostly inactive ([50]; for a review, see [8 Pranzymes are serine proteases which are
required for cytotoxic lymphocyte granule-mediatgabptosis of target cells. Cathepsin C
also activates pro-inflammatory serine proteasas, cathepsin G, neutrophil elastase and

proteinase-3, expressed in mature neutrophils weebin inflammation [88], [89].
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1.3. INVOLVEMENT OF CATHEPSINS IN DISEASES

Imbalance of normal cathepsin activity is assodiatéth a number of pathological events,
including rheumatoid arthritis and osteoarthritiglammation, cancer, neurological disorders,
multiple sclerosis, pancreatitis, diabetes, ostemgp® and lysosomal storage diseases.
Cysteine cathepsins are important processing ergyagicipating in proteolytic cascades,
their altered expression and/or activity is invalva a high number of diseases (for reviews,
see [43], [74], [90-99]). Furthermore, many of theeases mentioned above correlate with
subcellular mislocalization of these enzymes, #@neple outside lysosomes in the cytosol or
in the extracellular environment (for a review, §&g.

As mentioned before, cathepsin K is the major erezyesponsible for the degradation of
the protein matrix of bone. The important role athepsin K for the function of osteoclasts
was first suggested by the finding that cathepsin aktivity deficiency induces
pycnodysostosis, a disorder with an increase ireboimeral density (for reviews, see [29],
[33], [43], [74]). This emerging evidence has madtepsin K an important pharmacological
target for the treatment of osteoporosis (for negiesee [97], [98], [100]).

Cathepsin S has been discussed to be involvedtamamune diseases such as rheumatoid
arthritis because it mediates the degradation @MRC class Il invariant chain li, which is
afterwards competent for binding antigenic peptidédditionally, cathepsin S has been
implicated in the degradation of endosomal/lysodoprateins to generate the peptide
fragments that are loaded into the MHC class lltidepbinding groove in human antigen-
presenting cells ([49]; for reviews, see [43], [86)). Therefore, selective inhibition of
cathepsin S is a potential mechanism for modulatiegmmune response. It has been shown
that inhibition of cathepsin S alters autoantigeespntation and the development of organ
specific autoimmunity in a murine model exhibitiag autoimmune disorder [101].

Cytosolic forms of cathepsin B, one of the mostblgtaproteases at neutral pH, and
cathepsins D and L, leaking out of the lysosomesewshown to participate in apoptosis
([61], [62], [102]; for reviews, see [63], [64]).0F instance, it was published recently that
granulysin, a lipid-binding protein exhibiting amicrobial activity, can target lysosomes of
tumor cells and induce partial release of lysosopmitents into the cytosol, triggering
programmed cell death [103]. Because a varietyiidérdnt models confirm the biological
importance of cathepsins in the regulation of apsistunder physiological conditions, it is

hence not surprising that altered activity or sllbta localization of cathepsins leads to
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defects in the apoptotic mechanism closely relédetthe development of various diseases, in
which the life span of cells is reduced (for a esvj see [64]).

Several cysteine cathepsins were identified tanbelved in cancer progression on the basis
of their increased expression and/or activity inaes human and mouse tumors ([104]; for
reviews, see [91-96]). During cancer progressiathapsins are often translocated to the cell
surface or secreted into the extracellular mili€bey can still function outside tumor cells
because the extracellular microenvironment of tiemisrgenerally acidic (for a review, see
[105]). In the extracellular milieu, cysteine catbms can promote tumor invasion either
through uncontrolled cleavage of components of éwé&acellular matrix and basement
membrane, through activation of growth factors dheo proteases such as matrix
metalloproteinases and urokinase plasminogen a&otivahich in turn promote invasion, or
through cleavage of cell adhesion proteins (faxvaew, see [93]).

Several genetic disorders have been attributedutations in genes of cysteine cathepsins.
For example, pycnodysostosis, characterized byreeb®ne abnormalities, is a rare,
autosomal recessive skeletal disease caused byaianudocated within theathepsin K gene
[106]. On the other hand, loss-of-function mutatiothe gene encoding cathepsin C leads do
Papillon-Lefévre syndrome, an autosomal recessiserder, characterized by palmoplantar
keratosis and severe early-onset periodontitis J[18imilarly, disorders can also based on
down-regulation of the endogenous inhibitors ofteyge cathepsins which is the case for the
hereditary form of monoclonal epilepsy caused bywation in the gene encoding stefin B
(cystatin B) ([108]; for reviews, see [17], [29]).

In addition, cathepsins were reported to be impddan neurodegenerative diseases, such
as Morbus Alzheimer. The formation of the amylBigeptide (4), deposited in the brain as
amyloid plaques playing the major role in the pgtmesis of Alzheimer’s disease, is initiated
by processing the amyloid precursor protein (AR®PduUgh cleavage by the two proteases
B-secretase angsecretase. It is widely accepted that the majaroral 3-secretase is a
transmembrane aspartyl protease termed BACESit¢ APP-cleaving enzyme 1) (for
reviews, see [109], [110]). It has been proposed ¢ththepsin B may function fissecretase
[111]. However, an B42 reducing activity of cathepsin B was demonstratea study with
transgenic cathepsin B deficient mice, expressimgndn APP containing the Swedish and
Indiana mutations at the3-secretase andy-secretase sites. The authors proposed
antiamyloidogenic and neuroprotective functioncathepsin B [112]. On the other hand, it
was reported that cysteine protease inhibitors gedluevels of brain B40 and A342 in a

guinea pig model of humanfAproduction [113]. Moreover, thgsecretase activity to cleave
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the wild-type APP in regulated secretory vesiclepresented by cathepsin B, was suppressed
by cysteine protease inhibitor vivo treatment of London APP mice with the inhibitors
resulted in an improvement in memory deficit, auest amyloid plaque load and decreased
AB40 and A342 [114]. A recently published article showed tlwatering A3 levels in brain

of cathepsin B-deficient mice depends on the typ&lBP expressed in these transgenic
knockout mice. Whereas cathepsin B knockout in mqaressing human APP containing the
rare Swedish and Indiana mutations had no effecA@nthe use of cathepsin B-deficient
mice expressing human wild-type APP resulted irsgiial decreases in brair3Alt was
therefore concluded that cathepsin B is a targetrfoibitors to lower A in Alzheimer’s
disease [115]. An epoxide inhibitor of cathepsiaBwell as small interfering RNA produced
decreases in P42 release. It was discussed by the authors thaepsin B acts as a
secondary neuronfd-secretase, or indirectly modulat@ssecretase activity [116]. Another
cysteine cathepsin, cathepsin L, might also belieebin APP processing, even though this
enzyme is responsible for the opposing effectydideiction of A342 levels [116].

It is now becoming clear that cysteine cathepdiilsl be seriously considered as potential
drug targets in several diseases, most notablywida range of cancers, osteoporosis and
autoimmune diseases. Small-molecule inhibitorsctii against cathepsin K or cathepsin S
are currently under clinical trials for the treatrhef osteoporosis and bone metastasis, or for
the treatment of autoimmune diseases ([137]; faewes, see [74], [90], [92], [96], [100]).
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1.4. BONE REMODELING AND OSTEOPOROSIS

The human skeleton is metabolically active orgaat tlndergoes continuous remodeling
processes throughout the lifespan. ApproximateBb I human bone is replaced each year
whereas the full renewal is completed every 10s/eBine bone remodeling cycle involves a
complex series of sequential steps with three rmphases: (1) resorption of mineralized bone
by osteoclasts; (2) appearance of mononuclear @eltbe bone surface; and (3) formation of
bone matrix by osteoblasts that subsequently beaomeralized (Fig. 2) (for reviews, see
[117], [118]).

\
| | !

phase 1 phase 2 phase 3

Figure 2. Bone remodeling cycle [119].
(1) Resting bone surface; (2) Preosteoclasts; (8)ivA osteoclasts; (4) Mononuclear cells;
(5) Preosteoblasts; (6) Osteoblasts; (7) Osteocytes

In turn, the osteoclastic bone resorption requives processes: (1) demineralization of the
inorganic bone components; and (2) degradatiomeforganic bone matrix. The first phase
involves acid secretion by the osteoclast intordsorption lacunae, and the second phase is
the proteolytic degradation of the organic bonermafThe major proteolytic activity in
osteoclasts is represented by cathepsin K with 88%e total cysteine protease activity in
these cells. Osteoclast-expressed cathepsin K lis @b degrade several organic bone
components including type | collagen, which constis approximately 90% of the organic
bone matrix, as well as osteopontin and osteon€ctimeviews, see [97], [119]).

An imbalance between bone resorption and bone fovméalso known as abnormal bone
remodeling) can result in different diseases sushpgcnodysostosis and osteoporosis.
Osteoporosis is a skeletal disorder characterizgdreoluced bone density and micro-
architectural deterioration leading to enhancedebifvagility and high risk for spontaneous

fractures. Osteoporosis can be classified as pyimgre | (posmenopausal osteoporosis),
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primary type Il (senile osteoporosis) and secondaith traceable aetiology) (for a review,
see [120]). Aside from its human cost, osteoporasis considerable public health problem
with enormous economic impact. For example, 3.78iani osteoporotic fractures were
estimated in Europe in the year 2000 causing tta direct costs of 31.7 billion € [121].
Current treatment options of osteoporosis are mdmir classes of drugs: (1) calcitonins;
(2) bone calcium regulators; (3) selective oestnogereptor modulators (SERMS); and (4)
parathyroid hormones (PTHSs). Bisphosphonates, geignto the bone calcium regulators,
dominate the osteoporosis market as a gold starfdardsteoporosis treatment. The most
promising innovative antiosteoporotic drug is demoab. Denosumab is a humanized
monoclonal antibody that inhibits RANK-L (the lighwof receptor activator of nuclear factor-
kB) preventing differentiation of osteoclast preaussinto bone resorbing osteoclasts (for a
review, see [122]). The Committee for Medicinal dRrots for Human Use (CHMP) adopted a
positive opinion for denosumab on December 17, 2008 approved indication for this drug
is: (1) treatment of osteoporosis in postmenopawsahen at increased risk of fractures; and
(2) treatment of bone loss associated with hormedsiation in men with prostate cancer at
increased risk of fractures [123]. A further intieg new drug candidate for osteoporosis
treatment is odanacatili3, Fig. 10). Odanacatib is a potent and selectindl@icontaining
cathepsin K inhibitor which is currently in thergtal development. Two studies have been
carried out to evaluate the efficacy and safetyod&nacatib. In a randomized, placebo
controlled, double-blind phase | study in post-nmmesal women, the optimal dose of
odanacatib was determined. Reductions in resorpim@rkers were greatest for doses
> 50 mg weekly and doses2.5 mg daily. In a further double-blind, randonaiz@lacebo-
controlled trial including 399 post-menopausal warmihe efficacy and safety of odanacatib
was evaluated. In this phase Il study, statiscsilfjnificant reductions of resorption markers
were observed in patients receiving 50 mg odanacagiekly. Furthermore, bone biopsies
were carried out in 28 patients and showed no adveéistologic effects. To clarify the
efficacy of odanacatib in term of fracture reducsipa phase Il study is ongoing, with results
expected in 2012. This is a clinical, randomizealjle-blind trial with 16,000 patients [124].
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1.5. ANTIGEN PRESENTATION AND AUTOIMMUNE DESEASES

