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ABSTRACT: Two series of novel LOXL2 enzyme inhibitors are described:
benzylamines substituted with electron withdrawing groups at the para-position
and 2-substituted pyridine-4-ylmethanamines. The most potent compound, (2- N
chloropyridin-4-yl)methanamine 20 (hLOXL2 ICy, = 126 nM), was shown to be
selective for LOXL2 over LOX and three other amine oxidases (MAO-A, MAO-B,

NHz hLOXL2 hLOX
C\, X~ hLOXL2 +BSA +BSA {1
l P ICso ICso ICso selective
20 126nM 190nM 5910 nM 31
BAPN 66nM 83nM 550nM 6.6

and SSAQ). Compound 20 is the first published small molecule inhibitor selective

for LOXL2 over LOX.
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Lysyl oxidases (LOXs) are a family of five copper-containing
amine oxidases that oxidize the terminal e-amine of specific
lysine or hydroxylysine residues present in the telopeptide
regions of collagen (or elastin) to generate the corresponding
allysine.”” These aldehydes can then condense with other
lysines and hydroxylysines to form a cross-linked collagen
matrix.” Pathological tissue fibrosis results from excessive
collagen deposition as well as increased cross-linking leading
to pro-fibrotic signaling changes within resident cells in the
ECM network. The accumulation of extracellular matrix within
a disease tissue leads to scarring and destruction of the normal
tissue architecture and ultimately to organ failure.” Treatments
for fibrosis are limited; however, two drugs (pirfenidone and
nintedanib) were recently approved for IPF though they offer
only modest benefits.” One approach to treating fibrosis is to
block the cross-linking of collagen fibrils through inhibition of a
LOX-family enzyme. The LOX family consists of five
isozymes, LOX and LOXL1—4, all of which are secreted
enzymes that are proposed to act on collagen molecules within
the ECM. They all contain a Cu** ion coordinated to three
conserved histidines and a lysyl-tyrosine quinone (LTQ)
cofactor in the catalytic domain; however, they can be
differentiated into two subgroups based on the structure of
their N-termini. LOX and LOXLI contain a basic propeptide at
their N-termini which requires cleavage in order to generate a
catalytically active enzyme. Mice deficient in either LOX or
LOXLI1 show cardiovascular and other organ defects.”*
LOXL2, 3, and 4 all possess four scavenger receptor cysteine-
rich (SRCR) domains in their N-termini which are
hypothesized to mediate cell-adhesion and protein—protein
interactions. LOX and LOXL2 have been well studied and
shown to be upregulated in patients with fibrosis and
cancer.””"? In addition to its activity on the ECM, LOX and
LOXL2 have proposed intracellular roles involving regulation
of chromatin structure and gene transcription.””” > An anti-
LOXL2 antibody (Simtuzumab) that binds to the fourth SRCR
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domain but does not fully inhibit the catalytic activity recently
failed in a number of clinical trials in lung and liver disease.”"®
However, the negative clinical data does not reflect a robust test
of the efficacy of a molecule capable of fully inhibiting LOXL2
enzymatic activity. Thus, it was envisioned that a small
molecule capable of fully inhibiting the catalytic activity of
extracellular, and potentially intracellular, LOXL2 while
maintaining selectivity over LOX would be desirable.

