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Adamantyl ureas were previously identified as a group of compounds active against Mycobacterium tuber-
culosis in culture with minimum inhibitor concentrations (MICs) below 0.1 pig/ml. These compounds have
been shown to target MmpL3, a protein involved in secretion of trehalose mono-mycolate. They also inhi-
bit both human soluble epoxide hydrolase (hsEH) and M. tuberculosis epoxide hydrolases. However,
active compounds to date have high cLogP's and are poorly soluble, leading to low bioavailability and
thus limiting any therapeutic application. In this study, a library of 1600 ureas (mostly adamantyl ureas),
which were synthesized for the purpose of increasing the bioavailability of inhibitors of hsEH, was
screened for activity against M. tuberculosis. 1-Adamantyl-3-phenyl ureas with a polar para substituent
were found to retain moderate activity against M. tuberculosis and one of these compounds was shown
to be present in serum after oral administration to mice. However, neither it, nor a closely related analog,
reduced M. tuberculosis infection in mice. No correlation between in vitro potency against M. tuberculosis
and the hsEH inhibition were found supporting the concept that activity against hsEH and M. tuberculosis
can be separated. Also there was a lack of correlation with cLog P and inhibition of the growth of M. tuber-
culosis. Finally, members of two classes of adamantyl ureas that contained polar components to increase
their bioavailability, but lacked efficacy against growing M. tuberculosis, were found to taken up by the
bacterium as effectively as a highly active apolar urea suggesting that these modifications to increase bio-
availability affected the interaction of the urea against its target rather than making them unable to enter
the bacterium.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

population, are infected with the TB bacterium, including 10-15
million in the United States alone. The current chemotherapeutic

Tuberculosis (TB) is a contagious disease and one of the leading
causes of death world-wide. According to the World Health Orga-
nization, more than two billion people, one third the world’s total
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approach involves a 6 months treatment consisting of an initial
intensive phase of rifampicin, isoniazid, pyrazinamide, and etham-
butol daily for 2 months followed by a continuation phase of rifam-
picin and isoniazid for a further 4 months, either daily or 3 times
per week.! The emergence of drug-resistant strains has been a
huge problem in recent years,> and now strains resistant to both
first and second line antibiotics multidrug resistant (MDR) and
extensively drug-resistant (XDR) TB, respectively have clearly been
identified.>* Although it is desirable to improve standard chemo-
therapy by identifying drugs that act more quickly and are active
against non-replicating TB bacilli® obtaining such compounds is
difficult and problematic. In contrast, compounds of reasonable
activity comparable to isoniazid and rifampicin should be more
readily obtainable and are urgently needed for MDR and XDR TB.
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The use of quinolones, one of the few remaining drugs available to
effectively treat patients with MDR®7 is threatened by resistance.?
In the search for such drugs a large effort has focused on targeting
essential Mycobacterium tuberculosis enzymes because an enzyme
targeted approach has yielded powerful and important new drugs
in other fields such as the protease inhibitors in AIDS and statins in
cholesterol control. However, in spite of intensive efforts both in
industry and academia, this approach has yet to yield promising
new antimicrobials.® In contrast, screening chemical libraries
against mycobacteria in culture has yielded new drug candidates,
perhaps most importantly a diarylquinolone'® which is now in
phase Il clinical trials. Screening against mycobacteria in our
own laboratories revealed the potent activities of adamantyl ureas
against M. tuberculosis in culture.!' The target of these adamantyl
ureas has been shown to be the trehalose mono-mycolate trans-
porter known as MmpL3."> MmpL3 has previously been shown
to be essential for the growth of M. tuberculosis'® and efforts are
underway to develop a direct assay for its action in our laboratory.
Some structure activity relationships have been determined!' but
in all cases the compounds were poorly bioavailable. In the context
of inhibitors of human soluble epoxide hydrolase, over 1600 ureas
have been synthesized, primarily in efforts to improve their bio-
availability.’*'® The determination of the potency of these com-
pounds against M. tuberculosis in culture was undertaken as a
logical next step to develop ureas with good bioavailability as
new tuberculosis therapeutic agents.

