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Nonactivated Alkynes in Lrreversible
Covalent Cathepsin K Inhibitors
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Chapter 4

Abstract. Irreversible covalent inhibitors can have a beneficial pharmacokinetic/
pharmacodynamics profile but are still often avoided due to the risk of indiscriminate covalent
reactivity and the resulting adverse effects. To overcome this potential liability, we introduced
an alkyne moiety as a latent electrophile into small molecule inhibitors of cathepsin K (CatK).
Alkyne-based inhibitors do not show indiscriminate thiol reactivity but potently inhibit CatK
protease activity by formation of an irreversible covalent bond with the catalytic cysteine
residue, confirmed by crystal structure analysis. The rate of covalent bond formation (k)
does not correlate with electrophilicity of the alkyne moiety, indicative of a proximity-driven
reactivity. Inhibition of CatK-mediated bone resorption is validated in human osteoclasts.
Together, this work illustrates the potential of alkynes as latent electrophiles in small molecule

inhibitors, enabling the development of irreversible covalent inhibitors with an improved

safety profile.
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Nonactivated Alkynes in Irreversible Covalent Cathepsin K Inhibitors

1. Introduction

Irreversible covalent inhibition of a target protein minimizes the required systemic drug
exposure as protein activity can only be restored by de novo protein synthesis, resulting in a
prolonged therapeutic effect long after the compound is cleared from the blood.'” Strategically
placing an electrophilic moiety on the inhibitor will allow it to undergo attack by a nucleophilic
amino acid residue upon binding to the target protein, forming a(n) (ir)reversible bond that is
much stronger than typical noncovalent interactions. However, the ability to form a covalent
bond with the target enzyme has raised concerns about indiscriminate reactivity with off-
target proteins,”” even though some of the most prescribed drugs are covalent irreversible

binders.””’

This led to the disfavor of covalent modifiers as drug candidates until the recent
successful development of irreversible covalent kinase inhibitors ibrutinib and afatinib, which
form an irreversible covalent bond between an acrylamide warhead and a nonconserved

2,8-

cysteine residue on the ATP-binding site”*'’ but also with nontargeted cellular thiols."' The

ability to form covalent adducts with off-target proteins has been linked to an increased risk of
unpredictable idiosyncratic toxicity along with the daily drug dose administered to patients.'"
This risk can be reduced by incorporating less reactive electrophilic moieties into irreversible

covalent inhibitors.

Terminal alkynes are generally considered “inert” toward cellular components - in absence
of radical initiators, metal catalysts, and metabolic activators - and are therefore often
used in bioorthogonal approaches as chemoselective “Click” handles.”'® However, our
group has shown a C-terminal propargyl moiety on ubiquitin to react in an activity-based
manner with the catalytic cysteine residue in deubiquitinating enzymes (DUBs), forming an
irreversible thioether bond via an in situ thiol-alkyne addition (Figure 1A)."” Markovnikov
hydrothiolation of (terminal) alkynes with aliphatic thiols has been described for metal-

19-22

catalyzed reactions, ~~* but has not been reported to occur outside the active site of a cysteine
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Figure 1 | Terminal alkyne moiety as latent electrophile for thiol-alkyne addition. (A) ABPs with ubiquitin
recognition element and propargyl (Prg) warhead covalently modify the catalytic Cys in CysDUB proteases,
forming a Markovnikov-type thiovinyl adduct. (B) The nitrile warhead in the established covalent inhibitor
odanacatib (ODN) forms a reversible covalent adduct with catalytic Cys25 of cysteine protease CatK."
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Chapter 4

protease under physiological conditions. The alkyne moiety on ubiquitin did not react with
cysteine residues present in nontargeted proteins nor with excess thiol. Work by Sommer et
al. revealed that the catalytic triad does not have to be intact for covalent bond formation,
indicating a proximity-driven reactivity. >’ It is believed that the reactivity of the alkyne resulted
from a template effect - recognition of (large) protein fragments driving the formation of the
thermodynamically unfavored Markovnikov-type thiovinyl product® - and here we show
that strong enough binding can be achieved with a small molecule recognition part. This
study highlights the potential of alkynes as latent electrophiles in irreversible covalent small
molecule inhibitors, as demonstrated for cathepsin K (CatK). CatK is a cysteine protease that
is highly expressed in osteoclasts and is the most important protease in bone degradation.”
Implicated in diseases such as osteoporosis, its inhibition has been of therapeutic interest for

26

the past decade.” The most promising small molecule CatK inhibitor to date was odanacatib
(ODN)," a nonlysosomotropic inhibitor with a nitrile moiety as reversible covalent warhead
that binds to catalytic Cys25 (Figure 1B). ODN has a high selectivity for CatK versus other
cathepsins and only has to be taken once weekly because of its very long half-life of 66-93 h.”’
Clinical development was terminated after phase III clinical trials showed side effects including
increased stroke risks and cardiovascular events.””" It is currently unclear whether this is due
to inhibition of nonskeletal degradation properties of CatK or because of off-target inhibition.”'
Nonetheless, the close proximity of the nitrile moiety relative to Cys25 made it a suitable model

to incorporate an alkyne moiety as electrophile.

2. Results and Discussion

Synthesis and design. Derivatives of ODN were obtained by functionalization of precursor 1,
according to reported procedures (Figure 2, Scheme S1).”” " Replacing the nitrile with an
alkyne led to compromised solubility in aqueous media for alkyne EM03, which could be
overcome by removal of the hydrophobic cyclopropane in nitrile EM02, propargyl EM04,
and monomethylated propargyl EMO5. The cyclopropane moiety is not essential for CatK
inhibition but was introduced in the development of ODN to reduce metabolic liabilities. "
Alkyne electrophilicity increases if an electron-withdrawing substituent is introduced on the

20, 34

terminal position,”™  while remaining less electrophilic than acrylamides. Therefore, electron-
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Figure 2 | Design of nitriles ODN and EMO02, nonactivated alkyne analogues EM03-EMO5, and electron-deficient
bromoalkyne analogue EMO6. Synthesis and yields can be found in Scheme S1.
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Nonactivated Alkynes in Irreversible Covalent Cathepsin K Inhibitors

deficient alkyne EMO6 was taken along to investigate the effect of electrophilicity on the
inhibitor selectivity. Conjugate addition of cysteine has been reported for electron-deficient
internal alkynes such as the 2-butynamide warhead - the electrophile in irreversible covalent
BTK inhibitor acalabrutinib.”” >

Indiscriminate thiol reactivity. Indiscriminate thiol reactivity was assessed following an
established protocol in which nitrile-based inhibitors form an irreversible covalent adduct
with cysteine (Figure 3).” Nitrile-based inhibitors ODN and EM02 show adduct formation
that increases upon increasing the pH of the buffer, as do acrylamide-based kinase inhibitors
ibrutinib and afatinib, and irreversible pan-cathepsin inhibitor E-64."° The cysteine adduct was
not detected for alkyne-based inhibitors EM03, EM04, and EMO05, supporting our hypothesis
that the nonactivated alkyne is not reactive toward cysteine residues in nontargeted proteins.
As expected,” adduct formation with electron-deficient alkynes EM06 and acalabrutinib
was observed, underlining the importance of alkyne electrophilicity in indiscriminate thiol
reactivity. Glutathione (GSH), a tripeptide with a cellular concentration of 0.5-10 mM,” is a
commonly used biological thiol to assess the risk of idiosyncratic toxicity. Covalent adduct was
observed upon incubation with 5 mM GSH for acrylamides and electron-deficient alkynes, as
reported,'” *° but not for any of the nitriles or nonactivated alkynes. The lack of nitrile adduct
detection with nitriles ODN and EMO2 is not representative, as these form a reversible covalent

adduct with GSH that quickly dissociates under denaturing conditions.

In vitro inhibition. A recurring issue in CatK drug development is the difference in amino
acids at the active site for rodentCatK compared to humanCatK, thus reducing the apparent
potency of ODN up to 182-fold in mice and rats.”’ The potency of our inhibitors was assessed

A B
= =N Cysteine adduct GSH
alkyne nitrile .
Compound Electrophile pH5.5 pH75 pHB8.0 pH7.5
10 mM . R
aq. buffer ODN nitrile <1% 17% 48% <1%
23h,37°C N
EMO02 nitrile 5% 91% 98% <1%
EMO03 alkyne <1% <1% <1% <1%
g g §—</ EMO04 alkyne <1% <1% <1% <1%
EMO5 alkyne <1% <1% <1% 2%
adduct adduct
(M#121) (M+104) EMO6 bromoalkyne <1% 55% 66% 47%
l LC-ms E-64 epoxysuccinate <1% 68% 79% 64%
intact inhibitor afatinib acrylamide 92% 98% 95% 94%
2; / \ I\ ibrutinib acrylamide 9% 99% 96% 91%
>
=]
acalabrutinib 2-butynamide 19% 98% 97% 95%

Retention time (min)

Figure 3 | Indiscriminate thiol reactivity assessed by LC-MS analysis following established protocol.”

(A) Schematic overview. Thiol adducts formed upon incubation with cysteine are quantified from LC-MS UV
traces. Nitrile warheads form an irreversible adduct with cysteine. (B) Adduct formation upon 23 h incubation
with 10 mM cysteine or 5 mM GSH at 37 °C in aqueous buffer. Details in Table S1. *Reversible adduct.
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in an in vitro activity assay on recombinant human cathepsins (Table 1). As reported, ODN
is selective for hCatK with an IC5, below 1 nM. Noncovalent interactions were optimized
for ODN, and we anticipated that replacing the polarized nitrile moiety by a nonpolarized
alkyne moiety would decrease the noncovalent interaction with active site residues, thereby
reducing the noncovalent affinity (K;). This is indeed reflected in increased ICs, values for all
alkyne-based inhibitors. Selectivity for CatK over related human cathepsins CatS, CatV, CatL,
and CatB was conserved for alkynes EM04 and EMO5, while all selectivity is lost for electron-
deficient alkyne EMO06. Inhibition of hCatK activity was validated in a gel-based probe labeling
experiment with quenched activity-based probe (QABP) BMV109 (Figure S2).

Binding mode of alkynes is irreversible and covalent. Reversibility of hCatK inhibition
was assessed in a jump dilution assay.”' Recombinant hCatK was incubated with inhibitor at
high concentration to allow full active site occupation and subsequently diluted 300-fold into
fluorogenic substrate (Z-FR-AMC) solution (Figure 4). For reversible inhibitors, rapid/jump
dilution induces inhibitor dissociation from the enzyme when the inhibitor concentrations
before and after dilution span the IC;,, resulting in an increase of substrate hydrolysis. For
inhibitors with an irreversible binding mode, dilution does not induce inhibitor dissociation
and does not affect enzyme inhibition. The progress curves show that ODN is a (fast) reversible
inhibitor, while inhibition by alkynes EM04, EMO05, and EMOG6 is irreversible. The covalent
nature of the cathepsin-inhibitor interaction was elucidated by LC-MS analysis of intact CatK
and CatK-inhibitor adducts (Figure 5). An increase in the deconvoluted mass corresponding
to addition of the inhibitor to hCatK was observed for nitrile ODN and alkynes EM04, EMO05,
and EMO6, confirming the formation of a covalent hCatK-inhibitor adduct. For ODN, unbound
CatK was predominantly detected despite the inhibitor concentration far above the K;". This

Table 1 | IC,, values (nM) against proteolytic activity of recombinant purified cysteine proteases.

hCatK hCatL hCatS hCatV hCatB papain
ODN 0.56+0.0022  (5.8+0.72)x103 24+0.57 600 + 40 63+2.5 690 + 58
EMO02  0.57 +0.0090 >10° 18+0.30 910+ 110 21+0.66 230+12
EMO03  (26+2.2)x103 >10° >10° >10° >10° >10°
EMO04 290+8.7 >10° (11 £ 0.84)x10° (24 £1.4)x10°  (9.4+0.63)x10® (14 +1.8)x103
EMO05 35012 >10° (16 £ 1.8)x10° (46 £ 2.3)x103 (40 + 4.4)x103 (22 £3.9)x103
EMO6 47+18 100 £ 4.6 55+2.9 16+ 0.88 99+5.9 (6.3+0.73)x10%
EMO7 351+£7.6 N.A. N.A. N.A. N.A. N.A.
E-64 1.9£0.032 3.4+0.18 N.A. N.A. N.A. 2.4+0.82

Preincubation of human cysteine protease and inhibitor for 30 min prior to addition of fluorogenic substrate.
Mean + SD for a single representative experiment (triplicate measurement). N.A. = not available. Dose-response
curves are available in Figure S1.
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Nonactivated Alkynes in Irreversible Covalent Cathepsin K Inhibitors

is probably due to the reversible covalent binding mode; the denaturing conditions of LC-MS
analysis induce reversible inhibitor dissociation, but the off-rate for ODN is slow enough to still
detect the adduct.