To date, no selective LOXL2 inhibitor structure has been
published and no NMR or X-ray structures for any of the
LOX(L) enzymes are known. Therefore, the design of our
inhibitors started with an examination of the enzyme
mechanism and knowledge of the prototypical pan-LOX(L)
inhibitor, ﬁ-aminoproPionitrile (BAPN; 1), a mechanism-based,
irreversible inhibitor.” A simplified proposed mechanism for
the oxidation of primary amines by LOXL2 is shown in Scheme
1 and is based on the previously postulated mechanism for
LOX/LOXL2.° Briefly, in the oxidation of lysine, the £-amino
group is first reversibly reacted with the LTQ of I to afford the
intermediate substrate Schiff base II. A nearby basic residue is
postulated to catalyze the irreversible rearrangement of II by
proton abstraction, leading to a reduction of the quinoid ring to
form the product Schiff base, phenol III. Hydrolysis of III
yields the aldehyde (allysine) and intermediate IV, which is
then recycled via a number of steps involving O, and Cu to I
with the release of H,0, and NH,."® The role of Cu(II) in the
catalytic cycle has been studied for LOX and is controversial.’
In the case of LOX, when BAPN binds, the intermediate III has
been proposed to isomerize to a more stable product V,
potentially capable of forming a copper chelated species, or a
nearby nucleophilic residue forms a covalent adduct to
irreversibly inactivate the enzyme.'” Another simpler hypoth-
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Scheme 1. Proposed Mechanism for the Oxidation of
Primary Amines by LOXL2 and the Inhibition by BAPN
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esis to explain the inhibition is that the nitrile from BAPN in
intermediate ITI makes an interaction with the LOX(L) protein
which stabilizes a conformation (e.g, IIIA) resistant to
hydrolysis. Such interactions involving a nitrile group forming
a hydrogen bond with an enzyme to stabilize an enzyme
inhibitor complex are well precedented.”” A two-pronged
approach was used to identify lead inhibitors: (i) a focused
rational screen evaluating known inhibitors of other AOs (in
particular LOX) and (ii) modifications of weak substrates in
order to identify derivatives that could bind to the LTQ-
quinone and generate the postulated stable enzyme—inhibitor
complex (c.f. ITTA). It was hypothesized that the differences in
the active site between LOX and LOXL2 (the latter has an N-
glycosylated Asn644 in the catalytic domain) would then allow
for the design of selective inhibitors.’

All compounds were obtained from commercial vendors, and
the assay methods employed are described in the Supporting
Information. The human LOXL2 activity assay was carried out
using an Amplex Red assay to measure the inhibition of H,O,
produced following the oxidative deamination of 1,5-
diaminopentane (DAP).” Serum-free concentrated condi-
tioned media (CCM) from CHO cells stably expressing
human LOXL2 was used as the source of enzyme (Supporting
Information Figure 1). BAPN 1 (Table 1) shows time-
dependent inhibition in this assay with the ICy, shifting from
243 nM to 66 nM in going from a 15 min to a 2 h
preincubation (Supporting Information Figure 2). There was
no significant change in potency with a 4 h pretreatment;
therefore, a 2 h preincubation time was used for compound
screening. Phenethylamine 2 (wherein the nitrile of BAPN is
replaced by phenyl) was tested and was shown to be a weak
inhibitor of LOXL2 (ICy, = 60 uM), in contrast to its effect on
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Table 1. Inhibition of Human LOXL2 Activity Following
Either 15 min or 2 h Incubation with Amines 1—4
hLOXleca; /+ SD (uM)°
ICs0 X/~ SD (uM) x/+ SD (u
Compound %15 min) 7 2hn)

1 NO\p, 0243x+1.16(14)  0.066 x/+1.25 (105)

2 Phorgy, 60.1 x/+ 1.07 (3)
3 Ph NH, >100 (1)
4 F’h/\NHz 64.7 x/+ 1.49 (3)

“Amplex Red assay. Numbers in parentheses are N-values. “ICs,
values shown as geometric mean x/+ geometric standard deviation

LOX, where it is a substrate.”” 2-Phenyl cyclopropylamine 3, a
weak inhibitor and substrate of LOX, as well as a potent
mechanism-based inhibitor of the FAD-containing AOs LSD-1
and MAO-A and B, did not show any inhibition of LOXL2
activity up to 100 uM.”>** Benzylamine 4 (a weak substrate of
LOX and a weak inhibitor of the oxidation of elastin by LOX)
also showed weak inhibition of LOXL2 with an IC, of ~65
UM. Therefore, 4 was used as a starting point for structure—
activity relationship (SAR) studies.”® The effect of substituting
the phenyl ring of 4 was then evaluated (Table 2). Electron-

Table 2. SAR of Benzylamines

R'—\ NH; hLOXL2 (2hr)?

