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Abstract: A series of commercial phenyl-, heteroaryl-, alkyl-, and
alkenylboronic acids were evaluated for their FAAH and MGL
inhibitory activities. The compounds were generally selective for FAAH,
with ICsy in the nanomolar or low-micromolar range. Eight of these
compounds inhibited MGL with ICsy in the micromolar range. The
most potent compound, phenylboronic acid with para-nonyl substituent
(13), inhibited FAAH and MGL with ICsy of 0.0091 and 7.9 uM,
respectively.

Fatty acid amide hydrolase (FAAH®),"* a membrane-bound
enzyme part of the endocannabinoid system, has been considered
as a potential target for therapeutic agents in the treatment of
various medical conditions including inflammation and pain.
FAAH has been found to be the primary enzyme responsible
for the hydrolysis of endocannabinoid N-arachidonoyl ethano-
lamide (anandamide, AEA),® an important lipid messenger in
the brain and periphery. AEA and a second endocannabinoid
2-arachidonoylglycerol (2-AG)* are found in most mammalian
tissues, and they act at CB; and CB; receptors,®” ' modulating
several physiological responses, including pain sensation,
anxiety, and depression.'' However, after release from the
postsynaptic neurones, AEA and 2-AG are rapidly eliminated
by uptake into cells followed by intracellular hydrolysis by
FAAH and monoglyceride lipase (MGL),'>'* respectively,
resulting in weak and transient in vivo effects of the CB; and
CB; receptor activation. By blockage of the FAAH and/or MGL
activity with potent inhibitors, the AEA and/or 2-AG levels can
be elevated, and the desired cannabimimetic effects are
achieved.'*'®

Many different classes of FAAH inhibitors have been reported
in the past decade, including various fatty acid derivatives'®~>°
and non-lipid inhibitors such as a-keto heterocycles,?"** car-
bamate derivatives,'*?*** and most recently, piperidine/pipera-
zine ureas.”> The most studied, in vitro and in vivo, FAAH
inhibitors are 7-phenyl-1-(5-(pyridin-2-yl)oxazol-2-yl)heptan-
l-one (OL-135)*% and 3'-carbamoylbiphenyl-3-yl-cyclohexyl-
carbamate (URB597).'* They have been shown to elevate the
AEA levels and potentiate its actions in the brain. OL-135 has
been found to display in vivo activity, producing analgesic
effects in various pain models.?>*® Furthermore, several reports
have indicated that URB597 exerts analgesic,m’l‘s’”_29 anxi-
olytic,"* and antidepressant effects.*®

MGL has been found to be inhibited by some nonspecific
inhibitors, such as hexadecylsulfonyl fluoride (HDSF), methyl
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Figure 1. Structure of phenylboronic acid (1) and corresponding sp’
hybridized transition stage analogue.

arachidonylfluorophosphonate (MAFP),'**!-*? and sulfhydryl-
reactive compounds like N-arachidonylmaleimide (NAM).*

Boronic acids have been used extensively as inhibitors of
various hydrolytic enzymes such as peptidases and lipases, as
well as employed as other pharmaceutical agents.>* However,
boronic acids have not been described to have FAAH inhibitory
activity until very recently, in a patent application® published
during the preparation of this manuscript. As boronic acids are
well described as inhibitors of other serine hydrolases and
because of the fact that FAAH bears a catalytic Ser241-Ser217-
Lys142 triad, wherein Ser241 is determined to act as a
nucleophile,**® we hypothesized that boronic acids could serve
a new concept for the development of novel inhibitors of FAAH.

Herein, we present FAAH inhibitory activity data and a
preliminary structure—activity relationship for various com-
mercial boronic acids. Results of preliminary binding orientation
analysis for FAAH, explored by molecular docking, are also
described briefly. Moreover, a screening of the compounds
against MGL is presented.

After it was established that phenylboronic acid (1) (Figure
1) could inhibit FAAH (but not MGL at 100 4«M) with an ICs
of 2.6 uM, a series of meta-, para-, and ortho-substituted
phenylboronic acids and a range of heteroaryl-, alkyl-, and
alkenylboronic acids were purchased and studied to establish
their initial structure—activity relationships for the inhibition
of FAAH. Altogether, 22 commercial compounds were tested
for their inhibitory potencies against FAAH in the assay
described previously.*® The screening against MGL activity was
determined using 2-AG as a substrate and human recombinant
MGL (hrMGL) as an enzyme source (see Supporting Informa-
tion).