A 300x dilution B Jump Dilution
100 ; ; 20+

2 — DMSO
1 Preincubate enzyme e — ODN
and inhibitor o
B — EMo04
l 3 — EMo5
©
& — EMO6
| fe— Read- g
— ead-out . ——— — Ee4
- 5
2}
0 0 T T 1
0.0001  0.001  0.01 0.1 1 10 Dilute in substrate 0 30 60 90
[inhibitor] (uM) Time (min)

Figure 4 | Jump dilution assay to evaluate reversibility of inhibitor binding. (A) Principle of jump dilution.
300-fold dilution results in inhibitor concentrations corresponding to full inhibition (before dilution) to full activity
(after dilution). (B) Progress curves for hCatK proteolytic activity after dilution in 4 uM Z-FR-AMC. Control: E-64
is an irreversible pan-cathepsin inhibitor. Progress curves for control samples (without dilution) are available in
Figure S3.
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Figure 5 | Intact protein MS analysis. Representative ionization envelope (left) and deconvoluted electrospray
ionization mass spectrum (right) upon incubation of recombinant hCatK for 6 h with excess inhibitor. Covalent
adduct is detected by an increase in m/z values and deconvoluted mass (in Da).
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Alkynes form a covalent thiovinyl bond with catalytic cysteine residue. Covalent CatK-
EMO04 adduct was submitted to bottom-up proteomic analysis to identify which amino acid
residue is modified. In the tryptic digestion of unreacted CatK, the various length variant
peptides containing the NQGQCGSCW-stretch have both Cys22 and Cys25 labeled with a
carbamidomethyl group due to the alkylation reaction with iodoacetamide during the sample
processing (Table S2). After reaction with alkyne EM04, these peptides disappear, but various
peptides containing the NQGQCGSCW-stretch appear labeled with one carbamidomethyl
group and one inhibitor. Tandem mass spectrometric analysis by HCD and EThcD analysis of
peptide NQGQCGSCWAFSSVGALEGQLKKK indicates EMO04 is on the second cysteine residue
(Cys25; Table S3). Together, this clearly shows that one of these cysteine residues is labeled,
most likely catalytic Cys25.

The formation of a vinyl thioether linkage between catalytic Cys25 on hCatK and the internal
carbon of the alkyne moiety was confirmed by solving the crystal structure of CatK-EMO07
adduct (Figure 6). Mature CatK was inactivated with MMTS (S-methyl methanethiosulfonate)
for purification and storage, and reactivated with DTT in the presence of alkyne inhibitors
at high concentration (200 uM) to prevent self-degradation of CatK. Solubility of alkynes
EMO04 and EMO05 was not sufficient, which was contributed to the fluoroleucine moiety. We
therefore synthesized alkyne EMO7 - a closely related derivative in which the fluorine on the
L-leucine building block was replaced by a proton to improve solubility (synthesis shown in
Scheme S2). The resulting CatK-EMO07 adduct was crystallized using a sitting drop method,
and the structure could be solved at 1.7 A resolution using maximum-likelihood free-kick (ML
FK) electron density map.”” The refined structure unambiguously revealed the presence of a
bond between the thiol atom of Cys25 and the internal carbon in alkyne EM07, with a C-S
distance of 1.8 A (Figure 6B).

EMO04 (R = F)
EMO7 (R = H)

1 CatK

Markovnikov-type Cys25

thioviny!
LT
T

inhibitor

NH

Figure 6 | Crystal structure of covalent Catk—EMO07 adduct. (A) Structure of EMO7 before and after covalent
bond formation with CatK. (B) X-ray structure of EMO7 bound to catalytic Cys25 in CatK. Coordinates and structure
factors for the Catk—EMO7 adduct have been submitted to the protein data bank (PDB), accession number 6QBS.
Data analysis, refinement statistics and details are provided in Figure S4.
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Kinetic evaluation. The apparent potency of irreversible covalent inhibitors increases upon
longer incubation with the enzyme, since the interaction of inhibitor with enzyme is not
at equilibrium."**** As a result, the potency of these compounds can better be assessed by
comparison of the k,,../K, ratio, which can be derived from the progress curve of substrate
hydrolysiswhen thereaction is initiated by addition of the enzyme.*’ Interestingly, the maximum
rate of covalent bond formation (k) did not correlate with reactivity of the alkyne, as k
for alkyne EMO5 is faster than for electron-deficient alkyne EM06 (Table 2). We hypothesize

that halogen bonding by the terminal bromine with the thiol moiety on hCatK positions the

inact

alkyne less optimal relative to the cysteine residue thus reducing the rate of proximity-driven
C-S bond formation.”” The rate of covalent bond formation for ODN (k) is faster than for the
alkynes (k;,,..), also when correcting for the reverse reaction (k).

inact

Inhibition of bone resorption activity in osteoclasts. Having established the covalent
and irreversible inhibition of CatK on purified recombinant enzyme, we decided to test
the inhibitory properties in a biologically relevant setting; inhibition of bone resorption by
osteoclasts (OCs). OCs are the cells that degrade the bone matrix by secretion of acid and
CatK into the resorption lacunae, resulting in the cleavage of collagen type I (Figure S6A). OCs

are essential in bone repair, and aberrant activity is observed in numerous diseases including

osteoporosis, rheumatoid arthritis, giant cell tumor of the bone, and bone metastases.”
Table 2 | In vitro kinetic evaluation of hCatK inhibition.
Irreversible covalent
d = d — ™I
+ _ LN
lo%g e P
unbound inhibitor and enzyme noncovalent complex covalent adduct
Kinact (x1073s7) K (nM) Kinace/Ky (x10° M71s71)
EMO04 0.19+0.012 211+47 0.95+0.22
EMO5 0.79 £ 0.061 3255 + 602 0.26 + 0.052
EMO6 0.32£0.045 193 +83 1.8+0.81
E-64 1.3+0.086 11+16 N.A.
Reversible covalent
d = d —
+ _— _
unbound inhibitor and enzyme noncovalent complex covalent adduct
ks (x1072s7) ke (x107%s71) K (nM) K;" (nM)
ODN 2.0+0.76 0.66 57+4.6 0.41+0.071

Activity assay using 100 pM recombinant hCatK and 4 uM fluorogenic substrate Z-FR-AMC. Reaction initialization
by addition of CatK. Mean * SD for a single representative experiment (triplicate measurement). Progress curves
and fits are available in Figure S5.
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Inhibition of osteoclastic CatK was studied by culturing OCs on cortical bone slices in the
presence of inhibitor. Mature OCs were obtained by treatment of CD14* monocytes with
M-CSF (macrophage colony stimulating factor) and RANKL (receptor activator of nuclear
factor kB ligand) to stimulate differentiation to mature OCs (Figure 7A).”" Mature OCs are
formed by merging of mononuclear osteoclast precursors to form large multinucleated cells,
a process that continued until the end of the culturing period. When the culturing medium
was refreshed (every 3 days), inhibitor was freshly added to make sure there always is inhibitor
present to inhibit CatK in the newly formed mature OCs. The OCs were cultured on bone slices
for sufficient time to clearly observe bone resorption. After culturing for 21 days, the OCs were
washed off the bone slices and the resorption pits were stained to visualize bone resorption
activity. OCs with normal CatK activity form trenches, resorbing the bone while they move
over the surface of the bone. Previously published observations in OCs from CatK ™'~ mice show
that OCs lacking CatK are still able to form shallow pits, but unable to form trenches, with

accumulation of collagen I fragments in the lysosomes.”

Staining of bone slices for bone resorption showed formation of deep trenches for samples
treated with 3 nM ODN, while 15 nM ODN resulted in the formation of shallow pits
(Figure 7B), corresponding to an effective dose of around 15 nM.”’ Treatment with EM04
successfully inhibited bone resorption at concentrations from 80 nM, while inhibition with
EMO5 was nonconclusive; we observed trenches as well as pits at all tested concentrations.
Quantification of the total resorption area confirmed these observations, even though it is
not possible to distinguish between shallow pits and deep trenches (Figure S6). From this
experiment, we concluded that alkynes EM04 and EMO5 inhibit bone resorption with a higher
potency than expected based on their potency to inhibit recombinant CatK.

Next, we treated the OC lysates with cathepsin gQABP BMV109 to assess whether the observed
inhibition of bone resorption could be correlated with CatK activity (Figure 7C). CatK activity
for OCs treated with DMSO is low, which is expected because mature CatK in its uninhibited
form is self-degrading,” and the observed bone resorption is the result of secreted mature
CatK activity. Additionally, we expect that intracellular CatK is predominantly catalytic inactive
proCatK, which is activated by cleavage of the activation peptide, an autoproteolytic event that
requires an environment with a low pH for example lysosomes and the resorption lacunae.”
Interestingly, we observe a strong increase of mature CatK activity in all samples treated with
ODN, while samples with EM04 or EMO5 do not show any CatK activity. The observed increase
in mature CatK activity for ODN-treated samples does not reflect the actual intracellular
proteolytic activity, but is the result of displacement of reversibly bound ODN by excess of
irreversible gQABP BMV109. Alkynes EM04 and EMO05 form an irreversible covalent bond with
CatK, and can thus not be displaced by BMV109. Western blotting for CatK revealed an increase
in the intracellular levels of mature CatK for OCs that were treated with high concentration of
any inhibitor, which could be the result of inhibition of proteolytic CatK activity, which would
normally degrade mature CatK.

Counting OCs that were cultured on plastic revealed an increase in the number of OCs for
the highest concentrations of ODN, EM04 and EMO5 (Figure S7). This is in agreement with
previous reports that observed an increase of OC maturation as a response to CatK activity
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loss; the same number of bone marrow cells from CatK ™~ mice led to a greater number of
active OCs compared to bone marrow cells from the control mice.”” A significant increase in
CatK expression upon 100 nM ODN treatment has been reported, without an increase in the
number of OCs.”” We hypothesize that complete inhibition of CatK activity stimulates the
maturation of OCs, and further investigations are advised to identify the feedback mechanism.

A Bone resorption

W@ M (9 ML @m
QQ ) Loy LAY

CcD14* Osteoclast Multinuclear Mature ‘ Pit

Trench

monocytes precursor osteoclast osteoclast
day 0 day 3 day 7 day 21
Start culture Osteoclast differentiation/maturation Add inhibitor Analysis

ODN

EMO04

EMO05

3nM 15nM 80nM 400 nM 2000 nM

CatK activit
v Fluorescence Scan

‘ ‘---W ‘ ‘ ‘ ‘CatK—qABPadduct
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WB: a-CatK
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g ‘ ‘ ‘ ‘ ‘ ‘ ‘pmcatKFﬁZQ
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| [ - e D | - | -
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h]
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ODN EMO04 EMO05

Figure 7 | Inhibition of CatK activity in human osteoclasts (OCs). (A) Maturation of OCs from monocytes (top)
and schematic overview of cellular assay (bottom). CD14* monocytes on bone slices were treated with M-CSF
(day 0) and RANKL (day 3) to stimulate differentiation to mature OCs. Medium containing either inhibitor or
DMSO was refreshed on day 7, 10, 13, and 16. On day 21, OCs were washed away and lysed, and bone slices
were stained to visualize bone resorption. Normal OCs predominantly form deep trenches (paths), while OCs
lacking CatK form small pits (circular dots). (B) Bone resorption visualized by staining of resorption pits with
Coomassie Brilliant Blue. More staining means more resorption pits and, thus, more bone resorption activity.
(C) CatK activity and expression in OC lysates. Top: fluorescence scan of CatK bound to irreversible gABP BMV109
shows mature, active CatK. Middle/bottom: Western blotting against CatK shows total amount of CatK present in
OC lysates. Darker bands indicate more CatK activity/expression. Full gel scans can be found in Figure S8.
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3. Conclusion

To conclude, nonactivated alkynes are not only suitable as latent electrophiles in (large)
peptides but also in small molecule inhibitors, as demonstrated here for inhibition of cysteine
protease cathepsin K (CatK). Alkyne-based covalent inhibitors do not show indiscriminate
thiol reactivity but do form an irreversible covalent bond formation with CatK, as confirmed by
MS analysis of intact CatK-inhibitor adducts. X-ray crystallography confirmed the formation
of the Markovnikov-type product between the active site cysteine thiol and the internal carbon
of the alkyne moiety. Kinetic evaluation shows that the rate of covalent bond formation (k;,.,)
does not correlate with electrophilicity of the alkyne, supporting our hypothesis of proximity-
driven reactivity. Optimization of the alkyne position relative to the cysteine residue could
result in more potent compounds with faster covalent bond formation while not compromising
on indiscriminate thiol reactivity. Treatment of human osteoclasts (OCs) with alkynes EM04
and EMO5 showed a potent inhibition of CatK-mediated bone resorption activity, with only
a 5-fold difference in effective dose between ODN and EMO04. Further investigations into the
biological effect of irreversible inhibition of CatK are ongoing.

Finally, we urge everyone using the alkyne moiety as a Click handle to be careful with the
assumption that the nonactivated alkyne is truly bioorthogonal; the binding of a small
molecule inhibitor can be strong enough to initiate a thiol-alkyne reaction when the alkyne
moiety is positioned in close proximity to a cysteine residue. More importantly, based on the
proof-of-concept studies described herein, we foresee latent electrophiles such as the alkyne to
be of great value in future development of cysteine-targeting covalent inhibitory drugs with a
reduced risk of idiosyncratic toxicity.
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4. Materials and Methods: Biochemistry

General

Assay buffers are freshly supplemented with DTT (Chem-Impex, #00127), stored in single-use aliquots at =20 °C
(1M aqueous solution). Protease incubations in larger volumes (>50 pL) were performed in Protein Lobind
Microtubes (Eppendorf, #022431018) to minimize loss of enzyme and activity. Established irreversible cathepsin
inhibitor E-64 (Apollo Sci, #BIMI2157), reversible covalent CatK inhibitor odanacatib (ODN; in-house synthesis,
see section 5.2), thiol-alkylating agent iodoacetamide (IAc; SigmaAldrich, #16125) were taken along as controls.