2. Results and discussion
2.1. Initial screen

An initial screen of the library was conducted at 10 uM com-
pound concentration against M. tuberculosis H37Rv. All compounds
with some activity were further analyzed to determine their MIC
values against the same bacterium. All active compounds are pre-
sented in Tables 1-3. In addition some compounds with structures
related to active compounds that were inactive at 10 M were also
analyzed for MICs values (Tables 1-3).

The compounds presented in Table 1 are phenyl adamantyl ur-
eas with various small substituents on the phenyl group. The most
active were halogenated substituents (e.g. 1-5 Table 1) which
tended towards high cLogP values and also were similar to com-
pounds previously recognized as highly active.!! On the other ex-
treme, compounds with ionizeable groups such as 22, 29, and 30
(Table 1) showed very poor MIC values; in fact all of 49 adamantyl
ureas that contained a COOH group, except 22 were inactive at
10 uM against M. tuberculosis. A large number of small, non-ionize-
able subsituents on the phenyl ring including ethers, thio ethers,
and esters showed intermediate activity with MICs between 1
and 5 (Table 1).

The effect of the attachment of larger groups to the phenyl ring
of phenyl adamantyl ureas was analyzed (Table 2). The attachment
of a second phenyl ring to the phenyl adamantyl ureas via an ether
linkage led to three compounds with MIC values below 1 pg/ml
(32-34). The activity was sensitive to the attachment position on
the internal phenyl ring, a ~30-fold decreased in antibacterial po-
tency was observed by moving the phenoxy substituent of 32 from
a para position to the meta position (38). This is also reflected with
compounds 34 and 37 (Table 2). Unfortunately, all these com-
pounds are quite non-polar. Groups such as morpholino (40, 41,
46, 47) linked to the phenyl via an ether linkage produced com-
pounds with decreased cLogP values, but these compounds had
very high MIC values (all greater than 20 pg/ml). Linkage of the
morpholino group via an amide also resulted in an inactive com-
pound (45, Table 2).

Finally, compounds in which the phenyl group of phenyl ada-
mantyl phenyl ureas was attached to the urea moiety via a non-
aromatic linker groups were analyzed (Table 3). Relatively short al-
kanes (58 and 57) and alkynes (56) retained some activity and two
had cLogP values below 5. Cyclohexyl spacer groups in either cis or
trans configurations (Table 3) in which the phenyl groups were at-
tached by an ether linkage essentially lost all activity.

2.2. Follow up on 6

Our initial goal was to identify compounds with both a good
MIC and reasonable cLogP and other molecular features consistent
with the possibility of good bioavailability. Although there was
found to be no overall correlation between MIC values and cLogP
values (see Table S1 in the Supplementary data) only one com-
pound, 3 (Table 1) with an MIC below 1 pg/ml and a cLogP below
4.5 was found; when the MIC criteria was relaxed to 1.1 pg/ml
(and the cLogP criteria kept at below 4.5) three others were noted,
6, 8, and 9 (Table 1). Since compound 6 had been shown to have
encouraging pharmacokinetics in dog (C. Morisseau unpublished
results), it was selected for further studies. An initial PK study in
mice showed that the compound appeared in serum at concentra-
tions above the MIC values (Fig. 1) when dosed in standard (i.e. not
genetically modified) mice at 140 mg/kg in 30% Captisol. Therefore,
an efficacy study using tuberculosis infected mice was performed
using this compound and the related compound 7 (Table 1, MIC
0.1 pg ml). (In compound 7 the adamantyl group is attached to a
secondary carbon as we have found that attachment of the urea
nitrogen to a secondary rather than a tertiary carbon in the ada-
mantyl group yields compounds with a lower MICs.!!) Gamma
interferon knockout (GKO) mice were infected with a low dose aer-
osol and treatment with 6 and 7 at 150 mg/kg in 30% Captisol per-
formed twice a day by oral gavage, starting 15 days after infection
and proceeding for 9 days of treatment (Table 4). Unfortunately in
contrast to the over 3 log protection afford by the known drug iso-
niazid, no protection was seen in either lungs or spleens for either
compound (Table 4). These disappointing results suggest further
experiments to determine the concentration of 6 and 7 in lungs
and their efficacy against M. tuberculosis in macrophages.