Major histocompatibility complex class Il molecul@gHC-II) are expressed by only few
specialized antigen-presenting cell types includimgcrophages as well as dendritic and B
cells. MHC-II molecules are involved in the presginn of antigenic fragments required in
the endocytic pathway for the activation of CD4ipes T cells. MHC class Il molecules are
of3 heterodimers that are synthesized and assembldteirendoplasmic reticulum. The
heterodimerisation is assisted by the invarianirckig chaperon molecule that additionally
blocks the MHC-II peptide-binding groove preventingremature peptide loading.
Furthermore, the invariant chain is important foe transport of assembled MHC class Il
molecules through the Golgi apparatus ([125]; foexaew, see [126]). In generally, two main
proteolytic events occur during MHC-II-mediated igah presentation: (1) cleavage of the
antigens to small antigenic peptides for the bigdin the binding grove of MHC-II
molecules; and (2) degradation of the invarianircliaig. 3).

Lysosomal

proteases
_—

3

3 = L2
EI_, Cathepsins :
SandF |
2 _— _—>
[ § ]
) | ]

Figure 3. MHC-Il-mediated antigen presentation and the réleathepsin S [119].
(1) MHC class Il molecule (MHC-1I); (2) Invarianthain (li); (3) CLIP; (4) Antigenic peptide;
(5) Antigen.

Antigen processing seems to be a multienzyme-aédlprocess involving several cysteine
and aspartic proteases. It was not possible uatil to identify single proteases playing a
crucial role in the cellular antigen degradatiam.cbntrast, cathepsin S was described as the
major processing enzyme of the invariant chairhenMHC-II-mediated antigen presentation
confirmed by the delayed li processing in the celtdated from cathepsin S deficient mice.

Cathepsin S is capable to cleave the invariantncleaiving an approximately 15 amino acid
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long class Il associated invariant chain peptidel; which can be replaced by antigenic
peptides (Fig. 3). It was further reported that thke of cathepsin S in the li degradation
process in the cells from cathepsin S-deficiententan be adopted by cathepsin F, which is
expressed at high levels in macrophages, but noiemdritic and B cells. The proteolytic
synergism of cathepsins S and F in the |i degradaprocess could be used for the
modulation of the immune response using selectivgbitors of these enzymes ([83]; for
reviews, see [119], [126]).

Autoimmunity is understood as a failure of selfetaihce. Because it is not possible to
explain all autoimmune diseases by a single thabwyas suggested to consider the ‘mosaic’
of autoimmunity [127] involving genetic, hormonammunological, and environmental
factors. Autoimmune diseases can be divided iresysst €.g. systemic lupus erythematosus)
and organ-specifice(g. type | diabetes mellitus). It is further distingjued between diseases,
in which the selection and regulation of T and Blsces generally altered, and diseases
responsible for a particular antigen (for revieses [128], [129], [130]). The most important
drugs currently used for the treatment of autoimendiseases are immunosuppressive agents
such as corticosteroids, cytotoxic compounds (&zatime and 6-mercaptopurine),
antimetabolits (methotrexate), and calcineurin bitbrs (cyclosporin A) (for a review, see
[131]). The innovative therapeutic strategies fbe ttreatment of autoimmune disorders
includes follow therapeutic possibilities: (1) a@iD4, anti-CD3 and anti-CD28 antibody
treatment that could potentially be used to regultcell population; (2) lytic anti-CD20
therapy to regulate B cell population (rituximahb tbe treatment of rheumatoid arthritis and
systemic lupus erythematosus [132]); and (3) thesaghrected against cytocins important for
the T cell growth (II-2, 1I-4, 1I-7, 1I-15, 1I-21and inflammation (TNF, 1I-1, 1I-6, IFNJ. TNF
monoclonal antibodies (infliximab [133]) and the Fixeceptor (TNFR) fusion protein
(etanercept [134]) are already in clinical use €oeview, see [135]). Furthermore, cathepsin
S is currently considered to be an interesting masget for the therapy of autoimmune
disorders, since it was found that cathepsin Sbitdis prevents autoimmunity in murine
models of Sjérgen syndrome and myasthenia grag@6][1137].
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1.6. NITRILE-BASED INHIBITORS OF CYSTEINE CATHEPSIN S

1.6.1. EARLY STUDIES

Inhibitors of cysteine cathepsins are mainly paptat peptidomimetic structures containing
electrophilic groups prone to covalent interactiaih the active-site cysteine. Among them,
nitrile inhibitors receive the most attention im@nt drug discovery (for a review, see [178]).
The first nitrile compounds, for which inhibitiorf a cysteine protease has been described,
were acetamidoacetonitrieand benzamidoacetonitrilezshown in Figure 4. These acylated
glycine nitriles inhibited the plant protease papat pH 7 withK; values of 31 mM and
390 uM, respectively [138]. CompouddN-acetylL-phenylalanyl-glycine-nitrile, represents
a dipeptide nitrile with a decreaskdvalue (0.73 uM) towards papain [139], [140].

N N H 13CcN
\”/N\/CN N._CN N>
o) o} o)
2 3

1

(0] (@] 0
)J\ H 13cN )J\ H 13CcN )J\ H CN
N ~— N ~— N
H H H
(0] O 0
4 5 6

Figure 4. Nitrile-based inhibitors of papain.

The reaction of nitrile-based inhibitors with cyste proteases involves the reversible
formation of thioimidate adducts (Fig. 5) as it Heesen initially discovered for papain. This
process can be considered as Pinner-type readti@Pinner reaction is an organic reaction
of a nitrile with an alcohol under acid catalysiie conversion results in an imidate which
can be transformed to either an ester or an amidiidR experiments provided the first
evidence for the formation of a covalent thioimeldink between nitrile inhibitors and
papain, and also for the regeneration of the aiftihction when the adduct dissociates. It was
reported in 1986 that tHeC-labeled dipeptide nitril&, upon interaction with papain, yielded
a C NMR signal of the thioimidate at 182 ppm, whichisappeared, when the
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inhibitor was displaced from the active site cyste{141]. In a similar study, a model
thioimidate was prepared fromandN-acetyli -cysteine and used to assign the signal for the
protein-bound thioimidate [142]. Complementary NNVE8ults have also been reported with
the *C-labeled benzamidoacetonitrBeg[143]. Compound, a dipeptide nitrile with.-Phe in

P2 andDL-Leu in P1 position inhibited papain wikh = 5.8 uM [142].

NH
H H
R N CN > R N

H
\”/ ~— + HS-Enz =—= \”/ \;/CN HS-Enz | =—= R\H/N\)J\S-Enz

O R! 0O R! O R!

Figure 5. Interaction of cysteine proteases with nitrile-ddhmhibitors.

A linear free energy correlation for binding of rzaof peptide aldehydes and peptide nitriles
was found, indicating an overall similarity in they in which these two groups of ligands
bind to papain, regardless of the difference inngety at the reacting carboine. sp’ versus

sp for aldehydeersus nitrile ligands; spversus sgf for their adducts [144]. The carbon atom
of the thioimidate adopts a trigonal geometry, afight from that of tetrahedral
hemithioacetals formed between cysteine proteamdsatdehydes. Thus, the thioimidate
structure resembles more closely the acyl-enzymae the tetrahedral intermediate of the

enzyme-catalyzed substrate hydrolysis (Fig. 6).

o

— > - >
R “NH-R' R\ SEnz R~ O s-Enz
NH-R'

OH NH

R)TS'E”Z R)J\S'Enz
H

Figure 6. The overall mechanism of cysteine protease-catdlybstrate hydrolysis is considered to
consist of a number of steps involving a covaleryl-anzyme and transient anionic tetrahedral
intermediates and transition states. The formatibithe acyl-enzyme complexa the tetrahedral
intermediate is showrntdp). The oxyanion is stabilized by interaction witiidhogen bond donors.
Comparison of the geometries of hemithioacetaft)( and thioimidate rfght) adducts with
intermediates in the reaction pathway for substraggrolysis. Aldehyde inhibitors form

hemithioacetals with the active site cysteinejlaitnhibitors form thioimidates.

The oxyanion hole of cysteine proteases contribtesatalysis by stabilizing inherently

unstable transition states. This region in papaiddfined by two hydrogen bond donors on
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the backbone amide nitrogen of Cys25 and the didenamide nitrogen of GIn19. Mutants
of papain (GIn19Ala, GIn19Glu) have been used tterd@ine the kinetic parameters for
inhibition by Phe-Gly-derived aldehyde and nitrifnibitors. Mutation of GIn19 caused an
important loss of inhibition by the peptide nitrilghibitor, and thioimidate adducts with the
papain mutants were less stable. However, desp&e dtructural similarity of the
hemithioacetals to the tetrahedral intermediate,atfinity of the peptide aldehyde inhibitor
was almost unaffected by GIn19 mutations [145].

As a further notable result of these early studiesas found that amino acid or peptide-
derived nitriles did show some selectivity for @t over serine proteases [140], [142], and
the cyano group was not considered a typical ‘waathér serine protease [146]. For nitrile
inhibitors, the addition of the soft sulfur nuclédp of the cysteine proteases or the hard
oxygen nucleophile of the serine proteases canobsiadered according to the principle of
hard and soft acids and bases (HSAB), but has een linvestigated so far [147], [148].
Noteworthy, the inhibition of the serine proteaggegtidyl peptidase IV (DPP-IV) by nitrile
compounds has received much attention during tke yaars. Glucagon-like peptide 1
(GLP-1) receptor agonism has emerged as a validgiptbach for the treatment of type 2
diabetes [149]. Cyanopyrrolidines such as vilddglig7) and saxaglipting) are dipeptide
nitriles with a basic amino group (Fig. 7). Vildggin and saxagliptin were characterized as
reversible, slow-binding inhibitors of DPP-IV [146150]. The X-ray crystal structure of the
DPP-IV: saxagliptin complex revealed the covaldtachment between the active site serine
and the inhibitor nitrile carbon [151]. Thus, the formed imidate corresponds to the
thioimidate adduct of cysteine protease inhibitigmitriles.