4.1. Indiscriminate Thiol Reactivity

Inhibitor (10 mM in DMSO) was diluted 100-fold in aqueous buffer containing 10 mM cysteine or 5 mM GSH, to a
final concentration of 100 uM inhibitor. Aqueous buffers were freshly supplemented with cysteine or GSH, and
consisted of PBS pH 7.5 (10 mM phosphate buffer pH7.5, 140 mM NaCl, 2.7 mM KCl), PBS pH 8.0, and MES pH5.5
(50 mM MES pH5.5, 25 mM EDTA). Reaction mixtures were incubated at 37 °C for 23 h under gentle agitation
(300 rpm), after which the reaction was quenched by 2-fold dilution in 0.1% FA in 1% DMSO (aq). The samples
were submitted to LC-MS analysis as soon as possible, at most 5 h post quenching. Samples were analyzed on
the Waters Alliance 2795 Separation Module system equipped with Waters 2996 Photodiode Array Detector
(190-750 nm), Waters Xbridge C18 column (2.1x30 mm, 3.5 um) and LCT ESI- Orthogonal Acceleration Time of
Flight Mass Spectrometer. Samples were run with a 13 min gradient using 2 mobile phases: A = 1% MeCN,
0.1% FA in water and B = 1% water and 0.1% FA in MeCN. Data processing was performed using Waters MassLynx
Mass Spectrometry Software 4.1. UV trace area was calculated by defining the start and end of the peaks using
the ‘Edit — integrated peaks’ functionality. The intensity of UV signal was determined at a fixed wavelength,
corresponding to maximum absorption by the compound and adduct: 265 nm (ODN and analogues), 192 nm (E-
64), 260 nm (afatinib/ibrutinib) or 292 nm (acalabrutinib). Adduct formation was quantified from peak
integration of the UV trace for the peaks corresponding to the intact compound and thiol adduct, and normalized
to 100%. More details can be found in section 7.2.

UVadduct

Adduct = 100% ————
(Uvadduct + Uvinhibitor)

4.2. In vitro Activity Assays (Fluorogenic Substrate Cleavage)

Human recombinant cathepsin K/L/V/S/B for in vitro activity assays were prepared as published previously.”*®°

Purified human cathepsins are diluted in freshly prepared reaction buffer (50 mM MES pH5.5, 25 mM EDTA,
2.5 mM DTT), CatK reaction buffers were freshly supplemented with 0.05% Tween20 (v/v). Papain (SigmaAldrich,
#P3125) was diluted in freshly prepared reaction buffer consisting of 50 mM Tris pH7.6, 100 mM NaCl, 1 mM
DTT, 1 mg/mL CHAPS and 0.5 mg/mL BGG. Controls are E-64 for cathepsins and iodoacetamide for papain.
Activity assays were conducted in Corning 3820 Low Volume 384 Well Assay Plate in a final assay volume of 20
uL. Compounds were transferred using an ECHO 550 Liquid Handler (Labcyte Inc) acoustic dispenser. Plates were
shaken at 600 rpm for 1 min and centrifuged at 1000 rpm for 1 min prior to incubation. Protease activity was
quantified using synthetic fluorogenic peptide substrate: Z-FR-AMC (Bachem, #1-1160), Z-RR-AMC (SigmaAldrich,
#C5429), or Z-FVR-AMC. Fluorescence intensity (A,, = 350 nm, A, = 440 nm) was measured every 2 min in
arbitrary units (A.U.) on a CLARIOstar (BMG Labtech) microplate reader. All measurements were performed
in triplicate. Data were plotted and analyzed using GraphPad Prism 8. Graphical data represents the mean *
standard deviation for a single representative experiment.
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Potency (IC,)

Inhibitors (200 nL, 100x final concentration in DMSO) were dispensed using an ECHO acoustic dispenser and
diluted with reaction buffer (10 pL). Purified human cathepsin (5 pL, 4x final concentration, see below) was added
and the reaction mixture was incubated for 30 min at room temperature. Fluorogenic substrate (5 uL, 4x final
concentration, see below) was added and fluorescence was measured every 2 min for 90 min. Dose-response
curves were calculated from the initial velocity v; (slope 0-20 min, steady state kinetics), and fitted to obtain
IC5,-values using nonlinear least squares curve fitting (GraphPad Prism: [inhibitor] vs. response — variable slope
(four parameters)) with fixed values for the top (DMSO control) and bottom (E-64 for cathepsins; IAc for papain).
More details can be found in section 7.3.

Protease [E] (nM1) Fluorogenic substrate [S] (uM) Ky (LM) Ref
hCatK 0.15 Z-FR-AMC 40 48.5 o

hCatL 0.005 Z-FR-AMC 4 2.2 o

hCatS 1 Z-FVR-AMC 8 8 o

hCatV 0.025 Z-FR-AMC 4 4.8

hCatB 1 Z-RR-AMC 25 173 o

Papain 3 Z-FR-AMC 10 420

Concentrations reported above are final concentrations (after addition of substrate)

Jump Dilution Assay

Recombinant purified CatK (EnzoLifeSci, #8BML-SE553-0010) in assay buffer containing 10 mM DTT was activated
at 37 °C for 10 min before addition to inhibitor. The plate is mixed (600 rpm, 1 min) and centrifuged (1000 rpm,
1 min). Inhibitors and CatK are preincubated at 37 °C for 40 min, followed by preincubation at 26 °C for 20 min.
Then, samples are diluted 300-fold in reaction buffer containing substrate (jump dilution samples), or substrate
is added without significant dilution (control samples). The plates are shaken (600 rpm, 26 °C, 1 min) and
centrifuged (1000 rpm, 1 min) prior to read-out. The total volume/well and final concentration of CatK and
Z-FR-AMC were kept constant between the controls and jump dilution samples. Inhibitor concentrations were
selected to correspond to full inhibition prior to dilution (3xIC,), and full activity after dilution (IC,,), which was
validated in the control samples without dilution. Positive and negative controls are DMSO and E-64 (19 nM).
More details and results can be found in section 7.4.

Jump dilution samples. Inhibitor (100 nL) was transferred to a 384-well plate and DMSO (1 ulL) was added,
followed by CatK (8.9 pL; 120 nM). The reaction mixtures were mixed, centrifuged and preincubated as described
above. Then 1 pL was diluted 100-fold in Z-FR-AMC (4 uM), of which 30 uL was diluted 3-fold in Z-FR-AMC
(4 uM): final CatK concentration = 0.35 nM. An aliquot (25 pL) was transferred to a 384-well plate for read-out.

Control samples. Inhibitor (2.5-250 nL) was transferred to a 384-well plate with DMSO backfill to 250 nL, and
DMSO (2.25 pL) was added, followed by CatK (17.5 uL; 0.5 nM). The reaction mixtures were mixed, centrifuged
and preincubated as described above. Then 5 uL Z-FR-AMC (20 uM) was added (final CatK concentration is 0.35
nM) and submitted for read-out.

ODN EMO04 EMO05 EMO06
3xICqq = [1] before 300-fold dilution 5.6 nM 33 uM 50 uM 5uM
IC,, = [I] after 300-fold dilution 0.019 nM 0.11 pM 0.17 uM 0.017 uM
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Kinetic Progress Curve Analysis

Inhibitors (200 nL; 100x final concentration in DMSO) were dispensed using an ECHO acoustic dispenser and
diluted with reaction buffer (10 pL). Fluorogenic substrate Z-FR-AMC (5 uL; 16 uM, 4x final concentration) was
added and the reaction was started by addition of CatK (5 uL; 400 pM, 4x final concentration). Fluorescence
intensity was measured every 2 min for 60 min, and data were analyzed using GraphPad Prism 8 to obtain
kinetic parameters. Measurements were performed in triplicate (n = 3). Baseline was removed (GraphPad
Prism: Remove Baseline and Column Math — Value-Baseline with Baseline = First Row) to give the corrected
fluorescence intensity F, (in RFU). Data analysis was tailored to inhibitor binding mode (as determined in jump
dilution assays). More details and results can be found in section 7.7.

2-step irreversible covalent inhibitors. Time-dependent fluorescence intensity F, (in RFU) was plotted against
incubation time t (in s) for each inhibitor concentration, and the first 60 min were fitted to the one-phase
exponential association equation below to find the initial velocity v, (in RFU/s) and the observed reaction rate
constant k, (in s™) for time-dependent formation of fluorescent product AMC. The progress curve of the
uninhibited DMSO control was also fitted to find k,

ctrl*

F, = — (1= e ant)
Yk

obs

(in s7%) were plotted against inhibitor concentration (in M), and fitted to
the equation below to obtain maximum inactivation rate constant k., (in s*) and apparent inactivation
constant K" (in M) in presence of 4 uM Z-FR-AMC. Nonlinearity in uninhibited k_,, was constrained to the k
of the uninhibited control.

The means and standard errors of k,

obs

kinact [I]
KPP + [1]

obs = kctrl

A correction for substrate competition was performed to obtain inactivation constant K; (in M) with Gaussian
error propagation. The K, value for hCatK Z-FR-AMC affinity was constrained to the reported K,, = 48.5 pM."'

app 2 app 2 app 2
<1 + ﬂ) 18 (K + 51) (Is) + Ky)
KM KM

Q
=
Il

2-step reversible covalent inhibitors. Time-dependent fluorescence intensity F, (in RFU) was plotted against
incubation time t (in s) for each inhibitor concentration, and the first 60 min were fitted to the one-phase
exponential association equation below to find the initial velocity v, (in RFU/s), steady-state velocity v, (in RFU/s),
and the observed reaction rate constant k_,_ (in s7*) for time-dependent formation of fluorescent product AMC.
The progress curve of the uninhibited DMSO control was also fitted to find k.

obs

ctrl
ctrl and Ve

D78 (1~ ehan)
kobs

F,=vt +

The means and standard errors of k, (in s™) were plotted against inhibitor concentration (in M), and fitted to
the equation below to obtain covalent association rate constant ks (in s™), covalent dissociation rate constant kg
(ins™), and apparent inhibition constant K" (in M). To obtain stable values, the value for k; was constrained to
k

ctrl*
Iy 1]

k [
K/ + [1]

obs = K6
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The means and standard errors of steady-state velocity v, (in RFU/s) were plotted against inhibitor concentration
(in M), and fitted to Morrison’s quadratic equation with constraints for [E], = 0.1 nM, [S], = 4 uM, and K,, = 48.5
UM to obtain steady-state inhibition constant K, (in M).

. [s] s
[Ely + [p + K [1+ — — [Elg + [+ K, [1+ — — 4[E], 1],
KM KM

2 [E],

ctrl
s 1-

4.3. Activity Assays with qABP (In-gel Fluorescence)

Recombinant purified CatK (50 nM) in assay buffer (50 mM MES pH5.5, 25 mM EDTA, 2.5 mM DTT, 0.05%
Tween20) was incubated with inhibitor (100 uM) for 2 h at 37 °C. Then, quenched fluorescent probe BMV109
(500 nM) was added,*® and the reaction mixture was incubated at 37 °C for an additional 2 h. The reaction
was quenched by addition of loading buffer (3x SDS-PAGE loading buffer, NUPAGE, Invitrogen) containing
B-mercaptoethanol as a reducing agent and boiling the samples for 10 min at 94 °C. Samples were loaded on
12% Bis-Tris gels (Invitrogen) and resolved by SDS-PAGE gel electrophoresis with MES (NUPAGE MES SDS running
buffer 20x, Novex by Life Technologies) as running buffer. Labeled enzyme was visualized by in-gel fluorescence
using Typhoon FLA 9500 imaging system (GE Healthcare Life Sci) (A,, = 635 nm, A, = 665 nm). Subsequently,
gels were stained with InstantBlue™ Ultrafast Protein Stain (Expedeon Protein Solutions) and scanned using an
Amersham Imager 600. More details and results can be found in section 7.3.

4.4. MS Analysis of Covalent Adduct

Recombinant purified CatK (~1.5 puM) in reaction buffer (20 uL) was incubated with inhibitor (100 uM) at 37 °C
for 6 h to form the covalent adduct prior to MS analysis. Reaction buffer (50 mM MES pH5.5, 25 mM EDTA,
2.5 mM DTT) was not supplemented with Tween20.

Intact protein MS

1 pL injections of the samples containing covalent adduct were made onto a Waters XEVO-G2 XS QTOF UPLC-MS
system with a Waters Acquity CM detector. Chromatographic separation was carried out on a Waters ACQUITY
UPLC Protein BEH C4 Column (300 A, 1.7 pm, 2.1x50 mm) over a 12 min gradient elution of 2-100% MeCN in
water (0.1% FA) at a flow rate of 0.500 mL/min. For the first 4 min the flow was diverted to the waste to avoid
contamination of the MS with high concentrations of buffer components. After 4 min, the gradient was started
and the elution flow was ionized with an ESI ionization source in positive ion mode. The data was analyzed
using Waters MassLynx Mass Spectrometry Software V4.1. The total mass of the adduct was obtained by
deconvolution of electrospray ionization mass spectrum envelope (average isotopes) with the MaxEnt1 function.