N

Compound R IC50 X/+ SD (uM)°
4 H 64.7 x/+ 1.49 (3)
5 4-OMe 35.0 x/+ 1.04(3)
6 4-NH, 47.0 x/~1.11 (3)
7 4-F 26.0 x/+ 1.28 (4)
8 4-NO, 0.719 x/+ 1.04 (3)
9 4-CN 0.670 x/+ 1.56 (3)
10 4-CO,Me 3.62 x/ 1.15 (3)
11 3-CO,Me 3.54 x/+ 1.26 (3)
12 4-C(=NH)NH, 1.11 x/+ 1.73 (5)
13 3-C(=NH)NH, 4.97 x/+ 1.39 (3)
14 4-(thiazol-2-yl) 0.902 x/+ 1.13 (3)
15 4-CN: N-Me >100 (2)

“Amplex Red assay. Numbers in parentheses are N-values. bICSO
values shown as geometric mean x/+ geometric standard deviation

donating groups in the para position 4-OMe (S5) and 4-NH,
(6) had little effect. In contrast, electron-withdrawing
substituents had a beneficial effect on potency. The 4-fluoro
derivative 7 (26 pM) was about 2-fold more potent than 4,
while the 4-nitro 8 and 4-cyano 9 derivatives were significantly
more potent with ICsy’s of ~700 nM. The 4-CO,Me analog 10
showed reasonable potency with an ICg, of ~3.6 uM, and the
regioisomer 3-CO,Me 11 was equally potent. For the amidine
substituents, para substitution 12 (4-C(NH)NH,; ICg, ~ 1.1
#M) was more potent when compared to meta substitution 13
(3-C(NH)NH,; ICsy = ~ S uM). In the results obtained by
Williamson and Kagan for the inhibition of bovine aorta LOX,
electron-withdrawing substituents on benzylamine decreased
the substrate potential while increasing the ability to inhibit the
enzyme.” Further, they postulate that the developing anion
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generated in the proton abstraction step (Scheme 1, II to III) is
stabilized and the enzyme—substrate (ES) complex III is lower
in energy in the presence of a para-electron-withdrawing group,
which would raise the activation energy in the hydrolysis step
(11 to IV).

More elaborate para-substituents were explored, and these
also show a range of potencies, with the 4-(thiazol-2-yl)
derivative 14 being one of the more potent compounds at ~0.9
UM. To confirm that a primary amine is required for activity,
compound 15 was screened (the N-Me analog of 9), and this
showed no inhibition up to 100 yM. While some of the
substituted benzylamines described in Table 2 showed
interesting activity, these compounds also inhibit LOX.>® The
lack of selectivity prompted us to evaluate related heterocyclic
methylamines as potential selective LOXL2 inhibitors.
Pyridine-based inhibitors of copper-containing AQO’s have
been described and were screened against porcine aorta LOX.
Only two of four compounds showed inhibition at high
concentrations (0.1 mM), and inhibition of LOXL2 was not
reported.26 In our hands, the pyridin-4-yl methanamine 16,
when tested against LOXL2, was found to be a much more
effective LOXL2 inhibitor than benzylamine 4 (Table 3; 1.22

Table 3. SAR of Pyridine Methanamines
hLOXL2 (2 hr)2

compound IC5q x/= SD (uM)®
N NH,
16 N~ 1.22 x+1.29 (3)
'\O\%
|
17 Z NH, 821 x+1.52(3)
18 N"NH,  6.04 x+ 1.07 (3)
N~
19 NH,  0.999 x+ 1.53 (4)

o
[¢)
Z=
\ //2/

20 C'\(j/\NHz 0.126 x+ 1.30 (5)
N ~
21 FWNHZ 0.385 x/= 1.38 (3)
N ~#
22 @(NHZ 0.431 x/= 2.02 (3)
N ~# E )
23 Meojij/\NHz 1.18 i+ 1.12 (3)
N. ~
24 T@ﬁwz 0.309 x+ 1.23 (3)
= N~
N
25 \\/N@/\NHz 0.203 x/+ 1.24 (3)
1 0.321x+1.15 (3
%6 N N, 0321%51.15(3)
27 N7 >31(3)
Ns Y NH
NZNcr,

