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Introduction

Human tissue kallikrein 4 (KLK4) is a trypsin-like serine
protease of 24.1 kDa which belongs to a 15-member family of
closely related peptidases (kallikrein-related peptidases, or
KLKs). KLK4 is expressed as a preproprotein of 254 amino
acid (aa) residues, converted to a 228 aa proprotein, and
activated to a 224 aa mature proteinase by a metalloprotease.1
Strikingly, KLK4 is imperative for tooth development,
particularly in the formation of enamel, which also depends on
MMP-20.%* In adults, KLK4 is mainly expressed in prostate
epithelial cells. Even though its physiological role in the
prostate is not extensively studied, it was recently demonstrated
that KLK4 is up-regulated in prostate cancer®’ and is related to
a poor prognosis.6 Like other KLKs, KLLK4 has extracellular
hydrolytic activity, such as activating and/or degrading matrix
proteins,” cancer associated proteins,® proteases,’ and signalling
receptors.'’ In both patho- and physiological conditions, KLK4
expression is regulated by steroid hormones in a tissue-specific
manner. The androgens influence its expression in prostate and

11,12
breast cancer cells,

whereas estrogen causes expression in
endometrial and ovarian cancer cells."® Notably, KLK4 has the
capacity to activate the urokinase-type plasminogen activator
(pro-uPA), as well as to modulate the activity of its receptor
(uPAR), both of which play a significant role in metastatic
cancers.'® All these findings suggest that KLK4 can find

application both as cancer biomarker,'>'®

8,12

and therapeutic
target.
To date, a number of natural inhibitors (serine protease
inhibitors, or serpins) with physiological implication in KLK4
activity regulation are known, but only a small group of non-
natural inhibitors has been discovered."” Among these we can
find peptides like sunflower trypsin inhibitor and its
analogues.'® Currently, no small-molecules are known as KLK4
inhibitors. Since its predominant role in the development and

Y and chemoresistance in

progression of prostate cancer
ovarian cancer,'' KLK4 emerges as a suitable target for the
development of antitumor agents.

Several diphenyl phosphonate compounds have been identified

as potent, irreversible serine protease inhibitors.?’>® Interesting

This journal is © The Royal Society of Chemistry 2013

The diphenyl phosphonate warhead is intended to bind irreversibly with serine proteases, but
unexpectedly, very potent KLK4 diphenyl phosphonate inhibitors were discovered with

examples are a uPA inhibitor reported by Joossens et .
(compound 8b, k,,, = 1x10° M's™)?!, an elastase inhibitor ' .
2x10° M's)y** a
subtilisin inhibitor by Pietrusewicz et al. (compound 43, k,,, =
1x10° M'sh*, a GluC inhibitor by Burcharcka et al
(compound 8a, kg, = 8x10° M's™)*, a DPP IV inhibitor by
Belyaev et al. (compound 1le, kyy, = 2x10° M's)! and :
DPPS8 inhibitor by Van der Veken et al. (compound 2e, kg, =
4x10° M's). Here we describe a series of diphenyl

Winiarski et al. (compound 61, K., =

phosphonate compounds, as the first small molecule inhibitors
of KLK4 (Table 1). KLK4 belongs to the S1 protease family
with a preference for cleaving amide substrates following Arg >
Lys > Tyr at the P1 positions.*”*® Traditionally a peptidic tail is
added to that position to obtain more potent and selective
diphenyl phosphonate inhibitors. Nevertheless we published the
design and evaluation of very potent and selective non-peptidic
diphenyl phosphonate uPA inhibitors?' lacking a peptidic tail
We designed these small compounds around the preferred 1 .
position since it drove the diphenyl phosphonate warhead most
optimally in the direction of the catalytically active serine
followed by the formation of a covalent bond between the
phosphorous atom of the warhead and the serine alcohol of the
enzyme. The binding mechanism of the diphenyl phosphonate
warhead is explained in Figure I. Based on the same rationale
we made a selection of Arg, Lys and Tyr diphenyl phosphonate
mimetics and evaluated them for KLK4 inhibition,202% 3-40- 42
This study will show that screening of a focussed library o.
compounds designed for irreversible inhibition can genera*z
surprising results. Specific attention should be given to e
kinetic binding mechanism, even if the ICsy values show strong
binding to the target. Because selectivity issues are generally
observed with protease inhibitors, we decided to test the
compounds against a broader protease panel.

Results and discussions

Compounds 1la-f,h and 2a-b were synthesized as previou._,
described (see Scheme 1 and 2, Supporting Information). 2"
25 3% 41 Compounds 1a-i and 2a-b were tested in enzyma ‘o
assays to determine their ability to inhibit KLK4 as well as ®

J. Name., 2013, 00, 1-3 | 1
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other related trypsin-like serine proteases and 1 serine
hydrolase.