OH
HO
N B N
N/\H/ H,oN
H
O CN

o CN

vildagliptin (7) saxagliptin (8)

Figure 7. Inhibitors of the serine protease DPP-IV for tleatment of type 2 diabetes.
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1.6.2. CONVERSIONS OF THIOIMIDATE ADDUCTS

Chemical transformations of nitriles require stroagid/base conditions or the use of
peroxides. Nitrile-hydrolyzing enzymes from micrganisms are known and the question
raised whether cysteine proteases exhibit suclctawitg In the case of papain [141], [142],
[152], the thioimidate adduct was found to reverhitrile, instead of hydrolyzing to form an
amide (Fig. 8). However, a peptide nitrile hydratativity was engineered by a single
selected mutation GIn19Glu at the active site gfgora Ak.4 value, increased by a factor of
at least 4 x 1) was observed at pH 5 for this papain variant caneq to the wild type
enzyme. The role of the glutamic acid residue igadicipate in the acid-catalyzed hydrolysis
of the thioimidate to the carboxamide by the priowvisof a proton. The more reactive
protonated thioimidate readily undergoes nucleaoplaittack by water [153]. Because of the
well-known amidase activity of papain, the carboidenis then transformed to the
corresponding carboxylic acid (Fig. 8). The enzymhaydrolysis of nitriles by papain mutant
GIn19GIu was also studied in aqueous-organic mgrbd]. The proposed mechanism of
nitrile hydratase activity of the papain mutant veapported by molecular dynamic studies
[155].

H . H 5 H 5

R N._CN + HS-Enz R N\)J\S c +H,0 'R N\)J\ '
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o) R o) R ' o) R!

H (0] " (0] ' 0] :
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R N\)J\ — R N\)J\ *H, R N\)J\ !

\”/ ; NH, =— = \n/ - S-Enz - \”/ ; OH
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Figure 8. Mechanism for the nitrile hydrataseog) and amidasebpttom) activities of papain. The
wild type enzyme displays very weak nitrile hydestaactivity. The resulting carboxamide is

hydrolyzed to the acid by the natural amidase #gtof the enzyme.

However, the papain-catalyzed conversion of bendaatetonitrile 2 or N-acetyli-
phenylalanyl-glycine-nitrile4 to carboxylic acidsvia corresponding amides could be
accomplished with high enzyme concentration in presence of an external thiol as

monitored with NMR and HPLC. An attack ffmercaptoethanol dN-acetylcysteamine at
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the thioimidate adduct produces a non-enzyme botimdimidate, which is readily
hydrolyzable. Once the amide is formed, papainlyzta its conversion to the acid [156].
This pathway was later considered in an investogatvith 9, a biaryl inhibitor of cathepsin K
(Fig. 9). However, no detectable amounts of theesponding amidd.0 or acid 11 were
observed in the HPLC profiles of the incubation tmig of9, cathepsin K, and external thiols
[157].
HN HN
S N e

N\/CN O N\)J\X

(0]
° 17 X - OH
Figure 9. Structure 0®, a non-peptidic biaryl inhibitor of human cathepkl, and its amide and acid
analogued.0and11. Compound (500 nM.,i.e. 100-foldK;) was a poor substrate for nitrilase activity
of cathepsin K (enzyme concentration 1 pyddnercaptoethanol 1 mM, DTT 2.5 mM, pH 5.5, room

temperature, 30 min). The amid® was readily converted tbl by cathepsin K, and this amidase

activity was blocked by the irreversible cysteimetpase inhibitor E64.
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1.6.3. SELECTIVE NITRILE-BASED INHIBITORS OF CATHEP SINS KAND S

Considerable scientific attempts have been maddeteelop highly potent and selective
cathepsin K inhibitors, as it became obvious fromumnber of recent publications (for a
review, see [178]). These efforts resulted in tiezalery of balicatib 12) and odanacatib
(13) for which several clinical trials have alreadyebeconducted (Fig. 10) [97], [124], [158].
The 1-amino-1-cyclohexanecarboxylic acid (homockaloine), contributing to the cathepsin
K selectivity in balicatib 12), was discovered by the introduction of varioubstiluents into
the P2 position of Cbz-protected dipeptide nitril@be following optimization of the P3
substituent led to the identification of balicadbk highly potent and selective cathepsin K
inhibitor [159]. Unfortunately, a small number dodtents during a phase Il study in women
with postmenopausal osteoporosis developed moridteeakin changes under treatment with
balicatib [160]. The lysosomal accumulation of balib due to its basic piperazine moiety
was reported as a possible reason for the obseskiedpathology [161]. Regarding this
potential toxic effect, further clinical developmeaf balicatib is on hold. In contrast,
odanacatib is a non-basic selective cathepsin kbiton obtained by the combination of a
relatively large biaryl substituent at the P3 positand a fluorinated P2 leucine moiety [162].
As it is shown in Figure 10, odanacatil8) has a peptidomimetic structure in which the P3-
P2 amide linker is replaced by a trifluoroethylasngroup for the enhancement of the binding
affinity [163]. Moreover, the unnatural cycloprogamoiety was introduced into the P1
position to stabilize the inhibitor molecule towapdoteolytic degradation ([162]; for a

review, see [164]). Odanacatib is currently inphase 1l clinical development [124].

O o

/) \
balicatib (12) / \ odanacatib (13)

Figure 10. Structures of the cathepsin K inhibitors balicdfiB) [159] and odanacatitiB) [162.

Selective cathepsin S inhibitors were obtained liiy tombination of a sulfone moiety,
attached to a large group at the P2 position, aswhall aromatic P3 substituertd. 14 and
15, Fig. 11). While cathepsin S accommodates theuistdysteinesulfone moiety 014,
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unfavorable interactions with the S2 pocket of epin K provided a rational for the
selectivity of this inhibitor: 16, values of 0.4 nM (cathepsin S), 3058 nM (cathep§in
337 nM (cathepsin B), and 132 nM (cathepsin L) weeported for compoundl4.
Furthermore, the 2,6-dichlorobenzyl analodilie (ICso = 0.7 nM) was completely inactive
against cathepsins K and B, while being 350-foledae for cathepsin S over cathepsin L
([165]; for a review, see [178]). Furthermore, éswrecently reported on the development of
highly potent and selective cathepsin S inhibitarentaining electrophilica-ketoamide
moiety €.g. 16, Fig. 11) as a ‘warhead’, for which a patent aggilon was carried out (for a
patent evaluation, see [166]). These compounds desadialkyl substituted cycloaliphatic

rings at the P2 position in combination with sma#lromatic or saturated
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heterocyclic/cycloaliphatic P3 substituents.
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Figure 11. Structures of selective cathepsin S inhibitb4s16.

Cathepsin S-selective inhibitors RWJ-445380 and @RB129 are already in the clinical
development for rheumatoid arthritis and psoriasespectively. Unfortunately, neither the
results of clinical trials nor the structures ofhmqmunds RWJ-445380 and CRA-028129 are
available until now (for reviews, see [96], [167]).
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1.6.4. AZADIPEPTIDE NITRILES AS INHIBITORS OF CYSTE INE PROTEASES

The isoelectronic replacement of thakC group by a nitrogen atom to give azapeptides is a
common structural modification in the chemistry méptides. Azapeptides have attracted
much interest due to their unique properties amgiegdions as peptidomimetics in a variety
of biological systems. Recently, it was reportedpooteolytically stable azadipeptide nitriles
as a novel class of cysteine protease inhibitorgh wiicomolar K; values towards
therapeutically relevant cathepsins K, S and L.s€ha&zadipeptide nitriles were composed of
a Cbz-protected P2 amino acid and a P1 aza-aminite mhose nitrogens are essentially
alkylated for reasons of the synthetic access (E&).[168]. Furthermore, the azadipeptide
nitriles proved to be strong inhibitors of falcipail and 2 fronPlasmodium falciparum

parasite and showed further antimalarial activi§d].

Figure 12. Ca/N-exchange leading to an azadipeptide nitrile.

Azadipeptide nitriles exhibited dramatically impeal activities toward tested cysteine
proteases in contrast to the corresponding carbbgmes. The improved potency of
azadipeptide nitriles can be explained by the fdiona of a resonance-stabilized
isothiosemicarbazide adducts with the active-sigsteine of target enzymes (Fig. 13).
Furthermore, it has been shown that the covalethissemicarbazide adduct has a reversible

nature ([168]; for a review, see [178]).
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Figure 13.Reversible formation of an isothiosemicarbazidauatl
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In a recent publication, Yao and coworkers repottedhe development of organelle-specific
drug delivery systems to selectively transport grgatide nitriles into the lysosomes [170].
The reported delivery system consists of a Tat igeptderived from the human
immunodeficiency virus transactivator protein cevdly attached to a non-selective
azadipeptide nitrile [168] using the ‘click’ chenmgs (compoundl17, Fig. 14). Biological

testing showed that the Tat peptide was capabl@rtonote delivery of the attached

azadipeptide nitrile to the lysosomes of HepG2scell

L1-Tat (17)
RKKRRQRRRCONH,

Figure 14.Inhibitor-Tag conjugate L1-Tat.

Despite their excellent inhibitory activity, thepated azadipeptide nitriles were nonselective
and it remained unclear whether the selectivityaf@ingle target cathepsin can be achieved at

all with this class of inhibitors.
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1.7. ‘ACTIVITY-BASED’ PROBES

Chemical probes that bind into the catalytic site allow for direct detection of the active
enzyme form are termed ‘activity-based’ probes (8BBr ‘mechanism-based’ probes. ABPs
consist mainly of three parts: (1) specific inhaojt (2) linker; and (3) fluorescent or
radioactive reporter. In contrast to chromogenioffogenic substrates and reversible
inhibitors, ABPs bind covalently to the active ditean irreversible manner. The applications
for ABPs includede novo enzyme discovery, high-throughput screeningjvo imaging, and
diagnostic of certain diseases (for a review, §&&]).

Recently, it was reported on the development ofifipdluorescent ABPsgg. 18, Fig. 15)
that covalently label active caspases/ivo [172]. Caspases are proteolytic enzymes which
belong to the C14D subfamily of cysteine proteagemong them, caspase-3 has been
identified as a key mediator of apoptosis in manmemakells [173]. The monitoring of
caspase-3 using specific ABPs allow therefore dige@mntification of apoptosis to assess,

e.g., chemotherapeutic response in cancer patients.

HO3S

Figure 15. Structure of the caspase probe AB50-Cy§) (172].