The utility of boronic acids as reversible enzyme inhibitors
is based on the conversion between the trigonal planar sp> and
the tetrahedral sp® boron, which makes these compounds ideal
transition state analogues (Figure 1) to the carbonyl containing
substrates.** Because of the boron open electron shell, boronic
acids are described as strong Lewis acids. Among the substituted
phenylboronic acids the pK, values are dependent on the
electronic nature and the position of substitution, varying in the
range of 4.5—9.3 and thus making a part of them suitable for
ready conversion to the sp* hybridized form under physiological
conditions.***° To study the dependence of FAAH inhibition
potencies on calculated pK, values (see Supporting Information)
and the steric contributors, we selected and tested compounds
with various electronic and steric properties.

As evident from the results presented in Table 1 for the meta-
substituted phenylboronic acids, the electron-withdrawing ethox-
ycarbonyl (2) and trifluoromethyl (3) moiety in the meta-position
of the phenyl ring positively correlated with the FAAH ICs
values. This is presumably due to lower pK, values (pK, of 8.1
and 7.9, respectively) compared to that of 1 (pK, of 8.9) and
increased strength of the presumed covalent bond formed
between the catalytic hydroxyl group of Ser241 and boronic
acid, thereby enhancing the stability of formed tetrahedral adduct
and lowering the ICsg to the nanomolar level (0.080—0.12 uM).
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Table 1. ICsy Values for FAAH and MGL Inhibition by
Meta-Substituted Phenylboronic Acids

OH

Al

ICsp (95% CI“) or % inhibition at 100 uM”

compd R FAAH (uM) MGL (uM) caled pK,
2 COEt  0.12(0.10—0.13) 34% 8.1
3 CF;3 0.080 (0.073—0.087) 38 (30—48) 7.9
4 CN 1.6 (1.2-2.2) 21% 7.5
5 Ph 0.13 (0.11—0.14) 71 (63—80) 8.6
6 OMe 1.9 (1.6—2.2) 7% 8.4

“ICsp values represent the mean from three independent experiments
performed in duplicate with 95% confidence intervals shown in parentheses.
Enzyme activity was completely abolished at the highest tested concentration.
> The percentage of inhibition is represented as the mean from two
independent experiments performed in duplicate.
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Figure 2. Schematic presentation*' of putative FAAH binding mode
of 13. Polar and hydrophobic amino acids are colored purple and green,
respectively. Green arrows depict hydrogen bonding interactions with
side chains.

However, an interesting observation was made with the phe-
nylboronic acid with an electron-withdrawing meta-cyano group
(4) and the lowest pK, value (7.5) in the series; the ICs, value
was as high as 1.6 uM, close to that determined for 1 (IC5p =
2.6 uM). The compounds with slightly electron-donating phenyl
(5) and strongly electron-donating methoxy (6) groups inhibited
FAAH with ICsp of 0.13 and 1.9 uM, respectively. Presumably,
the rather high pK, for 6 (8.4) suggests that this compound might
not be as capable of forming the supposed covalent bond with
the catalytic serine as 2 and 3. The low ICs, of 5 is expected to
be due to favorable lipophilic interactions between the distant
phenyl group and enzyme’s active site residues (see Figure 2
for plausible amino acids).

Concerning the influence of pK, values on the inhibition
potencies, similar observations were made in the series of para-
substituted phenylboronic acids to those of meta-substituted
compounds (Table 2). The electron-withdrawing CF; (8), NO,
(9), and CN (10) groups (pK, = 7.4—8.1) at the para-position
decreased the ICsp to the nanomolar range (ICso = 0.036—0.29
uM), while the electron-donating methoxy group (12) (pK, =
9.3) did not have any effect on the ICsy (ICso = 2.0) compared
to that achieved with compound 1. As expected, on the basis
of the relatively high pK, (9.0) of 7, the fluoride group at para-
position did not enhance the inhibitory potency (ICsp = 1.5 uM).
The most potent para-substituted compounds were lipophilic
phenyl (11) and nonyl (13) substituted phenylboronic acids,
albeit with rather high pK, (8.9 and 9.1, respectively). These
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Table 2. ICsy Values for FAAH and MGL Inhibition by
Para-Substituted Phenylboronic Acids
C|)H
o
R
ICs0 (95% CI) or % inhibition at 100 uM”