Bottom-up MS/MS

Samples containing unbound CatK and preformed CatK—-EMO04 adduct were run on a 4-12% polyacrylamide
gradient gel (NUPAGE Bis-Tris Precast Gel, Life Technologies), and stained with Coomassie protein stain. The
CatK band was cut out, and the proteins subjected to reduction with DTT, alkylation with iodoacetamide and
in-gel trypsin digestion using Proteineer DP digestion robot (Bruker). Tryptic peptides were extracted from
the gel slices, lyophilized, dissolved in 95:3:0.1 water/MeCN/FA (v/v/v) and subsequently analyzed by on-line
C18 nanoHPLC MS/MS with a system consisting of an Easy nLC 1200 gradient HPLC system (Thermo, Bremen,
Germany), and a LUMOS mass spectrometer (Thermo). Digests were injected onto a homemade precolumn
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(100 pmx15 mm; Reprosil-Pur C18-AQ 3 pum, Dr. Maisch, Ammerbuch, Germany) and eluted via a homemade
analytical nano-HPLC column (75 umx15 c¢cm; Reprosil-Pur C18-AQ 3 um). The gradient was run from 0% to
50% solvent B (20:80:0.1 water/MeCN/FA (v/v/v)) in 20 min. The nano-HPLC column was drawn to a tip of ~5
um and acted as the electrospray needle of the MS source. The LUMOS mass spectrometer was operated in
data-dependent MS/MS (top-10 mode) with collision energy at 32 V and recording of the MS2 spectrum in the
orbitrap. In the master scan (MS1) the resolution was 120,000, the scan range 400-1500, at an AGC target of
400,000 @maximum fill time of 50 ms. Dynamic exclusion after n = 1 with exclusion duration of 10 s. Charge
states 2-5 were included. For MS2 precursors were isolated with the quadrupole with an isolation width of
1.2 Da. HCD collision energy was set to 32 V. First mass was set to 110 Da. The MS2 scan resolution was 30,000
with an AGC target of 50,000 @maximum fill time of 60 ms. EThcD was performed at an AGC value of 50,000,
at a max fill time of 240 ms, and performed with an additional activation of 15 V. Fragment ion spectra were
recorded at 120,000 resolution. In a post-analysis process, raw data were first converted to peak lists using
Proteome Discoverer version 2.2 (Thermo Electron), and then submitted to the Homo sapiens database (71591
entries), using Mascot v2.2.04 (www.matrixscience.com) for protein identification. Mascot searches were with

10 ppm and 0.02 Da deviation for precursor and fragment mass, respectively, and trypsin as enzyme. Up to four
missed cleavages were allowed, and methionine oxidation, and carbamidomethyl on cysteine, and the warhead
on cysteine and lysine were set as a variable modification. More details and results can be found in section 7.5.

4.5. Protein Crystallography

Expression, purification, and activation of hCatK. pPIC9 vector (Invitrogen) carrying cDNA of human
procathepsin K (Deutsche Ressourcenzentrum fiir Genomforschung) was introduced into P. Pastoris strain GS115
(Invitrogen) by electroporation. The highest expressing transformant was selected by screening according to
Invitrogen Pichia Expression kit (Invitrogen, #K1710-01). Large scale expression took place in ten 5L Erlenmeyer
flasks of 400 mL of BMMY with the addition of 40 pL antifoam 204 (Sigma, #A8311) per flask, feeding interval
1% MeOH per day and 22 °C for 4 days. The supernatant was then collected, concentrated to 300 mL and diluted
at 1:1 ratio with 20 mM HEPES pH7.1. Then 25 mL of SP-sepharose FF (GE Healthcare, #17-079-01) was added
to the sample and left shaking overnight at 6 °C. Procathepsin K (proCatK) was eluted from the exchanger with
elution buffer (10 mM HEPES pH7.1, 400 mM NaCl), concentrated to 0.5 mg/mL and stored at -80 °C. Activation
of proCatK was initiated by adding DTT (5 mM final conc.) to purified proCatK and the sample was diluted at 1:1
ratio with the activation buffer (100 mM NaOAc pH4) containing 40 ug/mL pepsin (Sigma, #P6887) and incubated
for 45 min at 37 °C. Pepsin was inactivated by raising pH of the sample to approximately 5.5 with 1M Tris (pH8.5).
The sample was then purified on MONO S 5/50 column (GE Healthcare, #17-5168-01) on Akta Express system
(GE Healthcare). Mature hCatK was captured with elution buffer (50 mM NaOAc pH5.5) at approximately 1M
NaCl and its proteolytic activity was blocked by incubating with approximately 10-fold molar excess of MMTS
(Sigma, #208795) for 20 min at 6 °C. The sample was desalted using HiTrap 5 mL column (GE Healthcare) to
the final buffer (50 mM NaOAc pH5.5, 50 mM NacCl) and stored at -80 °C. Active enzyme concentration was
determined by titration with E-64 (Sigma, #E3132) based on previously described procedures.””>>

Adduct formation and crystallization of CatKk—EMO07 adduct. DTT (final conc. 10 mM) and 160 uL of inhibitor
EMO7 (10 mM stock in DMSO, final inhibitor conc. 200 uM, final conc. DMSO 2%) were added to 8 mL of hCatK
(approx. 20 uM) and incubated at 37 °C for 8 h. To ensure complete inhibition, the sample was spiked with DTT
(final 3 mM) after 8 h and left incubating for additional 2 h. The adduct was then centrifuged and supernatant
was collected and concentrated with Amicon Ultra devices (cut-off 10 kDa) to 15 mg/mL and stored at -80°C.
Crystals suitable for data collection grew from 20% PEG-3350, 0.2M CaCl, at 20 °C with sitting drop method.
For the optimization, the adduct was diluted to 10 mg/mL and drop sizes of both precipitant and adduct were
varied. Best diffracting crystal grew from the drop consisting of 0.5 pL of adduct and 1 uL of precipitant. The
crystal was soaked in 35% PEG-3350, 0.2M CaCl, for 10 seconds for cryoprotection.
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Data collection, structure determination, and refinement for X-ray diffraction. Diffraction data was collected at
XRD2 beamline at Elettra synchrotron, Trieste®” under cryogenic conditions. Data were first processed with XDS
software,” and the unmerged HKL file was used as an input for Pointless, Aimless and Ctruncate (CCP4 suite) **"*
to obtain the merged MTZ file. The CatK part of the 2FTD model from the Protein Data Bank’” was used for
molecular replacement with Molrep (CCP4 suite).” The refinement was done with MAIN software’ with ML FK
target function.”” Inhibitor EMO7 was introduced in the model during refinement and fitted in the difference
ML FK map. The geometric restraints for EM0O7 were generated by PURY.” The established adduct was then
further refined. Figures were generated in PyMOL v2.2.0. More details and results can be found in section 7.6.

4.6. Human Osteoclast Activity

Isolation of CD14* cells from PBMCs. Osteoclast precursors (CD14" cells) were isolated from human peripheral
blood mononuclear cells (PBMCs). Briefly, human buffy coats were obtained from Sanquin Blood Supply
(Amsterdam, NL), diluted 1:1 with PBS containing 1% citrate, and spun down (800 G for 30 min, without brake)
in Lymphoprep gradient solution (Elitech). The resulting interphase containing peripheral blood mononuclear
cells (PBMCs) was collected and washed with 1% citrate in PBS before it was passed through a 40 um cell strainer
(Greiner Bio-One) to ensure the recovery of a pure mononuclear cell population. The cells were counted on a
Muse cell counter (Merck), and cell pellet was resuspended in 80 pL buffer (PBS containing 0.5% BSA and 2 mM
EDTA) for 107 cells. 20 uL of magnetic MACS CD14 MicroBeads human (Miltenyi Biotec) was added to this cell
suspension. According to manufacturer instructions, the cells and CD14 microbeads were mixed and incubated
for 15 min at 4 °C. The column was placed in the magnetic field, rinsed and subsequently the cell suspension was
applied onto the column. Unlabeled cells pass through. Then the column was removed from the magnet and
CD14" cells were flushed out and collected.

Human osteoclast cultures. Osteoclast precursors (CD14" cells) were plated in CellStar 96 well plates (Greiner
Bio-One) on plastic and on bovine cortical bone slices (650 pum thick) at a density of 1.3x10° cells/well. Cells were
cultured for 21 days in a-MEM (Gibco, Paisley, UK) supplemented with 5% fetal calf serum (HyClone), 1x antibiotic
antimycotic solution containing 100 U/mL penicillin, 100 pg/mL streptomycin and 250 ng/mL amphotericin B
(Sigma, #A5955), and 25 ng/mL human recombinant M-CSF (R&D systems). After 3 days, the concentration of
M-CSF was reduced to 10 ng/mL and combined with 2 ng/mL recombinant RANKL (R&D systems) until the end
of the culture period. From day 7 on, various concentrations of CatK inhibitors were added to the cultures. An
equal amount of vehicle (DMSQO) was added to the control cultures without inhibitors. During culture the cells
were maintained at 37 °C and 5% CO, and culture media were refreshed every 3-4 days. After 21 days of culture,
wells were washed with PBS and either fixed in 4% PBS buffered formaldehyde, stored at 4 °C, and used for
tartrate-resistant acid phosphatase (TRAcP) staining, or the cells were lysed with lysis buffer (100 mM phosphate
buffer pH6.0, 0.1% Triton-X100). This cell extract/lysate was stored at —20 °C and used for CatK activity assays
in osteoclast lysates. The bone slices were stored in MilliQ water at 4 °C for bone resorption visualization. More
details and results can be found in section 7.8.

Staining of resorption pits on bone slices. Resorption was measured on slices of bovine cortical bone of 650 pm
thick and fit into a 96-well plate. CD14* monocytes were cultured on these bone slices for 21 days with M-CSF
and RANKL and without or with inhibitors in various concentrations, as described above. After this period, the

cells present on the bovine cortical bone slices were removed with 0.25M NH,OH. The slices were washed in
distilled water, incubated in a saturated alum (KAI(SO,),-12H,0) solution, washed in distilled water, and stained
with Coomassie Brilliant Blue. Resorption pits were visualized by light microscopy (Leica DFC320). The resorbed
area micrographs were made with 10x magnification. Total resorbed area was quantified using Image Pro Plus
(Media Cybernetics) and calculated as a percentage of the total area.

TRACP staining and cell counting. The cells were stained for TRAcP using the Leukocyte Acid Phosphatase
(TRAP) Kit from Sigma (SigmaAldrich, #387A) following manufacturer instructions. Nuclei were visualized with
4’6-diamino-2-phenylindole dihydrochloride (DAPI). Multinucleated TRAcP* cells with three or more nuclei
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were considered osteoclasts and were counted on bone in standardized fields and on plastic per well from a
combination of light and fluorescence microscopy using a Leica DFC320 FireWire Digital Microscope Camera
(Leica Microsystems).

CatK activity in osteoclast lysates (qABP labeling). Osteoclast lysates (stored at =20 °C and thawed before use)
were treated with quenched fluorescent probe BMV109 (1 uM),” and the reaction mixture was incubated
at 37 °C for 2 h. As a positive control, 5 nM recombinant active hCatK (Enzo Lifesci, #BML-SE553-0010) was
also treated with gABP. The reaction was quenched by addition of loading buffer (3x SDS-PAGE loading buffer,
NuPAGE, Invitrogen) containing B-mercaptoethanol as a reducing agent and boiling the samples for 10 min at
94 °C. Samples were loaded on 12% Bis-Tris gels (Invitrogen) and resolved by SDS-PAGE gel electrophoresis with
MES (NUuPAGE MES SDS running buffer 20x, Novex by Life Technologies) as running buffer. Labeled enzyme was
visualized by in-gel fluorescence using Typhoon FLA 9500 imaging system (GE Healthcare Life Sci) (A, = 635
nm, A,,, = 665 nm). Subsequently, gels were stained with InstantBlue Ultrafast Protein Stain (Expedeon Protein
Solutions) and scanned on an Amersham Imager 600.

CatK expression in osteoclast lysates (Western blotting). Proteins in osteoclast lysates (stored at -20 °C and

thawed before use) were resolved using gel electrophoresis conditions described above. Recombinant mature
hCatK (230 ng) and recombinant proCatK (300 ng) were included as references. Gels were transferred to
nitrocellulose membrane using a Trans-Blot Turbo Transfer System (Biorad) and subjected to standard Western
Blotting protocols. Antibodies: primary rabbit anti-CatK (1:500; Abcam, #19027), primary mouse anti-B-Actin
(1:10,000; SigmaAldrich, #A5441), secondary swine anti-rabbit HRP (1:5,000; Dako, #P0217) and secondary goat
anti-mouse 800CW (1:5,000; LiCOR, #926-32210). Blots with fluorescent secondary antibodies were scanned
on a LICOR Odyssey system v3.0. Blots with HRP secondary antibody were incubated with SuperSignal West
Dura Extended Duration Substrate (Thermo Sci, #34076) according to manufacturer protocols and scanned on an
Amersham Imager 600 (chemiluminescence).

5.  Materials and Methods: Chemical Synthesis

Synthetic schemes can be found in section 7.1 for precursor carboxylic acid 1, inhibitor odanacatib (ODN), and
odanacatib derivatives EM02-EMO06 (Scheme S1), for desfluoro precursor 8 and inhibitor EM07 (Scheme S2),
for building block cyclopropane propargyl 16 for the synthesis of EM03 (Scheme S3), and for building block
bromoalkyne 19 for the synthesis of EM06 (Scheme S4).