Furthermore, a cell-permeable, radioiodinated, ivigtbased’ probe F3]BIL-DMK
(Fig. 16) was developed for the determination ofteye cathepsin activity in whole-cell
enzyme occupancy assays [174]. Non-selective agtidsed probe'fI]BIL-DMK contains

a diazomethylketone moiety that covalently intesaas a ‘warhead’ with the active-site of
cysteine cathepsins in an irreversible manrm@rl]BIL-DMK is highly reactive toward the

pharmaceutically important cathepsins L, S, K an@&R8cently, it was reported thatq]BIL-
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DMK was used to probe cathepsin S activity in #gkbcyte fraction of the whole blood to
study distribution and diurnal modulation of thizgme [175].

o) - o)
N CHN,
C )
125|

BIL-DMK (19)

Figure 16. Structure of the radioiodinated cathepsin prd6§BIL-DMK ( 19) [175].

A further interesting activity based probe was digped for ultrasensitiven situ visualization

of active glucocerebrosidase molecules. Deficiavfoglucocerebrosidase causes a lysosomal
storage disorder called Gaucher disease. For #yndstic and treatment of Gaucher disease,
it is very important to know the amounts of theiacform of glucocerebrosidase in affected
cells. The activity-based probe MDW941 (compouttl]l Fig. 17) consist of an epoxide-
containing cyclophellitol derivative covalently athed to a BODIPY fluorophore. Using
MDW941, it was possible to determine the glucocersidase activity by SDS-PAGE in cell
lysates of normal individuals and in Gaucher matgii76].

“1OH

MDW 941 (20) HO  OH

Figure 17. Structure of the glucocerebrosidase probe MDW24)L[L76].

Although the development of fluorescent ‘activitggsled’ probes for cathepsin X was recently
published [177], no such ABPs are known for selecprobing of cathepsins K and S until
now. Therefore, the development of potent ‘actiagsed’ probes for these enzymeg, for
diagnostic and monitoring of osteoporosis and autwmine disorders, represents an
interesting new topic in the field of Medicinal Ghistry.

Parts of the ‘Introduction’ of this work are congni with the recently published review on
nitrile inhibitors of cysteine cathepsins by Frizéeal. [178].
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1.8. AIM

The aim of this work was the development of potemd selective nitrile-based
peptidomimetic inhibitors for human cathepsins Kl &) containing a proteolytically stable
azadipeptide scaffold, as well as the preparatiod eharacterization of ‘activity-based’
probes for these enzymes.

To obtain highly potent and selective cathepsimHKibitors, the stepwise optimization of
the inhibitor structure was planned (Fig. 18). he tphasd of the development process,
various substituents had to be introduced into Bfe position of the Cbz-protected
azadipeptide nitrile scaffold to obtain a lead stinoe for further optimization. In the phase

the modification of the P3 moiety as well as of B8 P2 linker was to be performed.

m S2 S3

Q R Ry | Q *R; Ry* |
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Figure 18. An overview of the planned diversity points foretktepwise optimization of inhibitor
molecules to achieve the selectivity for cathepkin R;, R,, Rs;=various substituents; *R
R>* = optimized substituents;;R Me or H; X =N, O or 0; Y =NMe or C5in=0or 1.

In a second project of this work, the systematandor P3 substituents of the dipeptide nitrile
scaffold, containing isobutylcysteinesulfone moi¢fy65] at the P2 position, had to be
performed to explore the S3 binding pocket of gasireS (Fig. 19left).

Finally, irreversible, fluorescent ‘activity-basegfobes for cathepsins K and S, bearing a

vinyl sulfone ‘warhead’, were to be prepared andleatedn vitro (Fig. 19,right).
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Figure 19. Systematic scan for P3 substituem¢ft) and fluorescent ‘activity-based’ probegtt).

R = various substituents; Y = NMe or ¢HG = fluorescent group.
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2.1. AZADIPEPTIDE NITRILES AS CATHEPSIN K INHIBITOR S

2.1.1. SYSTEMATIC SCAN FOR P2 SUBSTITUENTS

To develop potent and selective nitrile inhibitafscathepsin K, a systematic scan for P2
substituents of the azadipeptide nitrile scaffolmsvperformed. For this purpose, various Cbz-
protectedL-amino acids21-26 were converted into the corresponding mixed antgdr
[179-181] by the reaction with isobutyl chlorofort@ain the presence oN-methyl-
morpholine. The following addition of an aqueoutuson of 1,2-dimethylhydrazine, which
was previously displaced with sodium hydroxide frasdihydrochloride salt, provided the
formation of 1,2-dimethylhydrazidé€-32. The crude produc®7-32 were purified on silica
gel by column chromatography and subjected to & feaction with cyanogen bromide

leading to the target compoung3-38 (Scheme 1).

o R o R | )Ok R |
OH a N. b N. _CN
O)k” A OAHJY v 5 HJY .
o) 0 o) '
21-26 27-32 33-38

Scheme 1Synthesis of carbamate-based azadipeptide ni88e38.

a) 1. CICQi-Bu, NMM, THF, -25 °C; 2. (MeNH)x 2HCI, NaOH, HO, THF, -25 °C to rt; b) BrCN,
NaOAc, MeOH, rt;21, 27, 33, R=H; 22, 28, 34, R =Me; 23, 29 35 R =i-Pr; 24, 30, 36,
R = (9-1-methylpropyl;25, 31, 37, R = cyclohexylmethyl26, 32, 38 R = 4-hydroxybenzyl.

While 1,2-dimethylhydrazide®7-32, containinga-monosubstituted amino acids, were easily
obtained in moderate yields, the reaction of Chtgmted 1-amino-1-cyclohexanecarboxylic
acid (homocycloleucine3l9 with 1,2-dimethylhydrazine was more complicatdthaugh the
same reaction conditions were used as in the dag&82. The 1,2-dimethylhydrazidé0
was formed in a very low yield, and it was furtimet possible to isolate the desired product
from the obtained reaction mixture in a pure foritherefore, the synthetic route to
azadipeptide nitril&2 had to be optimized. Different from the procednoted in Scheme 1,
compound39 was activatedia a mixed anhydride and reacted with 1,2-dimethythyohe
dihydrochloride in the presence of triethylamineden water-free conditions. The new
synthetic route was associated with a slight impdoyield of compound0 and allowed for
isolation of this product in a pure form. Finaltie 1,2-dimethylhydrazid40 was converted

into the corresponding azadipeptide nitrd@ by the reaction with cyanogen bromide.
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The carbazatdl was isolated as the major byproduct resulting ftbenucleophilic attack of
1,2-dimethylhydrazine at the carbonate carbon @itixed anhydride (Scheme 2).

(6] (0] | (6] |
OH a N< b N. _CN
O)I\N; }[( — O)J\N; }ﬂ/ H/ — O)J\N; }[( N
H o H o H oo |
39 40, 18% 42

......................

Scheme 2Synthesis of the homocycloleucine-derived azadigemitrile 42.
a) 1. CICQi-Bu, TEA, THF, -25 °C; 2. (MeNH)x 2HCI, THF, -25 °C to rt; b) BrCN, NaOAc,
MeOH, rt.

For comparative investigations, the homocycloleeaerived dipeptide nitrild3 [159] was
synthesized (Scheme 3). When compoB8dvas reacted with aminoacetonitrile monosulfate
in the presence of triethylamine, the dipeptideilai43 was formed in a moderate yield of

53%. The carbamat&t was identified as a main byproduct of the reaction

2 2 o i NS .
OH a N._CN | :

0" N — 0" N ~ EYO N“CN
o H o : H |

39 43, 53% i !

Scheme 3Synthesis of the homocyloleucine-derived dipeptitigle 43.
a) 1. CICQi-Bu, TEA, THF, -25 °C; 2. BNCH,CN x H,SO,, THF, -25 °C to rt.

Obviously, the presence of thegem-disubstituted carbon in the Cbz-protected
homocycloleucine-derived mixed anhydride was resiida for low yields of the desired
coupling products. This effect was particularlyosty when 1,2-dimethylhydrazine, a rather
weak, but steric demanding nucleophile was used. démparison, the mixed anhydride
coupling of protected &monosubstituted amino acids with aminoacetonitribe
1,2-dimethylhydrazine occurred with less pronountmthation of carbamate or carbazate
byproducts, respectively [168], [182]. Compourit3-38 were synthesized by Friederike
Lohr in the course of her diploma thesis under opesvision.
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2.1.2. KINETIC PLOTS (SLOW-BINDING INHIBITION) AND EQUATIONS

The inhibitory activity of compounds, interactingthvtheir target enzymes in a competitive
manner, is mainly characterized by tievalues. In contrast to kgvalues, the true inhibition
constantK; is independent from the substrate concentraticth @gsay conditions and is
therefore advantageous to evaluate competitivebitans. For exampleK; values obtained
under different assay conditions are directly corapie. The calculation of thK; value
requires the knowledge of the Michaelis consté&pi) [defined as the substrate concentration
for which the velocity of an enzyme reaction isflwdlits maximal value.

For the following kinetic investigations, the Mias constants were therefore determined.
The target cathepsins L, S and B were assayed gpettvometrically in the presence of
increasing concentrations of the chromogenic satestrZ-Phe-Arg-pNa, Z-Phe-Val-Arg-pNa
and Z-Arg-Arg-pNa, respectively. The formation ghitroaniline was measured at 405 nm.
Cathepsin K was assayed fluorometrically in thespnee of the fluorogenic substrate Z-Leu-
Arg-AMC. In the cathepsin K assay, the excitatiomvelength was 360 nm and the
corresponding wavelength for emission was 440 rine. @nzymes were assayed with at least
seven different concentrations of the particularooiogenic or fluorogenic substrate in
duplicate experiments. The steady-state reactites r@) were calculated as slops of the
progression lines by linear regression (Fig. 2Ta&).obtain theK,, values, the steady-state
velocities were further plotted against increassufpstrate concentrations and analyzed by
non-linear regression (Fig. 21b) using the Mictea®ienten equation (Fig. 20a). The
Lineweaver-Burk (Fig. 22a) and Hanes-Woolf (FigbhRdlots were performed to review
possible systematic errors. The corresponding emsatfor Lineweaver-Burk and Hanes-
Woolf plots are shown in Figure 20b and 20c, respely.

:VmaXX[S] b i:i+&xi

(a) s Km + [S] ( ) Vs Vmax Vmax [S]
[SI_ 1Sl , Kn
(c) v, V__ * V..