2.3. Lack of correlation between inhibition of epoxide hydrolase
and inhibition of growth of M. tuberculosis in culture

In our initial work with these analogs, we recognized that ada-
mantyl ureas could inhibit the human soluble epoxide hydrolase
(hsEH).!! Inhibition of hsEH has been shown to affect cardiovascu-
lar diseases and pain management.'%2° Thus, all active hits were
analyzed for a correlation between their ability to inhibit the
growth of M. tuberculosis in culture and their ability to inhibit
hsEH. The analysis (see Supplementary data, Tables S1 and S2)
showed that there was no correlation between the MIC values
and the ICsos against the hsEH which is encouraging in the context
of avoiding unwanted inhibition of hsEH with future adamantyl ur-
eas targeting the growth of M. tuberculosis. We next determined if
compounds with cyclohexylether and morpholino groups (Table S3
and also see Table 5) with high MIC values against M. tuberculosis
were inactive due to their inability to enter the bacterium. Both
compounds (67 and 40) were quite active against hsEH; 67 was
also active against tuberculosis epoxide hydrolase but 40 relatively
inactive against the tuberculosis enzyme (Table 5). The analysis
showed that both 67 and 40 were taken up as well as 66 which
is highly effective against M. tuberculosis (Table 5). Thus the cyclo-
hexylether and morpholino groups did not inhibit the uptake of
these compound by M. tuberculosis and likely the compounds were
inactive because they no longer inhibited the transport action of
MmpL3.
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Phenyl adamantyl ureas with small substitutents
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Table 1 (continued)
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ID# R MIC pg/ml cLogP ID# R MIC pg/ml cLogP
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2.4. Conclusions

In conclusion it was found that the best modifications of the
phenyl group that retained activity against M. tuberculosis but de-
creased the cLogP values were the combination of carboxy methyl
and an alcohol (6 Table 1). Compounds with larger and specifically
designed groups such as polyethers, cyclohexyl ethers, and mor-
pholino groups which very nicely lowered cLogP values while
retaining activity against hsEH, lost their effectiveness against M.
tuberculosis. After administration by oral gavage, 6 appeared in
the serum in concentrations well above its MIC, but neither it
nor the related 7 were efficacious in diminishing an infection of
M. tuberculosis in the mouse model. Further experimentation is re-
quired to determine if high protein binding is the reason for this
lack of efficacy or if other factors play a role. On the other hand,
it was encouraging to note the divergence of inhibition of epoxide
hydrolase inhibition activity and inhibition of the growth of M.
tuberculosis and to see that adamantyl ureas containing polar com-
ponents in their structure were able to penetrate the highly imper-
meable mycobacterial cell wall.

3. Experimental procedures
3.1. Preparation of the library of ureas

Most of chemicals used in the library were synthesized for their
ability to inhibit the human soluble epoxide hydrolase!#1517:18:21-
28, few were of commercial origins (Chem Service Inc., West Ches-
ter, PA; and Sigma Chemical Co, St Louis, MO). The library was pre-
pared in 2 mL deep well polypropylene 96-well assay blocks
(Fisher Scientific, Santa Clara, CA; #07200700). For every com-
pound, a one milliliter solution at 10 mM in DMSO was prepared
in a 2 ml glass vial and the solution was transferred into the assay
block using a clean glass syringe. Only compounds totally soluble
at 10 mM in DMSO were kept inside the library. In each plate
1 mL of DMSO was dispensed in the first column wells to serve
as controls. In the remainder of the plates, one compound per well
was dispensed, with 88 compounds total per plate. Nineteen plates
were created with different chemicals for a total of 1672 com-
pounds. The plates were tightly sealed with EVA copolymer sealing
mats (Fisher Scientific #07201112). The plates were then sealed in
a 2-mil thick plastic bag, to avoid condensation, and stored at
—20 °C until use. Upon usage, the plates were allowed to warm-
up at room temperature overnight before to be removed from
the plastic bag. Using a robotic pipetting station (Quadra 96-96
well automated pipetor; Tomtec, Hamden, CT), each well was first
mixed and the compound solutions were diluted 10-fold in DMSO

(down to 1 mM) and then in the appropriate buffer or media and
transferred into 96 well plates.