General. All commercially available reagents and solvents were used as purchased. Nuclear magnetic resonance
(NMR) spectra were recorded on a Bruker Avance 300 (300 MHz for H, 75.00 MHz for 13C) using the residual
solvent as internal standard (*H: 6 7.26 ppm for CDCl, and 2.50 ppm for DMSO. 13C: § 77.16 ppm for CDCl,
and 39.52 ppm for DMSO). Chemical shifts (8) are given in ppm and coupling constants (J) are quoted in hertz
(Hz). Resonances are described as s (singlet), d (doublet), t (triplet), g (quartet), b (broad) and m (multiplet)
or combinations thereof. Compounds were analyzed using 2D NMR techniques HSQC and HMBC, and coupling
constants (J) are reported accordingly. 13C NMR (APT) spectra were obtained to assign C—F coupling constants (J)
when relevant. Analytical LC-MS analysis was performed on a Waters Alliance 2795 Separation Module system
equipped with Waters 2996 Photodiode Array Detector (190-750 nm), Waters Xbridge C18 column (2.1x100
mm, 3.5 um) and LCT ESI- Orthogonal Acceleration Time of Flight Mass Spectrometer. Samples were run with a
13 min gradient using 2 mobile phases: A = 1% MeCN, 0.1% FA in water and B = 1% water and 0.1% FA in MeCN.
Data processing was performed using Waters MassLynx Mass Spectrometry Software 4.1. Electrospray lonization
(ESI) high-resolution mass spectrometry (HRMS) was carried out using a Waters XEVO-G2 XS QTOF UPLC-MS
system with a Waters Acquity CM detector in positive ion mode in combination with a Waters Acquity UPLC
system equipped with a ACQUITY UPLC Protein BEH C4 Column (300 A, 1.7 pum, 2.1x50 mm) using water/MeCN
mixtures containing 0.1% FA. Thin Layer Chromatography (TLC) was performed using TLC plates from Merck
(SiO,, Kieselgel 60 F254 neutral, on aluminum with fluorescence indicator) and compounds were visualized by

185



Chapter 4

UV detection (254 nm) unless mentioned otherwise. Flash column chromatography (FCC) purifications were
performed using Grace Davisil Silica Gel (particle size 40-63 um, pore diameter 60 A) and the indicated eluent.
Reversed phase preparative HPLC/MS was carried out on a Waters AutoPurification system equipped with a
Waters 2998 photodiode array detector, Waters 3100 mass detector and a Waters 2767 sample manager using
preparative Waters X-bridge C18 column (5 pm, 30 mmx150 mm or 19 mmx150 mm) in combination with
water/MeCN mixtures containing 0.1% TFA. Fractions containing the product were automatically collected based
on observed mass and UV signals after which they were lyophilized to obtain the pure products. Reported yields
are not optimized.

5.1. Synthesis of Precursors 1 and 8

(4’-bromo-[1,1’-biphenyl]-4-yl)(methyl)sulfane 9
Br (4-(methylthio)phenyl)boronic acid (3.81 g, 23 mmol), 1-bromo-4-iodobenzene (5.83 g,
O 21 mmol) and sodium carbonate (6.55 g, 62 mmol) were dissolved in a 4:1 (v/v) DME/
- O water mixture (180 mL). The mixture was degassed with argon for 5 min, then
S bis(triphenylphosphine)palladium(ll) dichloride (579 mg, 0.82 mmol) was added and the
mixture was heated to 100 °C. After stirring for 5 hours, the reaction mixture was allowed to cool to room
temperature. The reaction was quenched with water and extracted with EtOAc (2X). The combined organic
layers were washed with brine (2X), dried over Na,SO,, and concentrated under vacuum to give a reddish solid
as residue (18.5 g). The crude material was coated on silica and purified by FCC (5% diisopropyl ether in heptane)
to give product 9 as a white solid (4.04 g, 14 mmol, 66%). Spectral data was in agreement with published data.*

2,2,2-trifluoro-1-(4’-(methylthio)-[1,1’-biphenyl]-4-yl)ethanone 10
o According to published procedure,’” the reaction of (4’-bromo-[1,1’-biphenyl]-4-yl)
CF, (methyl)sulfane 9 (4.04 g, 15 mmol) with ethyl trifluoroacetate (3.44 mL, 29 mmol)
O and n-Buli (8.68 mL, 2.5M in hexanes, 22 mmol) afforded product 10 as a light-yellow
~g O solid (2.27 g, 7.7 mmol, 53%). Spectral data was in agreement with published data.”

2,2,2-trifluoro-1-(4’-(methylsulfonyl)-[1,1’-biphenyl]-4-yl)ethanone 11

o} According to published procedure,” the reaction between 2,2,2-trifluoro-1-(4’-

O CF, (methylthio)-[1,1-biphenyl]-4-yl)ethanone 10 (2.27 g, 7.7 mmol), tetrabutyl-
ammonium hydrogen sulfate (130 mg, 0.38 mmol), sodium tungstate dehydrate (126

~g O mg, 0.38 mmol) and 30% aqueous hydrogen peroxide (2.3 mL, 23 mmol) afforded
do ketone 11 as a white solid (2.42 g). The material was then dehydrated in a Dean-Stark

setup by drying the water/toluene azeotrope over molecular sieves. The toluene solution (250 mL) was refluxed
overnight. The solution was then cooled to room temperature and concentrated under vacuum to afford ketone
11 as a white crystalline solid (2.30 g, 7.0 mmol, 91%) which was used in the next step. Spectral data was in
agreement with published data.”” 1H NMR (300 MHz, CDCl,) & 8.19 (ddt, J = 8.0, 2.3, 1.1 Hz, 2H), 8.11 - 8.03 (m,
2H), 7.89-7.74 (m, 4H), 3.11 (s, 3H). 3C NMR (75 MHz, CDCl,) 6 180.1 (q, J = 35.4 Hz), 146.0, 144.7, 140.8, 131.0
(9,J=2.0Hz), 129.8, 128.5, 128.4, 128.2, 116.7 (q, J = 291 Hz), 44.7.

2,2,2-trifluoro-1-(4’-(methylsulfonyl)-[1,1’-biphenyl]-4-yl)ethane-1,1-diol 12
Analysis of ketone 11 in acetone-d, or DMSO-d; containing trace amounts of water

"o O(:: resulted in the (partial) formation of hydrate 12, which was confirmed by the shift of

O ’ the CF, signal from 180.1 ppm to 123.5 ppm in 33C NMR (APT). 'H NMR (300 MHz,

< O DMSO-d;) & 8.05 — 7.93 (m, 4H), 7.85 = 7.70 (m, 4H), 7.67 (s, 2H), 3.27 (s, 3H). 13C
ol e) NMR (75 MHz, DMSO-d;) & 144.5, 139.9, 139.0 (d, J = 4.6 Hz), 128.3, 127.7, 127.7,

126.7,123.5 (q,J = 289 Hz), 92.5 (q, J = 31.2 Hz), 43.6.
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(S)-4-fluoro-4-methyl-2-(((S)-2,2,2-trifluoro-1-(4’-(methylsulfonyl)-[1,1’-biphenyl]-4-yl)ethyl)amino)pentanoic
acid (S,S)-1
According to published procedure,” the reaction of ketone 11 (1.23 g, 3.8
F mmol) with (S)-ethyl 2-amino-4-fluoro-4-methylpentanoate hydrochloride
CFs oH (1.00 g, 4.7 mmol), potassium carbonate (2.07 g, 15 mmol), and subsequent
H I reduction with zinc chloride (1.02 g, 7.5 mmol) and sodium borohydride (567
O mg, 15 mmol) afforded a mixture of desired (S,S)-1 and (R,S)-1, which were
g separated by preparative RP-HPLC to yield precursor (S,S)-1 as a white solid
(460 mg, 1.0 mmol, 27%). Spectral data of (S,S)-1 was in agreement with
published data.”® LC-MS Rt = 7.32 min, m/z = 462.11 [M+H]*. *H NMR (300 MHz, CDCl,) & 8.08 — 7.96 (m, 2H),
7.83-7.73 (m, 2H), 7.68 — 7.59 (m, 2H), 7.51 (d, J = 8.1 Hz, 2H), 4.31 (q, J = 7.1 Hz, 1H), 3.68 (dd, J = 8.1, 4.1 Hz,
1H), 3.10 (s, 3H), 2.19 (ddd, J = 24.8, 15.1, 4.2 Hz, 1H), 1.99 (ddd, J = 17.7, 15.0, 8.1 Hz, 1H), 1.48 (d, / = 21.8 Hz,
3H), 1.46 (d, J = 21.7 Hz, 3H). 3C NMR (75 MHz, CDCl,) 6 175.9, 145.8, 140.6, 139.7, 133.9, 129.4, 128.2, 128.2,
125.3 (q, J = 282 Hz), 95.8 (d, J = 165 Hz), 62.9 (q, J = 29.5 Hz), 56.6, 44.7, 43.6 (d, J = 21.5 Hz), 27.5 (d, J = 24.3
Hz), 26.8 (d, J = 24.4 Hz).

Y

[oe)

(S)-4-fluoro-4-methyl-2-(((R)-2,2,2-trifluoro-1-(4’-(methylsulfonyl)-[1,1’-biphenyl]-4-yl)ethyl)amino)pentanoic
acid (R,S)-1
(R,S)-1 was obtained as the minor isomer in above described synthesis. LC-MS

F Rt = 7.04 min, m/z = 462.11 [M+H]*. TH NMR (300 MHz, CDCl,) & 8.08 — 7.99
ks on (m, 2H), 7.82 = 7.73 (m, 2H), 7.67 (d, J = 8.2 Hz, 2H), 7.52 (d, J = 7.9 Hz, 2H),
O N i 4.12 (g, J = 7.1 Hz, 1H), 3.47 — 3.37 (m, 1H), 3.11 (s, 3H), 2.15 — 1.91 (m, 2H),
O 1.39 (d, J = 22.1 Hz, 3H), 1.15 (d, J = 21.6 Hz, 3H). 13C NMR (75 MHz, CDCl,) &
~

174.5, 145.6, 140.7, 139.8, 133.0, 129.7, 128.2, 128.1, 124.7 (q, J = 281 Hz),
96.5 (d, J = 164 Hz), 63.5 (q, J = 29.6 Hz), 56.7, 44.8, 43.1 (d, J = 20.2 Hz), 28.3
(d,J=24.3 Hz), 25.5 (d, J = 24.5 Hz).

o\

OO0

(2S)-4-Methyl-2-[(15)-2,2,2-trifluoro-1-(4’-methanesulfonyl-biphenyl-4-yl)-ethylamino]-pentanoic acid (S,S)-8
According to published procedure,’® the reaction of ketone 11 (484 mg, 1.5
mmol) with L-Leucine methyl ester hydrochloride (307 mg, 1.7 mmol),

Fs oH potassium carbonate (749 mg, 5.4 mmol), and subsequent reduction with zinc
H I chloride (371 mg, 2.7 mmol) and sodium borohydride (207 mg, 5.5 mmol)
O afforded a mixture of (S,5)-8 and (R,S)-8, which could be separated by

s preparative RP-HPLC to yield the major isomer (S,S)-8 as a white solid

(93.9 mg, 0.21 mmol, 14%). Spectral data of (S,5)-8 was in agreement with

published data.”” LC-MS Rt = 7.68 min, m/z = 444.14 [M+H]*. TH NMR (300 MHz, CDCl,) & 8.06 — 7.96 (m, 2H),

7.81—7.69 (m, 2H), 7.68 — 7.58 (m, 2H), 7.52 (d, J = 8.1 Hz, 2H), 4.18 (q, J = 7.0 Hz, 1H), 3.58 (dd, J = 8.7, 5.3 Hz,
1H), 3.10 (s, 3H), 1.93 (dp, J = 13.4, 6.5 Hz, 1H), 1.67 — 1.41 (m, 2H), 0.97 (d, J = 6.5 Hz, 3H), 0.95 (d, J = 6.7 Hz,

3H). 13C NMR (75 MHz, CDCl,) 6 180.3, 145.9, 140.1, 139.6, 135.2, 129.2, 128.1, 128.1, 127.9, 126.0 (q, J = 282

Hz), 63.2 (q,J =29.2 Hz), 58.6, 44.7, 42.7, 24.9, 23.0, 21.8.

Y

[oe)

((R)-2,2,2-trifluoro-1-(4’-(methylsulfonyl)-[1,1’-biphenyl]-4-yl)ethyl)-L-leucine (R,S)-8
(R,S)-8 was obtained as the minor isomer in above described synthesis. LC-MS
Rt = 7.42 min, m/z = 444.14 [M+H]*. 'H NMR (300 MHz, CDCl;) & 8.11 — 7.95
on (m, 2H), 7.90 — 7.73 (m, 2H), 7.71 — 7.61 (m, 2H), 7.56 (d, J = 8.1 Hz, 2H), 4.31
O N i (9,J=7.1Hz, 1H), 3.18 = 3.12 (m, 1H), 3.11 (s, 3H), 1.97 — 1.77 (m, 1H), 1.54 (t,
O J=7.1Hz, 2H), 0.92 (d, J = 6.6 Hz, 3H), 0.76 (d, J = 6.5 Hz, 3H). 13C NMR (75
> MHz, CDCl;) 6 178.7, 145.9, 140.5, 139.7, 133.6, 130.0, 128.2, 128.2, 127.9,
124.9 (q,J=281Hz),63.0(q,J =29.1Hz),56.4,44.8,42.9,24.7,23.2,21.7.

o

[oe)
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5.2. Synthesis of Odanacatib Derivatives

General Procedure A: Amide coupling with HATU/DIPEA in DMACc

Adjustment of reported procedure.” Precursor (S,S)-1 (60 mg, 0.13 mmol) was dissolved in 3 mL DMAc and
cooled to 0 °C. Amine (0.16 mmol) and HATU (59 mg, 0.16 mmol) were added. The resulting solution was stirred
for 15 min and DIPEA (68 mL, 0.39 mmol) was added. The reaction was stirred for 2.5 h. Water was slowly added
dropwise and the slurry was stirred 2.5 h at room temperature. The mixture was filtered and the solid material
was washed with a 1:1.2 DMF/water solution, with water, and with 2-propanol. The material was removed from
the filter by addition of THF. The filtrate was concentrated and purified by FCC (gradient 0-2% MeOH in DCM).
The product was obtained as a white solid.