Figure 20. Michaelis-Menten (a), Lineweaver-Burk (b) and HaWéoolf (c) equations.
Vs — steady-state velocity (M'5 Vmax— maximum reaction rate (M [S] — substrate concentration
(M); K — Michaelis constant (M). In Figures 21 and 2&xahsionless units instead of concentrations

are used at the ordinates.
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Figure 21.(a) Cathepsin K-catalyzed hydrolysis of Z-Leu-AXNC (100 mM sodium citrate pH 5.0,

100 mM NaCl, 1 mM EDTA, 0.01% CHAPS, 2% DMSO, 50 udTT, 25 °C) ¢) [S] =30 uM;
(*) [S]=20 pM; €) [S] =10 pM; €) [S]=5uM; ¢) [S]=3 uM; €) [S]=2pM; €) [S]=1 pM;
(*) [S] = 0.9 uM. (b) Plot of steady-state reactiates (V) versus increasing concentration of Z-Leu-

Arg-AMC. The non-linear regression of the data p&it, [S]) gave &, value of 2.6 + 0.3 uM.
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Figure 22. (a) Lineweaver-Burk plot of liwersus 1/[S]. K, =3.0 £ 0.1 uM. (b) Hanes-Woolf of

[S]/vs versus [S]. Linear regression gaveka, value of 2.7 £ 0.1 uM.

The K, values and the corresponding standard errorsingokdoy non-linear regression using
the Michaelis-Menten equation (Fig 20a), are lisied Table 1. The final substrate
concentrations in the inhibition assays were fodowl) cathepsin L assay (human
recombinant cathepsin L from Calbiochem) — 100 EM@.0K) Z-Phe-Arg-pNa; (2)

cathepsin L assay (human isolated cathepsin L fi&nzo Life Sciences)— 100 uM
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(= 5.88Ky) Z-Phe-Arg-pNa; (3) cathepsin S assay (human réawmnt cathepsin S from
Calbiochem) — 100 uM (= 1.49,) Z-Phe-Val-Arg-pNa or 100 uM (= 0.8&,) Z-Phe-Arg-
pNa; (4) cathepsin K assay (human recombinant grepain K from Calbiochem) — 40 uM
(= 15.4Ky) Z-Leu-Arg-AMC; (5) cathepsin K assay (recombina@athepsin K from Enzo
Life Sciences) — 40 uM (= 13K3,) Z-Leu-Arg-AMC; (6) cathepsin B assay (human isedh
cathepsin B from Calbiochem) — 500 uM (= OK4H Z-Arg-Arg-pNa.

Table 1.K,, values (uM).

Z-Phe-Arg-pN&  Z-Phe-Val-Arg-pN&  Z-Leu-Arg-AMC" Z-Arg-Arg-pNd

10+ 1

cathepsin L 17+ 7 n.d® n.d. n.d.

cathepsin S 117 +9 675 n.d. n.d.

cathepsin K n.d. n.d. 26£03 n.d.
3.0+0.6

cathepsin B n.d. n.d. n.d. 1100 + 100

dAssays were carried out with a total DMSO amoun2%f and at 37 °C°Assay was performed with a total
DMSO amount of 2% and at 25 °6Human recombinant cathepsin L from Calbioch@rtuman isolated
cathepsin L from Enz&Not determined’Human recombinant procathepsin K from Calbiocheraasnrements

were performed after activation of the enzynff#uman recombinant cathepsin K from Enzo.

The inhibitory activities of the target compour@®-38 and42, together with already known
inhibitors 45 and 46 [168] (Table 2), were evaluated on therapeuticalievant human
cathepsins L, S, K and B as described in ‘ExpertaleSection’. The tested azadipeptide
nitriles all showed slow-binding kinetic behavi@sulting in hyperbolic progress curves of
enzymatic reactions in the presence of inhibiteg.(B4a). For calculation of the steady-state
reaction rates @y and the first-order rate constanks,y, the slow-binding equation was used
(Fig. 23a). To obtain the kg values (apparent inhibition constarkg), the steady-state
velocities (¥ were plottedversus increasing inhibitor concentrations (Fig. 24b)daihe
resulting data pairs {v[l]) were analyzed by non-linear regression using 1Go equation
(Fig. 23b). Because azadipeptide nitriles were rilesd as reversible inhibitors with a
competitive inhibition mode [168], the 4gvalues were further corrected using the Cheng-
Prusoff equation (Fig. 23c) to obtain the corresidog true inhibition constantX{). The
structure-activity relationships (SARs) of all ibhors in this study were analyzed on the
bases of theiK; values because the true inhibition constants radependent on substrate

concentrations and used assay conditions, and altmrefore for a direct comparison.
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Figure 23. Slow-binding (a), 16 (b) and Cheng-Prusoff (c) equations.

(a) E — extinction; | — fluorescence intensity—\steady-state reaction rate (M):sv; — initial reaction
rate (M §Y); kops— first-order rate constant s t—time (s); d — offset; (b) Kg— half maximal
inhibitory concentration (M); 3~ steady-state reaction rate in the absence dbiiah (Ms™); v —
steady-state reaction rate in the presence dbitohi(M s%); [I] — inhibitor concentration (M); (cK; —
true inhibition constant (M); 16— half maximal inhibitory concentration (M); [S]sdbstrate
concentration (M); K, — Michaelis constant (M). In Figure 24, dimenseésd units instead of

concentrations are used at the ordinates.
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Figure 24.(a) Monitoring of the human cathepsin L-catalyhgdrolysis of Z-Phe-Arg-pNa (10¢M)
in the presence of increasing concentrations ofpoamd 35 (e, O; ¢, 20 NM; ¢, 40 nM; ¢, 60 nM;
¢, 80 nM; e, 100 nM). The reaction (100 mM sodium phosphatiéebypH 6.0, 100 mM NaCl, 5 mM
EDTA, 0.01% Brij 35, 2% DMSO, 100 uM DTT, 37 °C) svanitiated by addition of the enzyme. The
formation ofp-nitroaniline was measured at 405 nm. (b) Plothefrates of hydrolysis of Z-Phe-Arg-
pNaversus increasing concentrations 8. Non-linear regression gave an apparent inhibitmmstant
Ki' = (1+[S)/K)K;i =17 £ 1 nM. The inset is a plot of the first-ordette constantds versus
increasing concentrations of35. Linear regression gave a second-order rate aunsta
kot = ko (1+([S)Kr) = (19 + 1) x 16Ms™.
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The slow-binding behavior of azadipeptide nitritedich inhibited the target cathepsins in a
time-dependent manner, approves for the determimati the association rate constams)(
as a second kinetic parameter to evaluate thelodigal activity. Slow-binding inhibitors
display a slow onset of the inhibition on a timelscof seconds to minutes because the
equilibrium between enzyme, inhibitor, and enzymigbitor (EI) complex is established
slowly. Two basic mechanisms have been proposedftain slow enzyme inhibition in the
case of reversible, covalent inhibitors. Mechan&mssumes the formation of the covalent
complex EI* as a single, slow step whereby the ntagas ofk.3[l] and k3 are small relative
to k«[S], k1 andk., (Fig. 25a). However, mechanism B assumes rapitidbon of a non-
covalent EI complex that undergoes a slow isomgozao a covalent EI* complex. In this
case, the magnitudes lof; andk 4 are small relative té&,4[S], k;1 andk.,, and in particular to
k«3[l] and k3 (Fig. 25b) [183], [184].

(@) (b)

1
E + S - ES ——> E + P E+S ==—=FE —"» E +p
-1 1
+ +
| |
k+3H ks k+3H k3
Ksg
El Bl == El*
-4

Figure 25.Mechanism A (a) and mechanism B (b) of the slomg@lig inhibition.

For the differentiation between two mechanisms,kijpevalues (first-order rate constant for
the development of the steady-state between fregnes inhibitor, and EI* complex),
obtained from hyperbolic progress curves, were t@ibtagainst increasing inhibitor
concentrations. As it exemplarily depicted for campd 35 (Fig. 24b), theky,s values of
azadipeptide nitrile83-38, 42, 45 and 46 showed a linear dependence on the increasing
inhibitor concentrations. The linear dependencekgt on [l], which is mathematically
described by equation shown in Figure 26a, indic#te one-step mechanism A (Fig. 25a) as
the inhibition mode of compoun®3-38, 42, 45 and 46 on cathepsins L, S, K and B. The
apparentk.s/(1+[S]/Kn) = kon values were therefore easily obtained by linesgression of
the data pairskips [I]) using the equation depicted in Figure 26ttHe case of mechanism B,
the kops Values exhibit non-linear dependency on [I] ddsemli by the equation for two step
inhibition (Fig. 26b).
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k+3 X[I] — k+4 ><[I]
@  Kos= +K b)  Kos= +k_,

3 x
" K.,

m

(C) kobs = I’(on IX[I] + koff

Figure 26. Relationships betwedq,s and [I] for mechanism A (a) and mechanism B (lpyation for
the determination of the apparent second-ordercagsm rate constants (c).

kons— first-order rate constant of the approach tadyestate (8); k; — dissociation first-order rate
constant (3); k.; — association second-order rate constants(y] ks/k.; — dissociation constant (M);
k, — first-order rate constant of the EI* decay)(k.4 — first-order rate constant of the EI* formation
(s™); [I] - inhibitor concentration (M); [S] — substeaconcentration (M); K, — Michaelis constant
(M); ko, — apparent second-order association rate congidirg™); k.« — first-order dissociation rate

constant ().

The calculated apparent second-order associattencoastantsk(,) were further corrected
by multiplication with a factor (1+[SH,) to obtain the corresponding true second-order
association rate constantg . The first-order dissociation rate constamtg)(of compounds
33-38, 42, 45 and 46 were calculated as a multiplication productkgfand ko, using the
equation in Figure 27a. The standard errorskfgrwere obtained by multiplication &

values with their relative overall errors (Fig. 27b85-187].

(a) Ki =t (b) Frel = \/(frel)2 + (frel)2

Figure 27. Equations for calculation &y values (a) and their relative overall errors (b).
(@) kops— first-order rate constant of the steady-stateeld@ment (3); ko,,—true second-order
association rate constant {1"); k. — first-order dissociation rate constant)(s(b) Fe — relative

overall standard error;,f— relative standard errors fir andk,, values.
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2.1.3. STRUCTURE-ACTIVITY RELATIONSHIPS OF 33 -38, 42, 45AND 46

Regardless of the substitution pattern, compoB®iS88, 42, 45 and 46 displayed all the
time-depended, slow-binding behavior. Analysis loé forogress curves over 80 min then
allows for the determination of the second-ordesoamtion rate constantk.,f) and the first-
order dissociation rate constanksx{. The estimated; values of compound33-38, 42, 45

and46 as well as the corresponding standard errorshenersin Table 2.

Table 2.K;values of carbamate-based compouB@ls38, 42, 45 and46.