“Amplex Red assay. Numbers in parentheses are N-values. “ICq,
values shown as geometric mean x/+ geometric standard deviation

UM vs 64.7 uM). Based on this, we decided to probe the SAR
of related substituted pyridines. Extension of the amine chain to
the ethylamine analog 17 led to a reduction in potency
indicating that the methylamine is preferred. The quinoline
analog 18 was less active than 16, perhaps due to the added
steric bulk ortho to the methylamine group. The addition of
electron withdrawing groups in the 2-position of the pyridine
ring had a positive effect on the inhibitory potency. Such
substitution significantly reduces the basicity of the pyridine
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nitrogen. Thus, the 2-CF; (19), 2-Cl (20), and 2-F (21)
derivatives all showed good inhibition with the 2-Cl analog 20
being the most potent at 126 nM. Moving the fluorine from the
2- to the 3-position (21 to 22) did not have a major effect,
since the 3-F analog was only slightly less active. The electron
donating 2-methoxy substituent of 23 did not alter the potency
compared to the unsubstituted pyridine 16. However, the 2-
phenoxy derivative 24 was 4-fold more potent with an ICy, of
309 nM. Presumably the phenyl group is picking up an
additional interaction with the enzyme. Compounds containing
heteroaryls, e.g. the 2-(imidazole-1-yl) analog 25 and 2-
(pyridin-3-yl) analog 26, were also found to be potent
inhibitors, with IC;, values of 203 nM and 321 nM,
respectively. Bulky substituents ortho to the methylamine are
not tolerated (compare 26 and 27), although the small fluorine
atom in the ortho position is beneficial (16 versus 22). In
summary, pyridine-based inhibitors are generally more potent
and selective than the benzylamines.

Unlike BAPN (an irreversible inhibitor), compound 20 was
found to be largely a reversible inhibitor (using a washout
method; see Supporting Information Figure 3); however, ~35%
of the inhibition by 20 was irreversible at 2 h, and this was
maintained out to 24 h. This implies that there are at least two
different populations of bound inhibitor—LOXL2 complexes: a
reversible population and an irreversible population. Additional
analogs of 20 containing bulky substituents were shown to be
mostly irreversible inhibitors (data not shown). These
inhibitors would not be able to form additional covalent
bonds with the enzyme as proposed in V (Scheme 1), so this
hypothesis seems unlikely. In an attempt to rationalize these
data, we propose that the inhibitors lock down the enzyme into
two populations (Scheme 2). The reversible population could

N
KS\YH
Cu(ll) HZNK\C<>
additional binding site

| A
cu(ll) ZN
cl
reversible l

Scheme 2

K

pyridine
binding
site

.y

inactive
reversible

Cu(l) \) Cu(ll) KQ

Cl

access channel /

to solvent |5
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secondary binding sites are known for other AOs.”” >’ The
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to hydrolysis. For our inhibitors, the pyridine nitrogen is
potentially involved in stabilizing the enzyme—inhibitor
complex and the pyridine ring may be involved in a 7-stacking
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interaction. Presumably, the active site of LOX is different and
lacks the pyridine binding site, hence the selectivity for LOXL2
that is observed. Large substituents are tolerated and, since
substrates for LOXL2 contain lysines residues in protein
molecules, it is reasonable to assume that the active site is large
enough to allow access.”® This is the case for the topaquinone
(TPQ)-containing enzyme, Pichia pastoris lysyl oxidase, which
has a broad funnel leading to the active site.”"

In AOs containing the topaquinone (TPQ) cofactor, the
TPQ_ can readily rotate in the active site, resulting in two
enzyme conformations, both observed by X-ray analysis.*> The
“on-copper” (inactive) conformation has the quinone oxygen
acting as a copper ligand, whereas the “off-copper” orientation
is not copper ligated and is catalytically competent. For
LOX(L) enzymes, the LTQ cofactor is further tethered through
the lysine adduct and it is not free to rotate, leading to a more
restricted catalytic site.