3.2. MIC values, cLogP calculations, and Epoxide hydrolase
inhibition

MICs, soluble human soluble epoxide hydrolase inhibition, and
mycobacteria epoxide hydrolase inhibition were determined as
previously described.!! cLogP values were calculated by ChemBio-
Draw (Cambridge Soft, Cambridge, MA).

3.3. Chemical synthesis of 66, 6, 7, 67, and 40

All synthesized compounds had >99% purity determined by RP-
HPLC and ELSD.

3.3.1. 1-(2-adamantyl)-3-(2,3,4-trifluorophenyl)urea 66!
The above compound was synthesised as described.

3.3.2. Methyl 4-(3-(1-adamantyl)ureido)-2-hydroxybenzoate
(6)11,29
The above compound was synthesised as described.

3.3.3. Methyl 4-(3-(2-adamantyl)ureido)-2-hydroxybenzoate (7)

Compound 7 was synthesized using a modified protocol from
Majer and Randad.3° Triphosgene (1.10 g, 3.7 mmol) was dissolved
in 1,2-dichloroethane (25 mL) and cooled on an acetone and dry ice
bath. To that, a mixture of methyl 4-amino-2-hydroxybenzoate
(2.01 g, 12.0 mmol) and DIPEA (3.83 mL, 22.0 mmol) in 1,2-dichlo-
roethane (50 mL) was added drop wise over 15 min. After the reac-
tion mixture stirred for an additional 5 min, a suspension of 2-
adamantylamine hydrogen chloride (1.88 g, 10 mmol) and DIPEA
(3.83 mL, 22.0 mmol) in 1,2-dichloroethane (25 mL) was added.
The reaction mixture was removed from the acetone and dry ice
bath and stirred for 1 h. The solvent was then removed under re-
duced pressure and the residue was purified on silica gel using a
hexane to ethyl acetate gradient. Yield: 1.569 g (46%) as a white
powder; mp: 210-214°C; '"H NMR (DMSO-dg): 6 =1.56 (1H, s),
1.59 (1H, s), 1.67-1.89 (12H, m), 3.77 (1H, d, J= 8 Hz), 3.85 (3H,
s), 6.63 (1H, d, J=8 Hz), 6.80 (1H, d, J=8 Hz), 7.20 (1H, s), 7.65
(1H, d, J=8Hz), 8.81 (1H, s), 10.66 (1H, s); ESI-HRMS my/z:
[M+H]" calcd: 345.1814, found: 345.1801.

3.3.4. 1-(1-Adamantyl)-3-(4-pentyloxycyclohexyl)urea (67)
Compound 67 was synthesized as previously described'” (in

that report it was identified as compound 24). Yield: 49 mg (27%)

as a white powder; mp: 229-231°C; 'H NMR (CDCls): 6 =0.89
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Table 2
Phenyl adamantyl ureas with large substituents
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(3H, t, J=8Hz), 1.10 (2H, q, J= 16 Hz), 1.29-1.39 (5H, m), 1.53-
1.57 (4H, m), 1.66 (6H, br), 1.95-2.06 (12H, m), 3.16 (1H, m),
3.41 (2H, t, J=8 Hz), 3.44-3.52 (1H, m), 3.88 (1H, d, J=8 Hz),
3.93 (1H, s); ESI-HRMS my/z: [M+H]" calcd: 363.3012, found:
363.2985.

3.3.5. 1-(1-Adamantyl)-3-(4-(3-(4-morpholinyl)propoxy)
phenyl)urea (40)

Compound 40 was synthesized as previously described!” (in
that report it was identified as compound 29). Yield: 169 mg
(23%) as a tan powder; Mp: 187-191°C; 'H NMR (CDCls):
6=1.66 (9H, br), 1.92-1.99 (8H, m), 2.47 (4H, br), 2.52 (2H, t,

J=8Hz), 3.72 (4H, t, J=4Hz), 3.99 (2H, t, J= 4 Hz), 4.40 (1H, s),
5.96 (1H, s), 6.85 (2H, d, J= 12 Hz), 7.15 (2H, d, J =12 Hz); ESI-
HRMS my/z: [M+H]" calcd: 414.2757, found: 414.2744.