Our compound evaluation approach started with the evaluation
of enzyme inhibition at 3 inhibitor concentrations (250 uM, 2.5
puM and 25 nM), followed by the ICs, and progress curve
determinations for compounds showing more than 50%
inhibition at 2.5 uM. Corresponding ICs, values were calculated

Enzyme
Enzyme

Binding site

PENTACOORDINATE TRANSITION STATE

Figure 1.

Binding slte ,f',‘

- [e]
Binding site ,",‘

The diphenyl phosphonate derivatives are known as irreversible
inhibitors of serine proteases, hence, we performed kinetic
View, Online

studies to determine the inhibition meshanismg e Mﬁ@%@ﬁ
compounds with significant KLLK4 inhibition at concentrations
lower than 2.5 pM. Based on the obtained progress curves we
determined the type of binding kinetics. (Figure 2A) For the
most interesting compounds we confirmed the type o

Enzyme

Binding slte ,'

AGED COMPLEX

Binding mechanism of diphenyl phosphonates. The warhead is directed towards the active serine followed by a

pentacoordinate transition state. After release of one phenol a covalent bond is formed. The second phenol can be released during a so

called aging process by the influence of a water molecule

using dose-response curves and are reported in Table 1. The 4
Parameter Logistic nonlinear regression model was used for
curve-fitting analysis (Grafit.v7 (erithacus.com)). This model
does not make any assumptions about the interaction and
provides 4 parameters: a minimum asymptote, a maximum
asymptote, the Hill slope describing the steepness of the curve,
and the inflection point at a concentration defined as the ICs,.
All available curves and equations can be found in the
supplementary information. Most of the tested compounds
In fact,
compounds 1b, le-h and 2a-b showed ICs, values in the sub-

exhibited excellent potency in inhibiting KLK4.

micromolar/nanomolar concentration range (ICs, range 0.003-
0.250 uM).

The most potent KLK4 inhibitor within this series was
compound le, which showed an ICsy value of 3.4 nM. We
recently published compounds 2a and 2b which were generated
during the validation of a MSAS approach to obtain uPA
inhibitors.*> Interestingly they also show some KLK4
inhibition, although the alpha amino substitutent is not present.
This emphasizes the strength of the P1 side chain as a directing
group for the diphenyl phosphonate interaction with the
catalytic serine of the protease.

In particular, all the active compounds are characterized by the
presence of a guanidine or amidine function, as expected from
the substrate selectivity of the enzyme. As mentioned before,
KLK4 is able to recognize and cleave the peptide bonds of the
substrate predominantly after an arginine residue, however it
also cleaves after lysine or tyrosine at the P1 position of a
substrate. Compounds characterized by aniline and phenol
moieties in the P1 position (1¢, 1d, 1i) did not display potent
KLK4 inhibition. The most potent KL.LK4 inhibitor of this series
(1e) also shows a nice selectivity. The selectivity ratio (ICsg
enzyme/ICsy KLK4) is about 70 for KLK2 and KLK1 and is
more than 300 for the other enzymes.

2 | J. Name., 2012, 00, 1-3

inhibition by a dilution experiment. (Figure 2B). Unexpectedly
the progress curve of le shows a reversible binding type for
KLK4. (Figure 2) In these experiments, enzyme and inhibito:.
were incubated at 37°C upon addition of the substrate (Boc
Val-Pro-Arg-AMC). The conversion of the substrate to the
fluorescent aminomethyl-coumarin is monitored and the result:
are expressed as relative fluorescence unit (RFU) against time.
A typical irreversible binder shows progress curves which shov
final velocities equal to zero and these curves are described by
hobst in the

reversible inhibition curve, (1e) the steady-state rate is different

the following equation: v, = v.e However,
from zero since the enzyme is not completely blocked a -
conversion of the substrate continues after the time dependent
inhibitor binding step. This curve is characterised by three
phases: an initial phase that extrapolates to time =0 with slop«
vo, final phase with a slope equal to v, and an exponentia
phase that connects the two linear phases with a pseudo-first
order rate constant of kg,s. All equations used for fitting the
progress curves are described in Lambeir et al.** The progres.
curve of le is consistent with a slow reversible type o1
inhibition. Fitting the progress curve of this reaction gives :
value of Kqps = Kogr + Kon[I] and thus allows to estimate ki when
kon and [I] are known. In the experiment of Figure 2B the r .e
of dissociation is comparable with the rate of binding at t.

lowest inhibitor concentrations used, so there is no need tc
hypothesize that a covalent adduct is formed and subsequently
hydrolyzed over the course of hours.