compd R FAAH (uM) MGL (uM) caled pK,

7 F 1.5 (1.4—1.7) 3% 9.0

8 CFz  0.036 (0.029—0.046) 20 (17—24) 8.1

9 NO, 0.21 (0.18—0.26) 43% 7.4

10 CN 0.29 (0.26—0.31) 36% 7.7

11 Ph 0.021 (0.018—0.023) 19 (16—23) 8.9

12 OMe 2.0(1.8—2.2) 11% 9.3

13 CoHj9 0.0091 (0.0074—0.011) 7.9 (6.7-9.3) 9.1

“1ICso values represent the mean from three independent experiments
performed in duplicate with 95% confidence intervals shown in parentheses.
Enzyme activity was completely abolished at the highest tested concentration.
®The percentage of inhibition is represented as the mean from two
independent experiments performed in duplicate.

Table 3. ICsy Values for FAAH and MGL Inhibition by
Ortho-Substituted Phenylboronic Acids

ICso (95% CI¢) or % inhibition at 100 £M”

compd R FAAH (uM) MGL (%) caled pK,
14 F 0.71 (0.64—0.79) 13 8.7
15 CF; 68(55—85) 20 8.5
16 Ph 110 (89—130) 2 8.9
17  OMe 13(11-15) 11 9.0

“ICsp values represent the mean from three independent experiments
performed in duplicate with 95% confidence intervals shown in parentheses.
Enzyme activity was completely abolished at the highest tested concentration.
®The percentage of inhibition is represented as the mean from two
independent experiments performed in duplicate.

compounds inhibited FAAH with ICsp of 0.021 and 0.0091 uM,
respectively. The para-substituted compounds, albeit with
slightly higher pK, (7.4—9.4), were generally more potent
FAAH inhibitors than the meta-substituted compounds (pK, =
7.5—8.6). This is evident when comparing the inhibition
potencies of meta-substituted compounds 3-5 (ICsp = 0.080—1.6
uM) with those of para-substituted 8, 10, and 11 (ICsy =
0.021—0.29 uM). These observations indicate that there is more
steric tolerance near the enzyme’s catalytic site for the para-
subtitution than for the meta-substitution.

Ortho-substituted phenylboronic acids were also tested (Table
3). The bulky ortho-substituents, CF; (15) and phenyl (16),
proximal to the boronyl group were suggested to decrease the
inhibition potencies because of steric inhibition in the formation
of the tetrahedral adduct and therefore to give relative high ICs
values (ICs of 68 and 110 uM, respectively). Furthermore, the
poor inhibition of FAAH by 17 can be due to the electron-
donating property of methoxy group and/or the formation of
internal coordination between the methoxy oxygen and the
boronyl group. Interestingly, the compound with fluoride
substituent (14) inhibited FAAH at the nanomolar level (ICsg
= 0.71 uM). This is presumably due to the rather small size
and the electron-withdrawing effect of the fluoride. In the series
of ortho-substituted boronic acids, the steric effects were
considered to affect the ICso more likely than the pK,.

After the substitution effects of various substituted phenyl-
boronic acids were established, a range of aromatic heterocyclic
and alkyl- and alkenylboronic acids were tested against FAAH
and MGL. The results for heterocyclic and alkyl derivatives
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Table 4. 1Csy Values for FAAH and MGL Inhibition by
Heteroarylboronic Acids

OH

N OH A OH RS B*OH
I =
S OH (0] OH F N
19

18 20

ICs0 (95% CI“) or % inhibition at 100 uM?”

compd FAAH (uM) MGL (uM) caled pK,
18 0.15 (0.13—0.17) 32 (25—41) 7.3
19 0.33 (0.29—-0.37) 100 (93—110)° 6.5
20 10 (9.3—11) 2% 6.2

“ICsp values represent the mean from three independent experiments
performed in duplicate with 95% confidence intervals shown in parentheses.
Enzyme activity was completely abolished at the highest tested concentration.
®The percentage of inhibition is represented as the mean from two
independent experiments performed in duplicate. “ Remaining enzyme
activity 8.4% at 1 mM.