O R R |
OJKN N. _CN
Ho 5
Ki (nM)
cmpd R R’
cath L cath S cath K cath B

33 H H 860 + 60 800 + 30 260 + 30 840+ 70
34 Me H 480 + 50 9.1+1 33+2 55+7
35 i-Pr H 1.5+0.1 1.5+0.2 0.87 +£0.14 43+0.2
36 (9-1-methylpropyl H 2.6+0.3 0.83+0.1 0.46 £+ 0.06 0.88+0.08

37 cyclohexylmethyl H 0.40 £ 0.04 0.20+0.03 0.070.810 0.48 + 0.07

38 4-hydroxybenzyl H 0.36 £ 0.03 0.86 £ 0.02 0.16 &10. 0.38 +£0.03

42 -(CHy)s- 400 + 60 130 +5 1.8+0.3 170+ 10
45 i-Bu H 0.90 +0.04 0.33+0.02 0.064 + 0.003 0.43+0.01
46 Bn H 0.16 + 0.0 0.51 +£0.03 0.14 +£0.01 0.68 +0.04

#The progress curves were followed over 20 min aralyaed by non-linear regression.

The glycine derivative33 with unsubstituted P2 position exhibited the weakiahibitory
activity on the studied cathepsins. Furthermore, gsimple methylation of the P2 position,
resulting in compound4, led to a ca. 2-88-fold improvement in the potemnowards
cathepsins L, S, K and B. The activity improvema&ats much stronger when larger aliphatic
and cycloaliphatic groups such as isopro@d)( (S-1-methylpropyl 86), isobutyl @5), and
cyclohexylmethyl 87) substituents were introduced in the P2 positibrthe azadipeptide
nitrile scaffold. Particularly for cathepsin K, thdeucine-based azadipeptide nitdl was
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ca. 4100-fold more active, comparing with the cgpanding glycine derivativ83, and
showed also a slight preference for this enzymeiiitneduction of aromatic benzy) and
4-hydroxybenzyl 88) substituents into P2 position did not result urtlier advantages
regarding potency improvement or selective inhopitiof cathepsin K. In contrast, the
homocycloleucine-based compou## although less potent on cathepsin K compared with
the potent inhibitorgl5 and37, showed already considerable selectivity for #ngyme over
cathepsin L, S and B (220-fold, 72-fold and 10@fakespectively). Azadipeptide nitril&®

and 45 were selected for further optimization of the R®dituent, while their P2 residues,
interacting with the S2 subsite of cysteine cathepswere maintained in all further
compounds of this study.

The kon values of compound33-38, 42, 45 and 46 varied considerably depending on the
substitution at the P2 position, while the corregpog ko« values were in the same range
(Tables 3 and 4). For example, the 17000-fold highg value of 45 for cathepsin K,
compared to that of the glycine derivati88, is reflected by the improved potency 46
(64 pMversus 260 nM, Table 2).

Table 3.k,, values of carbamate-based compous@s38, 42, 45 and46.

©/\OJ\H N | .CN
o]
kon (10° Mt s

cmpd R R’

cath L cath S cath K cath B
33 H H 0.51 +0.01 1.7+£0.1 0.10+0.01 0.11 + 0.02
34 Me H 1.3+0.1 673 14+£0.2 0.81+0.31
35 i-Pr H 210+ 10 400 + 100 81+10 7.6+0.7
36 (9-1-methylpropyl H 813 250 + 20 160 + 30 284
37 cyclohexylmethyl H 2900 + 100 9600 + 800 410 + 50 8 4511
38 4-hydroxybenzyl H 4200 + 100 500 + 30 320+ 20 ™2+
42 -(CHy)s- 1.3+0.1 78+1 60 + 10 1.0+0.1
45 i-Bu H 620 + 50 2000 + 100 1700 + 200 130+ 10
46 Bn H 4500 + 700 3000 + 600 320 + 60 150 + 10

8The progress curves were followed over 20 min aradyaed by non-linear regression.
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Theky values of tested compoung3-38, 42, 45 and46 wereapproximatelyn the same range
and seemed to be independent from the substituetiieaP2 position of the azadipeptide
nitrile scaffold (Table 4). Therefore, it could Aesumed that azadipeptide nitriles depart from
the catalytic site of cysteine cathepsins withagmificant interactions with the corresponding
binding pockets when the dissociation of the ismgbmicarbazide (Fig. 13) adducts occurs.
This finding reflects the difficulty in deliveringignificant binding energy from non-covalent
interactions, as discussed for cysteine cathemsidsconcluded from the large and relatively
shallow active site of these target enzymes [164je cathepsin L measurements of
compounds33-38 were performed by Friederike Lohr in the coursehef diploma thesis
under my supervision.

Table 4.k values of carbamate-based compoud@is38, 42, 45 and46.

O RR |

O)J\N)\"/N\N/CN
H 5
Kot (10°57)
cmpd R R’
cath L cath S cath K cath B
33 H H 0.44 +0.03 1.4+0.1 0.026 £ 0.004 0.092 +0.018
34 Me H 0.62 +£0.08 0.61 +£0.07 0.046 £ 0.007 0.045®38
35 i-Pr H 0.32 £0.03 0.60 £0.17 0.070£0.014 0.03BGO3

36 (9-1-methylpropyl H 0.21+0.03 0.21+0.03 0.0786.6817 0.025 +0.004

37 cyclohexylmethyl — H 1.2+0.1 1.9+0.3 0.029 + (500 0.028 + 0.007
38 4-hydroxybenzyl  H 15+0.1 0.43+0.03  0.051 050 0.030 + 0.009
42 -(CHp)s- 0.52 +0.09 1.0+0.1 0.11 +0.03 0.17 +0.02
45 i-Bu H 0.56 +0.05 0.66 +0.05 0.11+0.01  0.056808
46 Bn H  072:0.12 15+0.8  0.045+0.009  0.10+0.01

8The progress curves were followed over 20 min avadyazed by non-linear regression.
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2.1.4. L-LEUCINE-DERIVED AZADIPEPTIDE NITRILES

THE L-leucine-based azadipeptide nitrik5 was selected for the stepwise structure
optimization to develop potent and selective cadhvefK inhibitors. For this purpose, the
isobutyl substituent at the P2 position of the gzgutide nitrile scaffold was maintained, and
the P3 moieties as well as the P3-P2 linker wereda

At first, the carbamate group @b was replaced by a urea moiety to permit additional
hydrogen bond formation. The corresponding azadigpemitriles 50 and 51 (Scheme 4)
differ in the length of the P3-P2 linker. The rotwethe urea-based inhibitos® and51 rests
upon the finding that the carbamoyl-protectedeucine can be converteda mixed
anhydride method without racemisation [188].eucinetert-butyl ester47 was reacted with
CDI and benzylamine or aniline, respectively. Tlesulting derivativest8 and 49 were
treated with TFA to cleave theert-butyl ester, transformed into the corresponding

1,2-dimethylhydrazides, and reacted with cyanogemide to obtairb0 and51.

o b v

48, 49 50, 51

Scheme 4Synthesis of the urea-based compous@iand51.

a) (n=1) 1. CDI, THFA,; 2. benzylamine, THFA; (n=0) 1. CDI, THF,A; 2. aniline, DIPEA,
MeCN, A; b) TFA, CHCI,, rt; ¢) 1. CICQi-Bu, NMM, THF, -25 °C; 2. (MeNH)x 2HCI, NaOH,
H,0, THF, -25 °C to rt; d) BrCN, NaOAc, MeOH, A8, 50, n = 1;49,51, n=0

On the basis of recent results on cathepsin K-8e¢edipeptide nitriles with large biaryl P3
substituents [164], the P3 moiety of compouBf@iand51 was next extended to improve the
potency and selectivity for cathepsin K over catlwep L, S and B. A 1,2,4-oxadiazole
heterocycle as a common bioisoster of amide aner egbups [189] was chosen for the
extension. Two benzylurea derivatives bearing ehghgroup 62) and a 2-thienyl substituent
(63) in position 5 of the 1,2,4-oxadiazole ring, adlas their phenylurea counterpaé# and

65 were synthesized (Scheme 5). The synthetic roudkides the conversion of aromatic
nitriles 52 and53 to acyloxyamidine$4-57, and the oxadiazole ring closure carried out in
acetic acid at 80 °C [190], followed by deprotectigith TFA to obtain compounds3-61.
The free acid$8-61 were activatedia a mixed anhydride and reacted with 1,2-dimethyl-
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hydrazine to obtain the corresponding 1,2-dimetygthzides, which were finally converted
to azadipeptide nitrile§2-65 with cyanogen bromide.

a —2 - /@Xf\ Ot-Bu b, ¢ Y@XK /a;Ot Bu

52, 53 54-57
R O

¢ L?

58-61 62-65

Schemes 5Synthesis of the urea-based compousi$5.

a) (n=1) 1. CDI, THF,A, 2. 4-(aminomethyl)benzonitrile x HCI, DIPEA, THR; (n=0)
4-cyanophenyl isocyanate, THF, rt; b) pH x HCI, DIPEA, EtOHA; ¢) (R = Me) AgO, MeCN, rt;
(R = 2-thienyl) 2-thenoyl chloride, DIPEA, MeCN,; rt]) AcOH, 80 °C; e) TFA, CKCl,, rt;
f) 1. CICGi-Bu, NMM, THF, -25 °C, 2. (MeNH)x 2HCI, NaOH, HO, THF, -25 °C to rt; g) BrCN,
NaOAc, MeOH, rt52, n =1;53, n =0;54,58 62 n=1, R =Meb5,59, 63, n =1, R = 2-thienyl56,
60, 64, n =0, R =Meb7, 61, 65 n =0, R = 2-thienyl.

For a direct comparison of kinetic properties, compd 66 was further synthesized as a
carba-analogue of the azadipeptide nit#e The synthetic route 86 includes the activation
of the free acidb1 via a mixed anhydride and the following reaction watiinoacetonitrile

monosulfate (Scheme 6).

s, O- s, O-
HJLH OH a HJLH N._-CN
61 66

Scheme 6Synthesis of the urea-based dipeptide niGe
a) 1. CICQi-Bu, NMM, THF, -25 °C, 2. ENCH,CN x H,SO,, NaOH, HO, THF, -25 °C to rt.

As it became obvious with inhibit@5, the combination of the extended P3 triaryl mafith
a short P3-P2 linker was advantageous, it was dddial further reduce the linker leading to
the design of amide-based azadipeptide nitfdésand 68 (Scheme 11). Because of the
racemisation of N-acylamino acids known to occur during the actmatiof their
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carboxylic groups, a convergent synthesis for thela-based compounds was developed. To
realize the planned synthetic route, the desiredpoundst7 and68 were retrosynthetically
divided into the synthetic equivalen®®, 70, 71 and cyanogens bromide (Fig. 28) which
should be assembled to target molecules. While ay@m bromide was commercially

available, the building block&9 and70, 71 had to be prepared.