General Procedure B: Amide coupling with HATU/Et;N in DMF

Adjustment of reported procedure.** Precursor (S,S)-1 (21.3 mg, 0.046 mmol) was dissolved in 400 uL DMF and
cooled to 0 °C. HATU (21.8 mg, 0.057 mmol) and triethylamine (6 pL, 0.043 mmol) were added. To this solution
was added to amine (0.067 mmol) and further triethylamine (12 uL, 0.086 mmol) was added to the mixture.
After 2 h, ice cooling was removed and the mixture was stirred an additional 2 h. The reaction mixture was
concentrated in vacuo, redissolved in EtOAc and extracted with saturated NH,Cl solution (aq) and brine. The
organic layer was dried over Na,SO, and filtered. The filtrate was concentrated in vacuo and the residue was
purified by FCC (gradient 0-2% MeOH in DCM), and if needed, further purified using Reversed phase preparative
HPLC/MS and lyophilized to obtain product as a white solid.

(S)-N-(1-cyanocyclopropyl)-4-fluoro-4-methyl-2-(((S)-2,2,2-trifluoro-1-(4’-(methylsulfonyl)-[1,1’-biphenyl]-4-yl)
ethyl)amino)pentanamide ODN

According to general procedure A, the reaction between precursor (S,S)-1

F (59.8 mg, 0.13 mmol) and 1-amino-cyclopropanecarbonitrile hydro-

§Fs H N chloride (18.5 mg, 0.16 mmol) afforded product ODN as a white solid

H I K (40.7 mg, 0.077 mmol, 60%). TLC Rf = 0.18 (1:1 EtOAc/heptane). LC-MS Rt

=7.43 min, m/z =526.112 [M+H]". *"H NMR (300 MHz, CDCl,) 6 8.03 (d, J =

s 8.4 Hz, 2H), 7.77 (d, J = 8.8 Hz, 2H), 7.65 (d, J = 8.1 Hz, 2H), 7.48 (d, /= 8.1

Hz, 2H), 7.42 (s, 1H), 4.17 (q, J = 7.2 Hz, 1H), 3.59 (dd, J = 8.9, 3.3 Hz, 1H),

3.10 (s, 3H), 2.17 - 1.85 (m, 2H), 1.56 — 1.44 (m, 2H), 1.47 (d, J = 21.7 Hz, 3H), 1.44 (d, J = 22.0 Hz, 3H), 1.11 - 0.85

(m, 2H). 13C NMR (75 MHz, CDCl,) 6 174.4, 145.7, 140.6, 139.9, 134.5, 129.4, 128.2, 128.2, 126.0 (q, J = 279 Hz),

119.6, 96.8 (d, J = 164 Hz), 63.4 (g, / = 29.3 Hz), 59.0, 44.8, 43.6 (d, J = 19.9 Hz), 28.4 (d, J = 24.4 Hz), 25.8 (d, / =
24.7 Hz), 20.2, 16.9, 16.5. HRMS (ESI*): calculated for C,sH,4F,N;05S [M+H]* 526.1788, found: 526.1816.

o\

[eNe]

(S)-N-(cyanomethyl)-4-fluoro-4-methyl-2-(((S)-2,2,2-trifluoro-1-(4’-(methylsulfonyl)-[1,1’-biphenyl]-4-yl)ethyl)
amino)pentanamide EM02

According to general procedure B, the reaction between precursor (S,S)-1

F (21.3 mg, 0.046 mmol) and aminoacetonitrile (6.2 mg, 0.067 mmol)

§Fs H\///N afforded product EMO02 as a white solid (15.3 mg, 0.030 mmol, 66%). TLC

O N I Rf = 0.15 (1:1 EtOAc/heptane). LC-MS Rt = 7.30 min, m/z = 500.144

O [M+H]*. TH NMR (300 MHz, CDCl;) 6 8.01 (d, /= 8.4 Hz, 2H), 7.76 (d, /= 8.4

\,/3\\ Hz, 2H), 7.65 (d, J = 8.4 Hz, 2H), 7.50 (d, J = 8.2 Hz, 2H), 7.45 (t, J = 6.7 Hz,

°o 1H), 4.24 (g, J = 7.1 Hz, 1H), 4.21 — 3.96 (m, 2H), 3.66 (dd, J = 8.8, 3.3 Hz,

1H), 3.10 (s, 3H), 2.21 - 1.89 (m, 2H), 1.47 (d, J = 21.7 Hz, 3H), 1.45 (d, J = 22.0 Hz, 3H). 3C NMR (75 MHz, CDCl,)

5173.8, 145.7, 140.5, 139.7, 134.2, 129.4, 128.2, 128.2, 125.4 (q, J = 283 Hz), 115.7, 96.8 (d, J = 164 Hz), 63.1 (q,

J = 28.7 Hz), 58.5, 44.7, 43.6 (d, J = 19.9 Hz), 28.4 (d, J = 24.2 Hz), 27.3, 25.7 (d, J = 24.7 Hz). HRMS (ESI*):
calculated for C,;H,¢F,N50,S [M+H]" 500.1631, found: 500.1638.
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(S)-N-(1-ethynylcyclopropyl)-4-fluoro-4-methyl-2-(((S)-2,2,2-trifluoro-1-(4’-(methylsulfonyl)-[1,1’-biphenyl]-4-yl)
ethyl)amino)pentanamide EM03

According to general procedure A, the reaction between precursor (S,S)-1

o Ji:F (60.7 mg, 0.13 mmol) and 1-ethynylcyclopropan-1-amine hydrochloride

¢ N~ 16 (18.3 mg, 0.16 mmol) afforded product EMO3 as a white solid (46.6

H 3 { mg, 0.089 mmol, 68%). TLC Rf = 0.24 (1:1 EtOAc/heptane). LC-MS Rt =

O 7.66 min, m/z = 525.124 [M+H]*. 1H NMR (300 MHz, CDCl,) & 8.02 (d, J =

;”S‘b 8.5 Hz, 2H), 7.76 (d, J = 8.4 Hz, 2H), 7.62 (d, J = 8.3 Hz, 2H), 7.47 (d, J = 8.1

Hz, 2H), 7.32 (s, 1H), 4.14 (q, J = 7.2 Hz, 1H), 3.58 (dd, J = 9.0, 3.2 Hz, 1H),

3.10 (s, 3H), 2.94 (s, 1H), 2.10 (s, 1H), 2.19 — 1.84 (m, 2H), 1.46 (d, J = 21.7 Hz, 6H), 1.43 (d, J = 22.0 Hz, 6H), 1.27

—1.07 (m, 2H), 0.95 - 0.86 (m, 1H), 0.75 — 0.66 (m, 1H). 3C NMR (75 MHz, CDCl,) 6 173.9, 145.8, 140.2, 139.7,

135.0, 129.3, 128.2, 128.0, 125.5 (q, J = 283 Hz), 97.0 (d, J = 163 Hz), 84.7, 67.0, 63.0 (q, J = 28.8 Hz), 59.2, 44.7,

43.6 (d, J = 19.9 Hz), 28.4 (d, J = 24.3 Hz), 25.7 (d, J = 24.7 Hz), 22.5, 17.7, 17.2. HRMS (ESI*): calculated for
CyeH0FN,0,S [M+H]* 525.1835, found: 525.1824.

(S)-4-fluoro-4-methyl-N-(prop-2-yn-1-yl)-2-(((S)-2,2,2-trifluoro-1-(4’-(methylsulfonyl)-[1,1’-biphenyl]-4-yl)ethyl)
amino)pentanamide EM04

According to general procedure B, the reaction between precursor (S,S)-1

F (20.6 mg, 0.045 mmol) and propargylamine (10 pL, 0.16 mmol) afforded

§ H\/ product EMO04 as a white solid (11.3 mg, 0.023 mmol, 51%). TLC Rf = 0.25

O N J (1:1 EtOAc/heptane). LC-MS Rt = 7.50 min, m/z = 499.116 [M+H]*. 'H

NMR (300 MHz, CDCl,) & 8.02 (d, J = 8.5 Hz, 2H), 7.76 (d, J = 8.6 Hz, 2H),

;,S\\O 7.63 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 8.1 Hz, 2H), 7.22 (t, J = 5.5 Hz, 1H), 4.23

(q9,J=7.2Hz, 1H), 3.94 (qdd, J = 17.6, 5.5, 2.6 Hz, 2H), 3.69 (dd, /=9.2, 3.1

Hz, 1H), 3.42 (s, 1H), 3.10 (s, 3H), 2.18 (t, J = 2.6 Hz, 1H), 2.14 - 1.89 (m, 2H), 1.48 (d, J = 21.7 Hz, 3H), 1.45(d, J =

22.0 Hz, 3H). 3C NMR (75 MHz, CDCl,) 6 173.8, 145.9, 140.3, 139.7, 134.6, 129.4, 128.2, 128.0, 125.5 (q, J = 283

Hz), 97.0 (d, J = 164 Hz), 78.9, 71.9, 63.0 (q, J = 28.7 Hz), 58.7, 44.7, 43.7 (d, J = 19.8 Hz), 29.2, 28.6 (d, J = 24.5
Hz), 25.5 (d, J = 24.8 Hz). HRMS (ESI*): calculated for C,,H,,F,N,0,S [M+H]* 499.1679, found: 499.1713.

(S)-N-((R/S)-but-3-yn-2-yl)-4-fluoro-4-methyl-2-(((S)-2,2,2-trifluoro-1-(4’-(methylsulfonyl)-[1,1’-biphenyl]-4-yl)
ethyl)Jamino)pentanamide EMO05

According to general procedure B, the reaction between precursor (S,S)-1

F (19.9 mg, 0.043 mmol) and 1-methyl-prop-2-ynylamine hydrochloride

§Fs H = (16.5 mg, 0.16 mmol) afforded an inseparable 1:1 mixture of diastereo-

ﬂ I §Me/ isomers (S,S,R)-EMO05 and (S,S,S)-EMO5 as a white solid (10.0 mg, 0.020

O mmol, 45%). Reported ppm-values are average values. TLC Rf = 0.31 (1:1

\,/S\\ EtOAc/heptane). LC-MS Rt = 7.77 min, m/z = 513.130 [M+H]*. 1H NMR

°0 (300 MHz, CDCl,) § 8.02 (d, J = 8.6 Hz, 2H), 7.76 (d, J = 8.6 Hz, 2H), 7.63 (d,

J=8.3Hz, 2H), 7.51 (d, J = 8.2 Hz, 2H), 7.21 (d, J = 8.3 Hz, 1H), 4.74 — 4.58 (m, 1H), 4.20 (q, J = 14.5 Hz, 1H), 3.68

(t,J=7.7 Hz, 1H), 3.60 (s, 1H), 3.10 (s, 3H), 2.20 (d, J = 9.0 Hz, 1H), 2.16 — 1.86 (m, 2H), 1.47 (dd, J = 22.0, 10.0 Hz,

6H), 1.24 (d, J = 6.9 Hz, 3H). 13*C NMR (75 MHz, CDCl,) § 173.0, 145.9, 140.2, 139.7, 134.8, 129.4, 128.1, 125.5 (q,

J=284Hz), 97.1(d, J = 163 Hz), 83.4, 70.8, 63.0 (q, J = 28.6 Hz), 59.0, 44.7, 43.7 (d, J = 19.8 Hz), 36.9, 28.6 (d, J =

24.3 Hz), 25.4 (d, J = 24.7 Hz), 22.0. HRMS (ESI*): calculated for C,5H,4F,N,0,S [M+H]* 513.1835, found: 513.1829.
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(S)-N-(3-bromoprop-2-yn-1-yl)-4-fluoro-4-methyl-2-(((S)-2,2,2-trifluoro-1-(4’-(methylsulfonyl)-[1,1’-biphenyl]-4-
yl)ethyl)amino)pentanamide EMO06

. According to general procedure A, the reaction between precursor

oF, o (S,S)-1 (60.8 mg, 0.13 mmol) and 3-bromoprop-2-yn-1-amine hydro-

/‘/‘/kN H/ chloride 19 (26.6 mg, 0.16 mmol) afforded product EMO06 as a white

O H § solid (13.6 mg, 0.024 mmol, 18%). TLC Rf = 0.33 (1:1 EtOAc/heptane).

LC-MS Rt = 7.93 min, m/z = 577.036 & 579.038 [M+H]*. *H NMR (300

B’S(b MHz, CDCl,) & 8.03 (d, J = 8.4 Hz, 2H), 7.78 (d, J = 8.4 Hz, 2H), 7.65 (d, J

=8.2 Hz, 2H), 7.50 (d, J = 8.1 Hz, 2H), 7.16 (t, J = 5.3 Hz, 1H), 4.21 (g, J =

7.2 Hz, 1H), 4.13 -3.81 (m, 2H), 3.68 (dd, /= 9.2, 3.1 Hz, 1H), 3.11 (s, 3H), 2.20 - 1.88 (m, 3H), 1.49 (d, J = 21.7 Hz,

6H), 1.45 (d, J = 22.0 Hz, 6H). 13C NMR (75 MHz, CDCl,) 6 173.1, 145.9, 140.2, 139.7, 134.8, 129.4, 128.2, 128.1,

128.0, 125.6 (q, J = 284 Hz), 97.0 (d, J = 163 Hz), 75.5, 62.9 (q, J = 28.6 Hz), 58.9, 44.7, 43.8 (d, J = 19.9 Hz), 43.2,

30.0, 28.6 (d, J = 24.4 Hz), 25.5 (d, J = 24.7 Hz). HRMS (ESI*): calculated for C,,H,sBrF,N,0,S [M+H]* 577.0784,
found: 577.0809 (minor) & 579.0781 (major).