Table 5. ICsy Values for FAAH and MGL Inhibition by Alkyl- And
Alkenylboronic Acids

QH
QH 2 B‘OH
21 22
ICso (95% CI%) or % inhibition at 100 uM”
compd FAAH (uM) MGL (uM) caled pK,
21 1.3 (1.0—1.6) 4% 10.4
22 0.014 (0.013—0.015) 31 (25—-39)° 10.0

“ICsp values represent the mean from three independent experiments
performed in duplicate with 95% confidence intervals shown in parentheses.
Enzyme activity was completely abolished at the highest tested concentration.
®The percentage of inhibition is represented as the mean from two
independent experiments performed in duplicate. “ Remaining enzyme
activity 16% at 1 mM.

are presented in Tables 4 and 5, respectively. The heterocyclic
benzothiophene (18) and benzofuran (19) derivatives were
shown to be potent FAAH inhibitors, with ICsy of 0.15 and
0.33 uM, respectively. In contrast, the 6-fluoropyridine-3-
boronic acid (20) inhibited FAAH in the micromolar range (ICsq
= 10 uM).

On the basis of reported pK, values for different types of
boronic acids, the relative order of the formation of tetrahedral
boron is aryl > alkyl.*® Consequently, the calculated pK, values
of the alkyl (21) and alkenyl (22) derivatives (10.4 and 10.0,
respectively) were expected to have a negative influence on
inhibition potencies. However, 21 was shown to be as potent
an FAAH inhibitor as 1, with an ICsy of 1.3 uM. Moreover, 22
inhibited FAAH with an ICsp of 0.014 uM (Table 5).

Compounds 1—22 were shown to be less effective as
inhibitors of MGL. However, eight compounds showed over
50% inhibition at 100 #M in the screening against MGL activity
and were further determined for their ICsy values. The most
potent MGL inhibitor was 13 with an ICsyp of 7.9 uM.
Compounds 8 and 11, with less lipophilic para-substituents in
the phenyl ring (CF;3 and Ph, respectively), inhibited MGL with
ICsp of 20 and 19 uM, respectively (Table 2). The corresponding
meta-substituted phenylboronic acids 3 and 5§ (ICsy of 38 and
71 uM, respectively) (Table 1) were less potent MGL inhibitors
than 8 and 11. Within the heteroarylboronic acids, 18 (ICsyp =
32 uM) was a more potent MGL inhibitor than 19 (ICso = 100
uM) (Table 4). Compound 22 inhibited MGL with an ICsj of
31 uM (Table 5). On the basis of the obtained results, the MGL
inhibition was suggested to be more dependent on the size and
lipophilicity than the pK, values of the compounds.
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Molecular docking was utilized to gain insight on the FAAH
binding mode of the boronic acids presented here. A putative
binding mode of 13 is shown in Figure 2. Additional details
are presented in Supporting Information.

In conclusion, we discovered that boronic acids are potent
inhibitors of FAAH, with ICsy values in the nanomolar or low-
micromolar range. Furthermore, some of these compounds were
found to inhibit MGL with ICs, values in the micromolar range,
demonstrating that boronic acids could offer a new approach
for designing novel MGL inhibitors. The present results indicate
that the lipophilic and/or electron-withdrawing para-substituents
in phenylboronic acids are beneficial for both FAAH and MGL
inhibitory activity. Moreover, some correlation was observed
between the calculated pK, values and inhibition potencies
against FAAH within each series of substituted phenylboronic
acids. Besides the phenylboronic acids, the benzothiophene- and
benzofuran- and lipophilic alkenylboronic acids were able to
inhibit FAAH and MGL activity. In order to elucidate the FAAH
binding mechanism and orientation of boronic acid derivatives
in more detail, mixed quantum and molecular mechanics
calculations (QM/MM) will be carried out.**** In addition, the
ICs data of the present and future compounds will be exploited
in quantitative structure—activity relationship (QSAR) modeling.
As boronic acids are known to inhibit other hydrolytic enzymes,
the selectivity of these compounds for FAAH over other
hydrolases and cannabinoid receptors should also be studied
carefully. Moreover, although boronic acids have previously
been reported to form covalent bond with catalytic serine
residues of the most serine hydrolases,* this is not necessarily
true in the case of the inhibition of FAAH, and therefore, the
inhibition mechanism of FAAH by boronic acids would be an
important issue to study in more detail in the future. These
results can be helpful in the further design of a compound with
potent inhibitory activities toward the hydrolysis of AEA and/
or 2-AG.
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