We have performed progress curves and dilution experiments
for all compounds showing more than 50% inhibition at 2.5
pM. (see supplementary data). Compounds 1b, le, 1f, 1g, 1h
2a and 2b all show a reversible type of binding. This stu_,
suggests that in the case of KLLK4 inhibition, the presence of t* 2
diphenyl phosphonate warhead combined with its optimal 1
fragment is not sufficient to guarantee an irreversible binding

This journal is © The Royal Society of Chemistry 2012
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KLK4 ICso (uM)
Cpd R, R2 Type of
binding KLK4 KLK2 KLK1 KLKS8 uPA tPA Thrombin Plasmin FXa AChE
P ST
A i NH ND >25  >25 >10 >10 >250° >2.57 >2.5" >250"  >2507  >10
Cbz
NH
T e Rev 004 25 082 0125 084 a4t 0.8"" 30 >10f =10
Cbz
NH,
o T
1c g?ﬁ NH- ND >10 >2.5 >10 >10 >10 >10 >10 >10 >10 >10
Cbz
NH,
1d" fv©/ N >10 =10 >10 >10 19.80 32 62 / >10 /
Cbz
H
N_ _NH,
¥ /©/ T * * t + G ¥ ¥
le % NH NH- Rev 0.0034 0.22 0.24 1.16 2.70 250 250 4.90 3.60 >10
Cbz
KN n NH.
1f Y Rev 0012  0.53 >10 017" 0.007"" 12f 240" 3f >100  >20
p W NH-
Cbz
NH
+ NH, sk " s .
1g Rev 0041  >25  >25 079 >2.5" >257  0.196" >250  >25T >10
NH-
Cbz
NH

4 NH, * 3k + +
1n' -LN©A N Rev 0015 072 1.37 5 0.90 68" 17" 620" 137" >20

Cbz
OH
i€ EQ/ No. ND >10  >25 0086  >10 >10 >10 >10 >10 >0 >10
H

H Rev 025 244"  >25 1.44" 1.40° >10 >10 >10 >0 >10
2p° H Rev 008 3027 >25 017 00079  >10 >10 >10 >10  >10

ND: not determined because IC50 above 2.5 uM; Rev: Reversible binding; *Reversible binding, **Irreversible binding. Standard deviation

available in supplementory information. Synthesis or datapoints also reported in Tref 21, ¥ ref 25, Cref 39, S ref. 42,
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Figure 2. A: Progress curve of compound 1e in the presence of KLK4. Each curve represents a different concentration of compound 1e ((a) 0 uM,
(b) 3nM, (c) 6 nM, (d) 13 nM, (e) 25 nM, (f) 50 nM, (g) 100 nM, (h) 200 nM). The curves represent a reversible binding mechanism with slow type
binding characteristics. B: This graph represents the results of a dilution experiment ( (a) No inhibitor, (b) in the presence of 1e). Compound 1e

was incubated at 300 nM with an enzyme concentration 100 times higher than within the ICs, assay. After 15 minutes the mixture was 100 times

dilutes with buffer. If compound 1e was an irreversible inhibitor the enzyme activity would be completely inhibited also after dilution (no increase

mode of the inhibitor to the enzyme. In the case of the here
reported KLK4 inhibitors it can be hypothesised that upon
interaction of the compounds with enzyme’s P1 pocket, the
phosphonate esters may not be properly positioned for a
nucleophilic attack by the serine residue. We can state that the
reason should not be found in the chemical properties such as
stability or lower reactivity of the warhead, because compounds
1b, 1f, 1g, 1h, 2a and 2b show irreversible inhibition for uPA,
KLK8 or KLK2. Detailed information can be found in Table 1
and the supplementary information. Compound 1g is a
promising hit candidate but shows strong inhibition of
thrombin. This could cause side effects related to interference
with the coagulation cascade, which needs to be avoided.
Nevertheless, also for thrombin the determination of the
binding characteristics is important. Reversible or irreversible
inhibition of thrombin could lead to a different interpretation of
the safety risk. We conclude that the ideal P1 substitution is not
yet found to obtain potent, selective and irreversible KLK4
inhibitors. Alternatively, additional modifications such as
modifications of the alpha amino substituents or replacements
of the phenyl esters may be necessary to obtain selective
irreversible KLK4 binders. Experiments are currently in
progress to identify improved compounds which will be
presented later in combination with their biological results

Conclusions

For the first time, we report potent small molecule KLK4
inhibitors. A set of compounds from a focused library designed
for irreversible inhibition was tested in a KLK4 inhibition
assay. From this preliminary study, five compounds (1d-h)
emerged as good inhibitors with ICso values in the range of sub-
micromolar/nanomolar concentrations. Compound 1le is a
single digit nanomolar inhibitor of KLK4 with at least a 70-fold
selectivity in a panel of highly homologous proteases.
Surprisingly 1e showed reversible binding kinetics. This study
demonstrates that the type of inhibition should always be
carefully investigated, even if potent ICs, values are obtained
with compounds designed to be irreversible. These data

represent a good starting point to develop selective KLK4
inhibitors. Irreversibility is a desirable characteristic fo
diphenyl phosphonate inhibitors and a necessary prerequisite tc
develop activity-based probes to validate KLK4 as a targe’
and/or biomarker in cancer. Further results in this area will be
reported in due course.
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