...............................

; 0

i ) S o R | i

- N

\ N N Ot-Bu
% : N

' O-N 69 70, 71

Figure 28.The planned synthetic route to compou@dand68.
67, 70, R = H;68, 71, R = Me.

The convergent synthetic route was first employed modified form for the carba-analogues
79 and80 (Scheme 8). At first, the P3 building blo6R was prepared in five steps with an
overall yield of 49% (Scheme 7). The crucial stegdmpound9 was the formation of the

acyloxyamidine74, followed by the formation of 1,3,4-oxadiazolegiand the ester cleavage.

7 S NH,
NC NC Z O. =
a b, c N
OH ——— » OtBu ————» o} Ot-Bu
o) o) o)
73 74

72

Scheme 7Synthesis of compour@b as the P3 building block.
a) 1. (COCHl, CHCl,, DMF, rt; 2.tert-butanol, pyridine, rt; b) NKOH x HCI, DIPEA, EtOH,A;
¢) 2-thenoyl chloride, DIPEA, MeCN, rt; d) AcOH, 8G; e) TFA, CHCI,, rt.
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Next, Boc-protected L-leucine 75 and N-methyli-leucine 76 were reacted with
aminoacetonitrile, followed by removal of the pteg group using methanesulfonic acid
and basic extraction to produ@@ and 78. In the final step, the building blodg9 was
activated and coupled wiff7 and78 to obtain dipeptide nitrileg9 and80 (Scheme 8).

hig . foov e LA
OH a, b c
tBu0” "N RN N._-CN N N._CN
R O H o R
/
N

2
75, 76 77,78 o-

Scheme 8Synthesis of amide-based dipeptide nitri®@sand80.

a) 1. CICQi-Bu, NMM, THF, -25 °C, 2. bENCH,CN x H,SO,, NaOH, HO, THF, -25 °C to rt;
b) MeSQH, THF, rt, basic extraction; c) (R = B9, CICG,i-Bu, NMM, THF, -25 °C to rt; (R = Me)
69, EDC, DMAP, CHCI,, rt; 75, 77, 79, R = H;76, 78, 80, R = Me.

To produce the synthetic equivalem8 and 71 (Fig. 28) for the synthesis of the desired
amide-based azadipeptide nitril6% and 68, it was intended to first protect the terminal
hydrazide nitrogen 082, followed by the deprotection of theamino group. However, after
treatment of82 with (Boc)O in acetonitrile and in the presence of DMAP, the4-
triazinane-3,6-dion@&4 was obtained, instead of the orthogonal proteciedliipeptide ester
83 (Scheme 9). The attack of the NH nitrogen at thazate carbon operates in this ring
closure. Although the sodium hydride-promoted fdroraof the 1,2,4-triazinane-3,6-dione
scaffold has been described [191], the reactiaroopoundB4 represents the first example of

a direct 1,2,4-triazinane-3,6-dione cyclizatioradtbz-protected azadipeptitbet-butyl ester.

b 2 (] 2 LR
OH a N. - b N.
o} H —_— (0] H H —> | BnO” N N~ ~Ot-Bu
(@] (@] H o) |
81 82 83

Scheme 9Formation of 1,2,4-triazinane-3,6-dione derivaiie
a) 1. CICQi-Bu, NMM, THF, -25°C, 2. (MeNH)x 2HCI, NaOH, HO, THF, -25°C to rt;
b) (Boc)O, DMAP, MeCN, rt.
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The cyclisation reaction of Cbz-protected 1,2-dimy#tydrazides to 1,2,4-triazinane-3,6-
diones by the reaction with (Bg€ in the presence of DMAP, as described in thiskywor
represents an easy synthetic access to new pdtpapadomimetic structures with at least

four diversity points (Scheme 10).

2 RS
RL j\ ) N. R a Rl\OJ\NJ\N’RS
\O N)\H/ N _— |
H 0 H R2 N~R4
(0]

Scheme 10Syntheticaccesso potential peptidomimetic 1,2,4-triazinane-3,6+dis.
(Boc),O, DMAP, MeCN, rt.

The finally successful synthesis of amide-basedepmtige nitriles 67 and 68, the
aza-analogues of9 and 80, is outlined in Scheme 11. The Cbz protecting grof the
1,2-dimethylhydrazide82 and 86 was hydrogenolytically removed to obtain derivasi®¥
and 88. The synthetic equivaler@9 (Fig. 28) was activated with EDC in the presence of
DMAP and reacted witl87 and88 leading to the formation of compoun83 and90. In the
final reaction step with cyanogen bromide, the aibdsed azadipeptide nitril63 and 68,

bearing a large P3 substituent, were obtained.

a
N. . .
R O R O H o H

81, 85 82, 86 87, 88
C 7/@)1\ /a; /@;
) Q\(/ /

89, 90 67, 68

Scheme 11Synthesis of amide-based azadipeptide nit6lieand68.

a) 1. CICQi-Bu, NMM, THF, -25 °C, 2. (MeNH)x 2HCI, NaOH, HO, THF, -25°C to rt; b) H
Pd/C, 2 bar, MeOH, rt; &9, EDC, DMAP, CHCl,, rt; d) BrCN, NaOAc, MeOH, rt81, 82 87, 89,
67, R = H;85, 86, 88, 90, 68 R = Me.
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2.1.5. KINETIC PLOTS Il (FAST-BINDING INHIBITION)

Urea-based and amide-based azadipeptide nitriles tested on human cathepsins L, S, K
and B as described in ‘Experimental Section’. Apagtide nitriless0, 51, 62-65, 67 and68
showed a time-depended slow-binding inhibition tygpmilar to their carbamate-derived
counterparts, while the carba-analog6&s79 and80 appeared as fast-binding inhibitors.

The kinetic parametels;, kon, andkyg Of slow-binding inhibitors$0, 51, 62-65, 67 and68
were calculated as described in cha@tér2 Before the IGy andk,, were corrected to zero-
substrate concentration, the reversibility of tbethiosemicarbazide formation (Fig. 13) was
shown in a reactivation experiment with compo68d192].

In the case of fast-binding inhibito6, 79 and 80, the progress lines were analyzed by
linear regression (Fig. 29a), and the resultingdyestate rates {vwere plotted against [I].
The corresponding Kg values were obtained by non-linear regressiorhefdata pairs v
[1]) as shown in Figure 29b. The J&values were corrected using the Cheng-Prusofftemqua
(Fig. 23c) to obtain the true inhibition constafiKg.

(a) (b)
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Figure 29. Fast-binding behavior of dipeptide nitr. (a) Monitoring of the human cathepsin K-
catalyzed hydrolysis of Z-Leu-Arg-AMC (40M) in the presence of increasing concentrations of
compound80 (*, 0; ¢, LuM; °, 3uM; °, 5uM; ¢, 7uM; °, 9uM; ¢, 11uM). The reaction (100 mM
citrate buffer pH 5.0, 100 mM NaCl, 5 mM EDTA, 0%ICHAPS, 10QuM DTT, 2% DMSO, 25 °C)
was initiated by addition of the enzyme. Fluoreseeemission at 440 nm was measured after
excitation at 360 nm. Fluorescence units (FU) veareected for background fluorescence. (b) Plot of
the rates of hydrolysis of Z-Leu-Arg-AM@yrsus concentrations 0. Non-linear regression gave an

apparent inhibition constak{’ = (1+[S])/K)K; = 3.8 + 0.3uM. The inset is a Dixon plot of the data.
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2.1.6. STRUCTURE-ACTIVITY RELATIONSHIPS OF 50, 51 62-66, 67, 68, 79, 80

In general, the replacement of the carbamate PBAR@r by a urea moiety resulted in an
improved inhibitory activity of urea-based azaditdp nitriles toward cathepsins L, S, K and
B. With K; values of 11 and 17 pM, respectively, compou@sand 51 were even more
potent for cathepsin K than the corresponding cadta-based derivativé5 (Tables 2 and
5). This finding could be explained by the factttheea-derived inhibitors.g. 50 and51, can
potentially form an additional hydrogen bond to tiaeget cathepsins, in contrast to the
corresponding compounds with a carbamate P3-P2rliaky. 45.

Table 5.K;values of urea-based compoulils51 and62-66 on human cathepsins L, S, K and B.

o} F|e2
JC N.__CN
n” H X
RY ©

Ki (nM)
cmpd R n R X

cath L cath S cath K cath B
50 H 1 Me NMe 0.39+0.01 0.20+0.01 0.011 +£0.001 0.6m09
51 H 0 Me NMe 0.045+0.002 0.16 £ 0.01 0.017 + 0.001 #AB1

N
62 ~ W% 1 Me NMe 1.4+0.1 0.17 £ 0.01 0.11+0.01 2.8+0.3
O—-N

=

Me  NMe 1.1+0.1 0.16 £ 0.01 0.072 £ 0.002 1.3%0.

S
63 (I
O-N
64 \g”g/% 0 Me NMe  20%0.2 0.19+0.03  0.045+0.007  2.430.

65 @\(”%
O-N

o6 (Do
O-N

o

Me NMe 44+0.2 0.32+0.02 0.022 +0.001 24%0.

o
I

CH; 4700 * 400 180 + 10 34=+1 > 22000

The inhibitors62—65 containing extended P3 moieties exhibited simbiading affinities on
cathepsin K with picomold; values. Triaryl derivative83 and65 were slightly more potent
than the methyl substituted biaryl compoungé® and 64. Among the six urea-based

azadipeptide nitrileg5 displayed the most promising selectivity profite €athepsin K over
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cathepsins L, S, and B (Table 5). The correspondarpa-analogu€é6 showed the same
trend to selectively inhibit cathepsin K, but wiglpproximately three orders of magnitude
higherK; value. A fast-binding inhibition behavior was ohsl for the carba-analogé, in
contrast to the azadipeptide nitrie® 51 and62-65.

A further shortening of P3-P2 linker 65 and66 led to the amide-based dipeptide nitidke
and azadipeptide nitril&67. While the carba-analogu@9 with a fast-binding behavior
exhibited a 300—7600-fold selectivity for cathepi€iover cathepsins L and B and a moderate
selectivity over cathepsin S, the correspondingdipegtide nitrile 67, a slow-binding
inhibitor, was more potent, but much less selective (Tabldn®&restingly, the methylated
counterparts of79 and 67, compounds80 and 68, showed a remarkable selectivity for
cathepsin K over cathepsins L, S and B. Moreovempound 68 represents the first
cathespin K-selective azadipeptide nitrile at @&lkadipeptide nitrile68 still exhibited a
picomolar inhibition constant for cathepsin K imdaination with a 200—-4300-fold selectivity
over antitargets, cathepsins L, B, and S. Probabé/hydrogen-bond donating CONH linker
of 67 contributes to the binding to the four cathepsinglied whereas the P2 and P3 moieties
are already optimized for cathepsin K. Therefone, disruption of hydrogen bond formation
by the methylation a CONH linker is better tolechtey cathepsin K than by the other
cathepsins. This suggestion is confirmed by thearpental data.