3.4. Initial PK study of 6

Compound 6 was suspended in Captisol to deliver 140 mg/kg of
compound; specifically at 2.8 mg/200 pl of Captisol for each 200 pl
dose to 20 g mice. Three mice were bled from the lateral tail vein at
10,30, 60, 120, and 240 min. To obtain serum the blood was allowed
to clot for at least 1 h and then centrifuged at ~3000g for 15 min at
40 °C. Then the supernatant was transferred to a sterile tube and
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Table 3
Phenyl adamantyl ureas with linker group
0}
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Figure 1. The concentrations in serum of 6 after administration in 30% Captisol by
gavage at 140 mg/kg. The concentrations were well above MIC of 1.1 pg/mL
(~3 uM) for about 2 h and around the MIC for the duration of the experiment.

frozen at —70 °C awaiting extraction and LC/MS analysis. Upon
thawing, the supernatant was diluted with methanol (4:1), which
contained the internal standard warfarin. The final concentration
of warfarin in the methanol/supernatant mixture was 5 pM. To re-
move precipitated proteins, the samples were centrifuged at
~10,000g for 10 min at 4 °C. The supernatant was transferred to a
96-well plate and sealed, followed by LC/MS analysis on a Waters
Acquity TQD LCMS. Compound 6 was quantified using a 7-point cal-
ibration curve normalized to the internal standard (warfarin, 5 pM).

3.5. Human plasma protein binding assay

Sample preparation for plasma protein binding was modified
from Waters’ method.?! The Teflon base plate with the RED (rapid

equilibrium dialysis, Thermo Scientific, Rockford, IL) inserts
(MWCO 8 kDa) were used without any pre-condition the mem-
brane inserts. Human plasma (Innovative Research, Michigan, IL)
was thawed and centrifuged at 1000 rpm for 2 min to remove
any particulates. Compound stocks (10 mM in DMSO) were diluted
to 10 uM in human plasma. Spiked plasma solutions (300 pL) were
placed into the sample chamber and 500 pL of DPBS into the adja-
cent chamber. The plate was sealed and incubated at 37 °C on an
orbital shaker (100 rpm) for 4 h. After incubation, the seal was re-
moved from the RED plate and aliquots (50 pL) were removed from
each side of the insert and dispensed into a 96-well deep plate. An
equal volume of blank plasma or DPBS was added to the required
wells to create analytically identical sample matrices. To each sam-
ple 200 pL of ACN containing 4 mg/ml warfarin internal standard
was added. All of the plates were sealed and mixed at 600 rpm
for 10 min followed by centrifugation at 4000 rpm for 20 min.
The supernatants (120 pL) were transferred to analytical plates
for analysis by LCMS. Compound concentrations were quantified
in both buffer and plasma chambers via peak areas relative to
the internal standard. The percentage of the test compound bound
to plasma was calculated on following equations: %free = (concen-
tration buffer chamber/concentration plasma chamber) x 100%
and %bound = 100%-% free.

3.6. Determination of efficacy of 6 and 7 in mice

The published protocol using GKO mice was followed.3? Briefly
gamma interferon knockout mice were infected with M. tuberculo-
sis (Erdman) with a low dose aerosol. Treatment was for 9 days
beginning at day 15 by oral gavage with 6 and (separately) 7 at
150 mg/kg in 30% Captisol twice a day by gavage for 9 days. Five
mice were used for each drug and no drug control (treatment with
30% Captisol without drug) and positive control of 25 mg/kg of INH
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Table 4
Efficacy of two adamantyl ureas in mice