The most potent LOXL2 inhibitor, (2-chloropyridin-4-yl)
methanamine 20, was selected for further evaluation and
comparison to BAPN (Table 4.) In the human whole blood

Table 4. Inhibition of Selected LOX(L) Enzymes

ICy; x/+ SD (uM)$

20 BAPN, 1
hLOXL2" 0.126 x/+ 1.30 () 0.066 x/+ 1.25 (104)
hLOXL2 blood” 1.45 x/+ 1.57 (4) 0.396 x/< 1.38 (43)
hLOXL2 + BSA® 0.19 x/+ 1.40 (3) 0.083 x/+ 1.53 (40)
hLOX + BSA? 591 x/+ 1.84 (3) 0.550 x/+ 1.36 (36)
mLOXL2 + BSA® 0.227 x/+ 1.46 (3) 0.128 x/+ 1.29 (3)
rLOXL2 + BSA” 0.136 x/+ 1.13(3) 0.127 x/+ 1.15(3)

Amplex Red assay. “hLOXL2. “hLOXL2 spiked into human blood.
‘hLOXL2 with BSA. “hLOX with BSA. “mLOXL2. 'rLOXL2. €IC,
values shown as geometric mean x/+ geometric standard deviation.

LOXL2 assay (using the Amplex Red assay to measure the
oxidative deamination of DAP by human recombinant LOXL2
spiked into human whole blood), the amine 20 had an ICg, of
1.45 uM compared to 126 nM in the absence of blood proteins.
BAPN was 2—4-fold more potent than 20 in both assays (396
nM and 66 nM in the blood and CCM assays, respectively),
and thus, both compounds are modestly shifted by ~6 to 10-
fold in the presence of human blood proteins. To assess the
selectivity versus the related LTQ-containing human LOX, a
modified assay system was used, as LOX required the addition
of BSA to the serum-free media from HEK cells stably
expressing hLOX in order to obtain measurable activity. The
corresponding plus BSA assay was also run for LOXL2 to
generate an accurate head-to-head comparison. The results
show a 31-fold selectivity of amine 20 for LOXL2 + BSA (ICs,
=190 nM) over LOX + BSA (ICy, = 5.91 uM) whereas BAPN
is relatively nonselective (6-fold difference). This selectivity
shown by 20 is a significant advantage over BAPN. We also
measured the potency of 20 against LOXL3 and found it to
have an ICg, of 214 nM, almost equipotent to LOXL2 (data
not shown). Attempts to generate stable cell lines for LOXL1
and 4 were unsuccessful, so the potencies against these two
enzymes were not determined. The potencies of 20 and BAPN
were evaluated against rat and mouse LOXL2 using identical
assay conditions (CCM + BSA) and were found to be similar
(range 127—227 nM.) Against a panel of non-LTQ-containing
AO enzymes (MAO-A, MAO-B, and SSAO), amine 20 was
found to be inactive at 30 M. Lastly, amine 20 was profiled for
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the inhibition of three different CYP enzymes (CYPs 3A4, 2C9,
and 2D6), and in each case the ICy, was >30 uM.** Thus,
amine 20 is a selective LOXL2 inhibitor and may be suitable for
in vitro testing.34

In summary, we have identified two series of novel LOXL2
enzyme inhibitors: (a) para-substituted benzylamines and (b)
2-substituted pyridin-4-ylmethanamines. The most potent
compound, (2-chloropyridin-4-yl)methanamine 20, was
shown to be a mostly reversible inhibitor on LOXL2 and
selective for LOXL2 over LOX and three other AOs. It has
similar potency in inhibiting LOXL2 as the pan-LOX(L)
inhibitor BAPN. Compound 20 is commercially available and
may be a useful tool compound to probe LOXL2. We will
describe the design of more potent analogs in future
publications.
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