(S)-4-methyl-N-(prop-2-yn-1-yl)-2-(((S)-2,2,2-trifluoro-1-(4’-(methylsulfonyl)-[1,1’-biphenyl]-4-yl)ethyl)amino)
pentanamide EM07

According to general procedure B, the reaction between precursor

o /’ir\ (S,5)-8 (26.9 mg, 0.06 mmol) and propargylamine (14 uL, 0.22 mmol)

¢ H/ afforded product EMO7 as a white solid (10.1 mg, 0.02 mmol, 35%). TLC

O H S Rf = 0.13 (1:2 EtOAc/heptane). LC-MS Rt = 8.41 min, m/z = 481.01

[M+H]*. 1H NMR (300 MHz, CDCl,) § 8.05 — 7.99 (m, 2H), 7.79 — 7.73 (m,

<\5§\b 2H), 7.65 — 7.59 (m, 2H), 7.51 (d, J = 8.1 Hz, 2H), 6.87 (t, J = 5.4 Hz, 1H),

4.20(q, J = 7.2 Hz, 1H), 4.05 — 3.84 (m, 2H), 3.43 (dd, J = 8.9, 4.7 Hz, 1H),

3.11 (s, 3H), 2.19 (t, /= 2.6 Hz, 1H), 1.81 (tt, J = 12.8, 6.4 Hz, 1H), 1.69 — 1.42 (m, 2H), 0.97 (d, J = 6.5 Hz, 3H), 0.96

(d, J=6.6 Hz, 3H). 3C NMR (75 MHz, CDCl;) 6 174.4, 145.9, 140.3, 139.7, 134.6, 129.4, 128.2, 128.0, 125.5 (q, J =
283 Hz), 79.1, 71.9, 63.4 (q, J = 28.7 Hz), 59.8, 44.8, 43.0, 29.2, 25.0, 23.3, 21.9.

5.3. Synthesis of Alkyne 16

tert-butyl (1-(methoxy(methyl)carbamoyl)cyclopropyl)carbamate 13

Me A solution of 1-(Boc-amino)cyclopropanecarboxylic acid (200 mg, 0.99 mmol) in DCM
B°C\HE%N\OMe (2.5 mL) under argon was cooled to -15 °C. N,O-Dimethylhydroxylamine hydrochloride
o (100 mg, 1.0 mmol) was added, followed by 4-methylmorpholine (113 mL, 1.0 mmol). After

5 min, 1-(3-methylaminopropyl-3-ethylcarbodiimide hydrochloride (195 mg, 1.0 mmol) was added and the
reaction was allowed to reach room temperature and stirred overnight. Water was added and the solution was
extracted with DCM (3X). The combined organic phases were washed with brine, dried over Na,SO,, and
concentrated in vacuo to obtain pure Weinreb amide 13 as an off-white solid (1.08 g, 0.99 mmol, quantitative).
TLC Rf = 0.35 (1:1 EtOAc/heptane). 'H NMR (300 MHz, CDCl,) § 5.22 (s, 1H), 3.74 (s, 3H), 3.18 (s, 3H), 1.44 (q, J =
5.2 Hz, 2H), 1.44 (s, 9H), 1.03 (q, J = 4.8 Hz, 2H). 13C NMR (75 MHz, DMSO-d,) 6 171.9, 155.3, 78.0, 60.6, 34.0,
28.2,21.2,14.7.

tert-butyl (1-formylcyclopropyl)carbamate 14
Tert-butyl (1-(methoxy(methyl)carbamoyl)cyclopropyl) carbamate 13 (500 mg, 2.3 mmol) was
2{ dissolved in anhydrous Et,0 (50 mL) under argon and cooled to 0 °C. Lithium Aluminum Hydride
© (3.0 mL, 1M in Et,0, 3.0 mmol) was added dropwise and the reaction mixture was stirred for 2 h
at this temperature. The reaction was quenched by addition of 1N HCI (2.5 mL) and stirred vigorously for a few
minutes. The organic layer was extracted with 1N HCl and brine, dried over Na,SO,, filtered and concentrated to

obtain the product aldehyde 14 as a colorless oil. Use crude in the next step. TLC Rf = 0.47 (1:1 EtOAc/heptane).

190



Nonactivated Alkynes in Irreversible Covalent Cathepsin K Inhibitors

tert-butyl (1-ethynylcyclopropyl)carbamate 15
Dimethyl (1-diazo-2-oxopropyl)phosphonate (443 mL, 2.8 mmol) was dissolved in MeCN (25 mL)
BOC\NK and potassium carbonate (767 mg, 5.6 mmol) was added. The suspension was stirred at room
temperature for 10 min, then the freshly prepared aldehyde 14 (428 mg, 2.3 mmol) in MeOH (9
mL) was added. Stirring was continued overnight. The solvents were removed in vacuo and the residue was
dissolved in 1:1 Et,0/water. The layers were separated and the organic layer was washed with water and brine,
and dried over Na,SO,. The yellowish oil was purified by FCC (1:2 EtOAc/heptane) to give product 15 as a pale
white solid (165 mg, 0.90 mmol, 39%). TLC Rf = 0.66 (1:1 EtOAc/heptane). 1H NMR (300 MHz, CDCl,) & 5.00 (s,
1H), 2.13 (s, 1H), 1.46 (s, 9H), 1.23 = 1.16 (m, 2H), 1.12 = 1.01 (m, 2H). 13C NMR (75 MHz, CDC,) § 155.5, 85.8,
80.3, 66.8, 28.5, 23.7, 18.1.

1-ethynylcyclopropan-1-amine hydrochloride 16

To a solution of tert-butyl (3-bromoprop-2-yn-1-yl)carbamate 15 (165 mg, 0.91 mmol) in MeOH
(4.5 mL) was added 1.25N HCl in MeOH (1.82 mL, 2.3 mmol). The reaction mixture was left to
stir overnight, volatiles were removed in vacuo and the resulting solid was triturated with Et,0
to obtain alkyne 16 as a white solid (79 mg, 0.67 mmol, 74%). *H NMR (300 MHz, DMSO-d;) 6 8.74 (s, 3H), 3.59
(s, 1H), 1.26 (m, 2H), 1.23 — 1.07 (m, 2H). 13C NMR (75 MHz, DMSO-d,) 6 81.8, 74.4, 23.9, 13.7.

HCHNT S

5.4. Synthesis of Alkyne 19

tert-butyl prop-2-yn-1-ylcarbamate 17
According to published procedure,”” the reaction between 3-amino-1-propyne (3.2 mL, 50
BOC\H\ mmol) and di-tert-butyl dicarbonate (10.9 g, 50 mmol) afforded product 17 (7.8 g, 50 mmol,
quantitative) as a yellow solid. TLC Rf = 0.78 (1:1 EtOAc/heptane). 'H NMR (300 MHz, CDCl,)
54.92 (s, 1H), 3.86 (dd, J = 5.9, 2.5 Hz, 2H), 2.18 (t, J = 2.5 Hz, 1H), 1.40 (s, 9H). 13C NMR (75 MHz, CDCl,) § 155.4,
80.2, 80.0, 71.2, 30.4, 28.4.

tert-butyl (3-bromoprop-2-yn-1-yl)carbamate 18
Boc\N/\ T.ert-bu.tyl prop-2-yn-1-ylcarbamate 17 (583 mg, 3.8 mmol) was .di.ssolved in 19 mL DMF a.nd
H N Br silver nitrate (64 mg, 0.38 mmol) was added, followed by the addition of N-bromosuccinimide
(735 mg, 4.1 mmol, 1.1 eq). The mixture was covered with aluminum foil and stirred at room
temperature for 2 h, and was diluted with EtOAc and extracted with water (2X). The combined organic layers
were dried over Na,SO,, filtered over celite and concentrated to give a yellow solid. The crude material was
purified by FCC (3:1-2:1 EtOAc in heptane) to give bromoalkyne 18 (618 mg, 2.64 mmol, 70%) as an off-white
solid. TLC Rf = 0.58 (1:2 EtOAc/heptane). *H NMR (300 MHz, CDCl,) 6 4.69 (s, 1H), 3.94 (d, J = 5.5 Hz, 2H), 1.45 (s,

9H). 3C NMR (75 MHz, CDCl,) & 155.3, 80.2, 76.5, 42.8, 31.5, 28.4.

3-bromoprop-2-yn-1-amine hydrochloride 19
To tert-butyl (3-bromoprop-2-yn-1-yl)carbamate 18 (69 mg, 0.29 mmol) was added 4N HCl in
HC"HZN/\ dioxane (2 mL, 8 mmol). The reaction mixture was left to stir 1 h, volatiles were removed
Br in vacuo and the resulting solid was triturated with Et,0 to obtain product 19 (51.4 mg,
0.32 mmol, quantitative) as a white solid. *H NMR (300 MHz, DMSO-d;) & 8.58 (s, 3H), 3.75 (s, 2H).
3C NMR (75 MHz, DMSO-d,) 6 73.5, 48.9, 29.2.
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7.  Supporting Information

7.1. Chemical Synthesis

Nonactivated Alkynes in Irreversible Covalent Cathepsin K Inhibitors
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Scheme S1 | Synthesis of ODN and derivatives from affordable building blocks. Synthesis of precursor 1 was
started with a Suzuki coupling between commercially available boronic acid and 1-bromo-4-iodobenzene.
Obtained product 9 was lithiated in the presence of ethyl trifluoroacetate to give sulfide 10. Subsequent
oxidation resulted in ketone 11, which is prone to hydrolysis forming hydrate 12. Ketone 11 was submitted to a
diastereoselective reductive amination. The imine intermediate was formed with 4-fluoro-L-leucine, after which
it was reduced with NaBH,/ZnCl,. Aqueous acidic work-up and purification by flash chromatography resulted
in a mixture of diastereoisomers, which could be separated on preparative RP-HPLC. Diastereoisomers (S,S)-1
and (R,S)-1 were assigned based on comparison of 1H NMR to the published spectra of (S,S)-1.* Ester hydrolysis
of both diastereoisomers was also observed. Precursor (S,S)-1 was then submitted to HATU-catalyzed amide
coupling (conditions A or B) to give the final compounds.
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Scheme S2 | Synthesis of EMO7 for crystallography. Ketone 11 was submitted to a diastereoselective reductive
amination. The imine intermediate was formed with L-leucine, after which it was reduced with NaBH,/ZnCl,.
Aqueous acidic work-up resulted in a mixture of diastereoisomers, which could be separated on preparative
RP-HPLC with (S,S)-8 as the major isomer.”* Peptide coupling with propargylamine finally resulted in EMO7.
Stereocenters were assigned based on the X-ray diffraction data of the Catk—EMO07 adduct.
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Scheme S3 | Synthesis of building block (cyclopropyl)propargylamine 16. Treatment of Boc-protected 1-amino-
cyclopropanecarboxylic acid with N,0-dimethylhydroxylamine in presence of water-soluble coupling reagent
EDC formed Weinreb amide 13,*° which was obtained pure after a simple aqueous extraction. A reduction in a
Weinreb-Nahm ketone synthesis reaction with lithium aluminum hydride followed by aqueous acid treatment
formed aldehyde 14, and solvents were only partially removed in vacuo (400 mbar, room temperature) to minimize
loss of the volatile product. Crude aldehyde 14 was directly submitted to a Seyferth-Gilbert homologation reaction
with Ohira-Bestmann reagent to form Boc-protected alkyne 15.*" The Boc-protecting group was removed with
HCl to yield the hydrochloride salt of amine 16.
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Boc,0 AgNO,, NBS Bo Hel
H.N N N
NN THF, 75 °C H/\\\ DMF, rt H\

17 (quant) 18 (70%) 19 (quant)

HCI-HZN\

Br dioxane, rt Br

Scheme S4 | Synthesis of building block bromoalkyne 19. Installation of a protecting group increases the boiling
point (reducing loss of volatile free amine in solvent evaporation steps) and changed the physical appearance from
an oil to a solid — greatly improving compound handling — while increasing the molecular weight to above 100 Da
facilitates LC-MS detection and NMR analysis. Boc-protected propargylamine 17 was obtained by Boc protection
of propargylamine using standard published conditions.”” Subsequent direct silver-mediated halogenation was
achieved by displacement of the terminal alkyne proton of alkyne 17 with silver nitrate to form a silver acetylide
intermediate, which reacted with N-bromosuccinimide (NBS) to form Boc-protected bromoalkyne 18.% Remnants
of unreacted Boc-propargylamine 17 could be removed by flash column chromatography. HCl treatment, removal
of solvents in vacuo and trituration with Et,0O finally yielded the hydrochloride salt of amine 19.

7.2. Thiol Reactivity Assay

Table S1 | Retention times and m/z for unbound inhibitors and thiol adducts.