3261

Group Number of mice Lung Log;o CFU Spleen Log;o CFU
Day 1 post aerosol infection 3 1.85+0.14 NA
Day 15 post aerosol infection 5 7.42 £0.08 5.53£0.22
Day 24 post aerosol infection (no drug treatment) 3 8.86 +0.02 7.30 £0.09
Day 24 post aerosol infection Captisol only (OPD oral) 4 8.77+0.18 7.06 +0.13
Day 24 post aerosol infection treated with 6 (150 mg/kg BID oral) 5 8.77 £0.12 7.31+£0.13
Day 24 post aerosol infection treated with 7 (150 mg/kg BID oral) 4 8.74+0.12 7.33 £0.02
Day 24 post aerosol infection treated with INH (25 mg/kg OPD oral) 5 5.41+0.06% 3.63+0.13
¢ Significantly lower than day 24 untreated control (p <0.05)
Table 5
Uptake by M. tuberculosis of adamantyl ureas highly active against hsEH but not against the growth of M. tuberculosis
ID#  Structure HSEH ICso (nNM)* % Inhibition EphE® ~ MIC (MTb)  Conc inside MTb (ng/50 ul wet cell pellet)

F
66 £9 j\ g }*F
N~ N
H H F

04
o)
67 @\HJ\”%O o~ 114
3
J 9.4

68 0.01 75 (14)¢
93 25 128 (20)°
19 17 103 (5)f

@ Concentration (nM) that inhibits human soluble epoxide hydrolase to 50% activity.

b Ppercent inhibition of M. tuberculosis epoxide hydrolase E when the urea is at 10 nM.
¢ The amount of adamantyl urea present in the cytosol (soluble fraction after breaking the cells) of a 50 pul pellet of M. tuberculosis H37Ra after treatment with 5 uM

adamantyl urea. Standard deviation is in parenthesis.
4 Average of 3 experiments.
¢ Average of 4 experiments.
f Average of 2 experiments.

once a day. After the 9 days of treatment the mice were sacrificed
and the CFUs present in the lungs and spleen determined as
described.>?

3.7. Determination of uptake of adamantyl ureas by M.
tuberculosis

H37Ra was grown up to mid to late log phase in 7H9 + OADC
without tween. Two to 5ml of culture were spun down in an
Eppendorf tube until a pellet of 50 uL was obtained. The pellet
was resuspended in 1 mL of media containing 5 M of the ada-
mantyl urea to be tested and incubated in a shaker at 37 °C for
4 h. The cells were recovered by centrifugation and washed 3x
in 1 ml of PBS buffer. They were then broken in 1 mL of double
distilled water using a bead beater with three seconds pulses. Be-
tween cycles, cells were stored on ice. Following centrifugation at
12,000xg for 10 min the supernatant was removed. Approxi-
mately 9 ml of double distilled water was added followed by
ultracentrifugation at 1hr to prepare the cytosolic fraction. It
was then moved into glass 13 x 100 tube and drug was extracted
with 3 ml of ethyl acetate containing 0.17 pg of internal standard
(usually 6). The ethyl acetate layer was removed, dried down
using a nitrogen bath, and reconstituted in 100 puL of methanol.
For LC/MS, an Agilent 6220 TOF mass spectrometer equipped with
a MultiMode Source (positive mode) and an Agilent 1200 binary
pump was used. The column used was a Waters XBridge (C18
2.1 mm x 150 mm) with a 5 micrometer particle size and the

column temperature was maintained at 45°C. The separation
was done using a gradient of solvent A (10 mM formic acid in
water) and solvent B (10 mM formic acid in acetonitrile) starting
at 10% solvent B for 2 min after injection followed by a linear gra-
dient to 90% solvent B from 2 to 12 min after injection. The drying
gas temperature was 300 °C, and the vaporizer temperature was
set at 200 °C. Typically, 2 pul of sample was injected for analysis,
with a flow rate of 0.32 ml/min. The fragmentor voltage was set
to 120V. The mass spectra were acquired from mj/z 110 to
2,000 Da with a frequency of 1.31 scans/s. The selection ion traces
for M+H ions at 325.152 (66) and 363.301 (67), 414.275 (40) or
345.181 (6) were obtained and the peaks integrated. For each
compound a standard curve with differing amounts of compound
and internal standard was prepared which allowed for the abso-
lute amounts of each compound in the cytosol from 50 pl cell pel-
let to be calculated (Table 5).
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