Table 6.K;values of amide-based compoum@ 80, 67 and68 on human cathepsins L, S, K and B.

o} Il?z
N._.CN
s N X
@Y“VQ)L R 0
O-N
Ki (nM)

cmpd R R? X

cath L cath S cath K cath B
79 H H CH, 940 + 40 140 + 10 29+04 > 22000
80 Me H CH > 22000 > 22000 270+ 20 > 22000
67 H Me NMe 0.22 +0.03 0.15+0.01 0.032 + 0.005 O3’/ 06
68 Me Me NMe 2700 £ 300 140 = 16 0.63 +£0.03 510 + 40

®The progress curves were analyzed by linear reigregsa time interval between 20 and 30 min.

®The progress cuves were followed over 20 min ardyaad by non-linear regression.
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While compoundss0, 51 and 6265 clearly showed slow-binding inhibition type, a tfas
binding inhibition behavior was observed for thebeaanalogues6. The k., values of the
latter compounds for the four cathepsins refleetdifferentK; values (fork,, values 060, 51
and 62-65, see Table 7). Except compoubil the highest second-order rate constakgg (
were calculated for association processes between-hased azadipeptide nitriles and
cathepsins S and K. These hilgly values correlate with the corresponding I&ywvalues
which were obtained for compoun@6 and62-65 and outline the difficulty to achieve the
inhibitor selectivity for cathepsin K over cathapss. As a general trend, it was further
observed that the introduction of biaryl or triaB substituents results in decreaggd
values 50 and 51 versus 62-65). This effect was particularly strong in the casetriaryl
derivatives63 and 65 and cathepsin L. Moreover, the phenylurea-derimédbitors 51, 64
and65 showed slightly higher second-order associatiom canstants than the corresponding
benzylurea$0, 62 and63.

Table 7.k,,values of urea-based compouriis51 and62-65.

]
O/HHHJLH Ny -CN
R! ©
kon (10° M's™)
cmpd R n R X
cath L cath S cath K cath B
50 H 1 Me NMe 710 £40 1900 + 100 3500 + 100 609
51 H 0 Me NMe 3400 + 100 2000 + 200 4000 + 200 250+ 10
62 \(/NW/E 1 Me NMe 310 £ 20 1300 + 100 540 + 90 17+4
O—N
S
63 Q\(N% 1 Me NMe 82+4 1500 + 200 650 + 150 55+3
O—-N
64 % 0 Me NMe 250%10 10004100  1300£200 546
S
65 (J-M-1 0 Me NMe 4415 12004100 24004200 782
O—N
S
66 @\(Np/% 0 H CH n.d? n.d. n.d. n.d.
O—N

2 Not determined
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In the case of the amide-based azadipeptide néiriles expected, the highdgt, value was
calculated for cathepsin K. However, the differenoethe second-order rate constant§of
on cathepsins L, S and B were less pronounced #gn,in the case of the urea-derived
azadipeptide nitril&5 containing the same triaryl moiety at the P3 positFurthermore, the
methylation of the P3-P2 linker strongly affecté tenzyme-inhibitor association ra/ (
versus 68, Table 8). TheN-methyl compound68 showed clearly decreasdd, values,
reflecting a delayed approach to steady-state. dffiest was less pronounced at cathepsin K,
for which the optimized substructures, commoB7rund68, attenuate the lack of a hydrogen
bond formation to the backbone amide of Gly66 [1®4ihe case 068. The methylation of
the P2-P3 amide linker in compoufd, which was applied for the development of cathepsi
K inhibitor 68, represents an important new approach to achiéee selectivity of
azadipeptide nitriles toward particular cysteinetgases. This approach was first used in the
presented work and requires a two step modificatfcdhe azadipeptide nitrile scaffold. In the
first step, the substitution pattern of the intobitnolecule had to be optimized for a target
cysteine protease. In the second step, the hydrbged to the P3-P2 linker was to be

disruptedge.g., by N-alkylation to achieve the selectivity.

Table 8.k,,values of amide-based compouitdsand68.

o) 32
. N N., -CN
O-N
Kon (10° M7's™)
cmpd R R? X
cath L cath S cath K cath B

79 H H CH, n.d? n.d. n.d. n.d.

80 Me H CH, n.d. n.d. n.d. n.d.

67 H Me NMe 800 + 80 800 + 70 3300 + 400 1600 + 200
68 Me Me NMe n.d*® n.dac 63+6 0.62 + 0.0

®Not determined

PFor [68] = 20 UM, akess Value could not be obtained by non-linear regressif the progress curves. A limit
ko 1H[SIK /1] < 1.0 x10° M's* was therefore estimated.

°For [68=350nM, a ks Vvalue could not be obtained by non-linear regoessi A limit
ko 1+[SIK)/[1] < 20 x 10° M's* was therefore estimated.

“The progress cuves were followed over 20 min aradyaad by non-linear regression.
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In contrast tok,, values, the correspondinks values of the urea- and amide-based
azadipeptide nitriles were independent from thessulion pattern and the nature of the
P3-P2 linker. As shown in Table 9, the first-ordate constants of compoun@6, 51 and
6265 were approximately in the same range for eachrmaezyurthermore, it could not be
observed that thik, values of azadipeptide nitrilég), 51 and 6265 significantly differed
between cathepsins L, S, K and B. However, the-dirder dissociation rate constants of
urea-based azadipeptide nitriles and cathepsin i€ wightly lower than the corresponding

Korf Values on cathepsins L and S.

Table 9.k values of urea-based compoud@s51 and62—65.

g (7
/@)A];H H N X/CN
RY ©
Kot (10° 57)
cmpd R n R X

cath L cath S cath K cath B
50 H 1 Me NMe 0.28 £ 0.02 0.38 £0.03 0.039 + 0.004 0.439008
51 H 0 Me NMe 0.15+0.01 0.32+0.04 0.068 + 0.005 0.33G63

62 "1 1 Me NMe 043:004 022+002 0.059+0011  0.048 £ 0.012
S
63 (-
O-N

64 \{/Nﬂ 0 Me NMe 0.50 + 0.05 0.19£0.04 0.059 +0.013 0.13+£0.02
O-N

[

Me NMe 0.090+0.009 0.24+0.04 0.047+0.011 0.60.007

S
65 Q\{/NW% 0 Me NMe 0.19 +0.02 0.38+£0.04  0.053 +0.005 0.1®3
O-N
S
66 @\(N% 0 H CH, n.d? n.d. n.d. n.d.
O-N

*Not determined

While the first-order rate constants of the amidexacd compoun&7 were obtained for the
four tested cathepsins and showed no significafferdnces to those of amide-based
azadipeptide nitriles, thi values ofN-methyl derivative68 could be calculated only for

cathepsins K and B (Table 10). Because the asswtiaf compound68 with cathepsins
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L and S was very slow, it was not possible to aetee the second-order rate constants from
the hyperbolic progress curves for these two engyrier this reason, the first-order rate
constants 068 for cathepsins L and S could not be calculatedb®e ok = Ki X Kop.

Table 10.k, values of amide-based compoudsand68.

o} FI{Z
N._.CN
s N X
@Y“VQAL R 0
O-N
kot (10° s*
cmpd R R? X

cath L cath S cath K cath B
79 H H CH, n.d? n.d. n.d. n.d.
80 Me H CH, n.d. n.d. n.d. n.d.
67 H Me NMe 0.18 £0.03 0.12+0.01 0.11+£0.02 0.58.%2
68 Me Me NMe n.d. n.d. 0.040 + 0.004 0.32 + 0.03

*Not determined

®The progress cuves were analyzed by non-lineaessigm in a time interval of 20 min.
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2.1.7. CONCLUSIONS |

In this study, using the example of cathepsin Kapproach to design of highly potent and
selective azadipeptide nitrile inhibitors was destoated. Whereas the carba-analogous
dipeptide nitriles typically show fast-binding kires, a different, slow-binding behavior was
observed for azadipeptide nitriles. Thus, it wasgide to determine the influence of
structural features on association and dissociatib@ constants for the presented series of
peptidomimetic nitrile inhibitors. A strong impaof structural variations in azadipeptide
nitriles on the enzyme-inhibitor association raswiemonstrated. Although reversibly [192]
forming isothiosemicarbazide adducts, these comg®gain their inhibitory activity not only
from the covalent attraction, but also from speaifon-covalent interactions to the active site.
The dissociation rate, however, was not affectedhigycompounds’ structure. This finding
reflects the difficulty in delivering significantrling energy from non-covalent interactions,
as concluded from the large and relatively shabmiwe site of cysteine cathepsins.
Furthermore, synthetic routes to urea- and amidedaazadipeptide nitriles were
established in the presented study. Compo®dvas identified as the first cathepsin K-
selective azadipeptide nitrile with a picomolarvalue. The selectivity for cathepsin K was
achieved by the stepwise optimization of the irtbibscaffold combined with the methylation
of the P3-P2 amide linker. To explain the remar&adlectivity profile 068 (200—4300-fold)
toward cathepsin K, it was suggested that the BI3Pé@hsubstituents in compouf8, which
were optimized for cathespsin K, can compensatenégative effect of the hydrogen bound
disruption byN-methylation. Therefore, the CONMe linker was hrettderated by cathepsin
K than by the other cathepsins. The described agproepresents a new method to develop
selective azadipeptide nitriles and can eventuslyapplied for the other cysteine cathepsins.
Moreover, the first example for direct cyclizatioha Cbhz-protected azadipeptitet-butyl
ester to the corresponding 1,2,4-triazinane-3,8@iwas described. This cyclization reaction
represents an easy synthetic access to 1,2,4nti@ei3,6-dione scaffolds for the preparation
of new potential peptidomimetic structure witheddt four possible diversity points.

Parts of this study are described in a recentlyiglodd manuscript by Frizlet al. [192].
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2.1.8. HOMOCYCLCOLEUCINE-BASED AZADIPEPTIDE NITRILE S

As described in chapte.1.1, the homocycloleucine-derived azadipeptide nifilewith a
P3-P2 carbamate linker was identified as potenhegain K inhibitor K; = 1.8 