Unbound Cys adduct GSH adduct
Compound Rt (min) m/z° Rt (min) m/z° Rt (min) m/z°
6.89 630
ODN 7.17 526 5.94 648" N.D. 833
EMO02 7.04 500 6.69 604 5.68 807
’ 5.82 622" ‘
EMO3 7.37 525 N.D. 646 N.D. 832
EMO04 7.22 499 5.95 620 5.86 806
7.45 513
EMO5 7.20 531° 6.08 634 5.84 820
EMO6 7.62 577 & 579 6.12 698 & 700 6.04 884 & 886
2.59 665
E-64 3.48 358 2.29 479 2.80 665
afatinib 4.24 486 3.83 607 3.88 793
. - 5.41 748
ibrutinib 6.52 441 5.48 562 b
5.21 764
- 4.37 466 3.65 587
acalabrutinib 3908 184" 383 587 3.93 773

Data related to Figure 3. Detection of unbound inhibitor and adducts by LC-MS, with quantification of UV trace.
2Values in jtalics are expected/calculated values, not detected. ®Hydrolysis of inhibitor/adduct. N.D. = not
detected.
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7.3. Activity Assays

Activity (%)
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Figure S1 | Dose-Response Curves (DRC) for cysteine protease inhibition. Data accompanying Table 1. Graphical
data represents the mean * standard deviation for a single representative experiment.
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D xR, — PP
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Figure S2 | Evaluation of recombinant hCatK activity

. y -

covalent adduct
fluorescent

Recombinant CatK

Fluorescence Scan

CatK—-gqABP

23‘——-— adduct

Coomassie Stain

- ODN EMO03 EMO04 EMO5 EMO06 E-64

100 uM inhibitor

with quenched fluorescent ABP (qABP) BMV109.

(A) Schematic overview.”” Fluorescent adduct is formed upon covalent thiol addition, with the quencher as
leaving group. (B) Recombinant CatK is preincubated with inhibitor (2 h) followed by treatment with qABP
BMV109 (500 nM) for 2 h. CatK—inhibitor adduct formation blocks formation of fluorescent Catk—gABP adduct.*®

(C) Gel electrophoresis results. Top: Fluorescence scan (A,

« =635 nm, A, =665 nm) for CatK—qABP adducts.

Darker bands = more CatK activity. Bottom: Coomassie protein stain as loading control.
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7.4. Jump Dilution Assay
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Figure S3 | CatK activity in control samples without dilution (jump dilution assay). Data accompanying Figure 4.
Recombinant CatK was preincubated with inhibitor followed by addition of substrate Z-FR-AMC (final conc. 4 uM)
to establish inhibitory potency without dilution. Inhibitor concentrations shown are after addition of Z-FR-AMC
substrate, and correlate with the inhibitor concentration before and after 300-fold dilution in the jump dilution
assay (progress curves shown in Figure 4B). E-64 is the full inhibition control (dashed line).

7.5. Bottom-up MS Analysis

Sequence mature human CatK (Uniprot; P43235), with underlined proteolytic peptide containing catalytic
residue (Cys25) after trypsin digestion;

GYVTPVKNQG QCGSCWAFSS VGALEGQLKK KTGKLLNLSP QNLVDCVSEN DGCGGGYMTN AFQYVQKNRG IDSEDAYPYV
GQEESCMYNP TGKAAKCRGY REIPEGNEKA LKRAVARVGP VSVAIDASLT SFQFYSKGVY YDESCNSDNL NHAVLAVGYG
IQKGNKHWII KNSWGENWGN KGYILMARNK NNACGIANLA SFPKM
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Table S2 | Tryptic peptides identified with Mascot (v2.2.04) after alkylation (using iodoacetamide) and tryptic
digestion of recombinant hCatK or covalent hCatKk—EMO04 adduct.

Unbound hCatK hCatK-EMO04
NQGQCGSCWAFSSVGALEGQLKK NQGQCGSCWAFSSVGALEGQLKKK
Peptide sequence C5-carbamidomethyl (57.02 Da) C5-carbamidomethyl (57.02 Da)
C8-carbamidomethyl (57.02 Da) C8-EM04 (498.16 Da)
Charge +3 +4
Monoisotopic m/z 838.1 Da 771.11 Da

Bottom-up MS analysis. For the hCatKk—-EM04 adduct, double carbamidomethylated peptide
NQGQC*GSC*WAFSSVGALEGQLKK,;_,, disappears nearly completely, with appearance of peptide
NQGQC*GSC®WAFSSVGALEGQLKKK 4_,; with a single carbamidomethyl (*) and a single warhead (®).

Table S3 | Tandem MS analysis. Detected fragment ions of modified tryptic Catk—EMO04 peptide.

+ 2+

Sequence y y Y
N 24
Q 23
G 22
Q 21
c* 20
G 19
S 18
ce 17
W 875.0 16
A 782.0 15
F 746.3 14
S 672.9 13
S 629.4 12
" 1170.7 585.9 11
G 1071.7 536.3 10
A 1014.6 9
L 943.6 8
E 830.5 7
G 701.5 6
Q 644.4 5
L 4
K 403.3 3
K 275.2 2
K 1

Tandem MS analysis for NQGQC*GSC®WAFSSVGALEGQLKKK peptide (m/z = 771.11%) related to Table S2.
Obtained by alkylation and trypsin digestion of covalent CatKk—EMO04 adduct. * = carbamidomethyl. © = EM04.
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7.6. Protein Crystallography

A
Data Collection Refinement
Unit cell PDB ID 6QBS
a,b,c 75.351, 75.351, 340.184 A Resolution range 47.09-1.7A
a, B,y 90.0°, 90.0°, 120.0° No. reflections in working set 64031
Space group P61 2 2 (number 178) No. reflections in test set 64031
Molecules per au 2 R-kick value 21.0
Wavelength 0.97912 A RMSD
Resolution range 47.09-1.7A RMSD Bond lengths 0.02A
No. of unique reflections 64186 RMSD Bond angles 2.0°
Completeness (last shell) 99.9% (99.3%) No. of atoms in au 4018
Multiplicity (last shell) 33.1(24) Protein atoms 3298
Rmeas (last shell) 0.177% (0.978%) Water molecules 654
I/o 16.3(2.2) ar 2
Ca* 1
Mean B value 193 A°
Ramachandran plot statistics
Favored 412
Allowed 14
Outliers 0
B

Asp61-Gly66

s2
Met68 subsite

Tyré7 Leuzog\l/\/

Figure S4 | Protein crystallography of alkyne EM07 bound covalent to catalytic Cys25 in CatK. Data accompanying
Figure 6. (A) Data collection and refinement statistics for covalent Catk—EMO07 adduct. (B) Free kick weighted
electron density map *’ around inhibitor EM07 and Cys25. Blue represents maximume-likelihood free-kick (ML FK)
map contoured at 1.3 o. Relevant CatK residues are shown with stick model. Inhibitor is shown in stick model
(left) or ball-and-stick model (right). Nitrogen, oxygen, fluorine, and sulfur atoms are shown in blue, red, violet,
and yellow, respectively. Carbon atoms of EM07 and CatK are shown in cyan and gray, respectively.
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7.7. Kinetic Evaluation

Assay conditions were optimized to obtain a robust signal with a linear increase in product formation for
60 minutes, but a strictly linear rate of product formation for the DMSO control could not be obtained
(ke > 0). Full curves and fits are shown in Figure S5.

A ODN EMO4
5 4000+ [11 (nM) B [11 (nM)
2 2
3 - 0 3 - 0
2 - 01 2 - 25
g - 02 g - 50
£ 20004 - 04 £ - 93
3 - 07 2 - 179
H 1 3 340
a 3 2 - 681
5 5 5 - 1300
2 0 10 2 - 2475
0
Time (s)
EMO05
5 4000 [11 (n\M) 5 [11 (nM)
2 2
3 -0 3 - 0
2 - 99 z - 50
g - 198 4 - 99
£ 2000 - 371 z - 186
3 - 718 3 -~ 359
g 1361 H 681
2 - 2723 2 - 1361
§ - 5198 s - 2599
£ 0 —=- 9901 z - 4950
B 2-step IRREV k¢ 2-step REV k,,,,
0.0008+
~ -e- EMO04 ~
< 0.0004 - -~ EMO5 < - ODN
< - EM06 <
C
»
2
3 -~ ODN
N

0.01 01 1 10 100
011 (nM)

Figure S5 | Kinetic evaluation of covalent inhibitors. Data accompanying Table 2. (A) Progress curves for
baseline-corrected substrate hydrolysis were fitted to one-phase exponential association (constrained v, = 0 for
irreversible inhibitors) to find k. (B) Plots of k,, against inhibitor concentration were fitted to their respective
equations—based on inhibitor binding mode —to obtain relevant kinetic parameters. (C) Plot of v against inhibitor

concentration was fitted to Morrison’s quadratic equation to obtain steady-state equilibrium constant K;".
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7.8. Human Osteoclast Assays

Bone resorption quantification. The total bone resorption area was quantified because bone resorption
by osteoclasts is not homogeneously distributed over bone slices, and it can be hard to select representative
areas on the bone (Figure S6B). Please note that this only considers the area of resorption, not the depth of
the resorption pits: trenches are deeper than pits, so more bone is resorbed in the same area. An overview to
compare the total bone resorption on a bone slices, as judged by visual assessment, has also been included
(Figure S6C). A larger number of resorption areas correlates with more active, resorbing osteoclasts.
Trenches are characteristic of fully functional osteoclasts; pits are more commonly seen in osteoclasts with
impaired CatK activity. However, trenches and pits can be observed in both cases, possibly because mature
osteoclasts are formed between day 3 and day 7 (in absence of inhibitor): osteoclasts that matured before
day 7 already started to resorb the bone before inhibitor treatment was started.

A B
Mature osteoclast Osteoclast Bone Resorption
40
[inhibitor] ("M)
g = 0
-
2 - 3
g 20 Rt
« [ m 5
3
Sealing zone < [ . 400
3 2000
ca?" 0 I
60:2% ODN EM04 EMo5
Resorption pit
C
Conc. (nM) No. of resorption areas Trench Pit
E-64 2000 ++ + -
ODN 3 ++ + -
16 - +/- +
80 + +/— +
400 ++ - +
2000 + + +
EMO04 3 + + -
16 + + -
80 +/- + +
400 +/- - +
2000 - +/- +
EMO05 3 +/- + +
16 +/- + +
80 +/- + -
400 +/- + -
2000 - + +

Figure S6 | Bone resorption by human osteoclasts. Data accompanying Figure 7B. (A) Schematic overview
of osteoclast bone resorption. A resorbing osteoclast secretes lysosomal CatK into the acidified resorption
lacunae, resulting in degradation of collagen | and bone demineralization. Adapted from Rodan and Duong.*
(B) Quantification of bone resorption area. Bone resorption quantified as percentage of the total area on each
bone slice. This measurement does not distinguish between pits and trenches, so depth of the resorption pit is
not taken into account. (C) Qualitative assessment of bone resorption profile.
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TRACP staining and cell counting. Mature, resorbing osteoclasts are multinucleated and are TRAcP
positive. Tartrate-resistant acid phosphatase (TRAcP) is a commonly used histochemical marker of
osteoclasts, and secretion of TRACP is correlated with resorptive behavior.”” TRACP is upregulated upon
selective CatK inhibition (either genetic or pharmaceutical).”” The number of mature osteoclasts increased
upon treatment with high inhibitor concentrations (Figure S7).

gABP labeling. Osteoclast (OC) lysates were incubated with quenched activity-based probe (qABP)
BMV109, that forms a fluorescent protease-qABP adduct with active, uninhibited protease (Figure S8A,
see also Figure S2). Fluorescence scan reveals that only small amounts of mature CatK are present in
DMSO-treated OCs, possibly because mature CatK is self-degrading. Coomassie protein staining shows
that differences in mature CatK are not the result of loading differences. The observed CatK activity in
ODN-treated OC lysates is an artifact and does not reflect CatK activity in the lysate: excess of irreversible
qABP can outcompete reversible inhibitor ODN from CatK-ODN complexes and adducts.

Western Blotting. Osteoclast lysates were loaded as concentrated as possible (10 pL/lane) because the
CatK concentration in OC lysate is otherwise too low for detection, even when using an HRP secondary
antibody to amplify the signal. The different CatK species - full-length proCatK, _s,,, proCatK,, 5,, without
the signal peptide, and mature CatK;,5 3,0 - can clearly be identified in the mature CatK and proCatK
controls (Figure S8B-C). An increase in mature CatK is observed for ODN (all concentrations), and high
concentrations of EM04 and EMO5.

ODN
EM04
==
Nl
v
oo _
EMO05 oy
Oy
S ag | .
Bl 2 multinucleated
e TRAP+ osteoclast
3nM
B
ODN EMO04 EMO05
1000 1000 1000
[inhibitor] ("M)
@ @ @
v H H =0
= = =
§ § § 3
% 500 2 500 % 500 e
o o 1 o
Pe R 5 | 5 = 50
2 f 2 S = 400
2000
0 0 0
3-5 6-10 >10 total 3-5 6-10 >10 total 3-5 6-10 >10 total
No. of nuclei per OC No. of nuclei per OC No. of nuclei per OC

Figure S7 | Counting mature OCs on plastic. (A) Representative TRAcP-stained OCs on plastic treated with ODN,
EMO4 or EMO5. (B) Osteoclast formation on plastic with different inhibitor concentrations. For all inhibitors, an
increase in the number of mature OCs is observed at high inhibitor concentration.
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Figure S8 | CatKactivity and expression in osteoclast (OC) lysates. Data accompanying Figure 7C. (A) Full gel scans
for OC lysates treated with gABP BMV109 (1 uM) for 2 h. Darker bands = more CatK activity. Top: Fluorescence
scan (A, = 635 nm, A, = 665 nm) for protease—qABP adducts. Bottom: Coomassie protein stain as loading
control. (B) Schematic overview of various cathepsin K species. Inactive proCatK is activated by acid-mediated
autoproteolysis to form mature, active CatK.” (C) Full blots for OC lysates. Top: anti-CatK (chemiluminescence).
Bottom: anti-Actin (A = 785 nm).
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