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ABSTRACT: 5'-O-[N-(Salicyl)sulfamoyl]adenosine (Sal-
AMS, 1) is a nucleoside antibiotic that inhibits incorporation
of salicylate into siderophores required for bacterial iron
acquisition and has potent activity against Mycobacterium
tuberculosis (Mtb). Cinnolone analogues exemplified by S were
designed to replace the acidic acyl-sulfamate functional group
of 1 (pK, = 3) by a more stable sulfonamide linkage (pK, =
6.0) in an attempt to address potential metabolic liabilities and
improve membrane permeability. We showed S potently
inhibited the mycobacterial salicylate ligase MbtA (apparent K;
= 12 nM), blocked production of the salicylate-capped
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siderophores in whole-cell Mtb, and exhibited excellent antimycobacterial activity under iron-deficient conditions (minimum
inhibitor concentration, MIC = 2.3 uM). To provide additional confirmation of the mechanism of action, we demonstrated the
whole-cell activity of § could be fully antagonized by the addition of exogenous salicylate to the growth medium. Although the
total polar surface area (tPSA) of § still exceeds the nominal threshold value (140 A) typically required for oral bioavailability, we
were pleasantly surprised to observe introduction of the less acidic and conformationally constrained cinnolone moiety conferred
improved drug disposition properties as evidenced by the 7-fold increase in volume of distribution in Sprague—Dawley rats.
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T uberculosis (TB) superseded HIV as the leading cause of
infectious disease mortality worldwide in 2015, and TB
shows no indication of relinquishing this notorious distinction."
The obligate pathogen Mycobacterium tuberculosis (Mtb) has
evolved over millennia to evade and co-opt host immune
responses to establish a persistent infection. Consequently,
antimicrobial therapy for even the simplest drug-susceptible TB
involves prolonged treatment for six to nine months employing
a combination regimen of four drugs: isoniazid, rifampicin,
ethambutol, and pyrazinamide. Drug-resistant TB (DR-TB) or
comorbidity with the chronic diseases diabetes and HIV further
complicates the management of TB.” Motivated by the need to
combat DR-TB, shorten the treatment duration, and improve
adherence, researchers have sought to identify vulnerable
metabolic pathways for drug development.

M. tuberculosis, like almost all forms of life, has an absolute
requirement for iron, an essential metal cofactor in many
biochemical processes including respiration, central metabo-
lism, and nucleic acid biosynthesis.”* Due to very low aqueous
solubility of ferric salts as well as to prevent bacterial
colonization and growth, the free Fe** concentrations in
human serum and body fluids is maintained at an exceptionally
low level (~1072* M).> M. tuberculosis overcomes host iron
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restriction through the synthesis, export, and reuptake of
siderophores known as the mycobactins.”” Isogenic Mitb
mutants deficient in production or transport of these high-
affinity iron chelators have severe growth defects in vitro under
iron limiting conditions and are rapidly eliminated in vivo.” "
Based on this genetic validation, the bisubstrate inhibitor $'-O-
[N-(salicyl)sufamoyl]adenosine (Sal-AMS 1, Figure 1A) was
designed to block mycobactin biosynthesis in Mtb at the first
committed step catalyzed by the adenylating enzyme MbtA,
which ligates salicylic acid onto the nonribosomal peptide
synthetase MbtB at the expense of ATP."'~"* The nucleoside 1
possesses potent enzyme inhibition of MbtA (apparent K; = 6.6
nM), selective iron-dependent antitubercular activity (mini-
mum inhibitory concentration (MIC) = 0.39 uM), and in vivo
efficacy in an acute murine TB infection model when dosed
intraperitoneally (reducing the lung colony forming units
(CFU) by 1.1 loglo).u"14 Structure—activity relationship (SAR)
studies of 1 indicate only conservative modifications are
tolerated in the salicyl15 and acyl-sulfamate13’16 moieties,
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Figure 1. (A) Chemical structure of 1 and its biological profile. (B) Quinolone 2 and benzoxazinone 3. (C) Structure of cinnolinones 4—7 described

in this study.

whereas the nucleoside exhibits substantial flexibility.'’~*'

Despite its promising activity, 1 suffers from nonoptimal drug
disposition and pharmacokinetic (PK) properties, in part
caused by the ionized acyl-sulfamate. Moreover, hydrolysis
across the acyl-sulfamate linkage of 1 would liberate cytotoxic
5'-O-(sufamoyl)adenosine.”” Although hydrolysis has not been
observed in cell culture and in vitro metabolic stability studies,
removal of this potential liability is desirable.”’

Design and Synthesis of Constrained Analogues. To
simultaneously address these concerns we previously synthe-
sized benzoxazinone 2 and quinolone 3 (Figure 1B) that mimic
the MbtA-bound conformation of 1.*> Notably, both
heterocyclic analogues remove the acidic acyl-sulfamate linker
moiety of 1 and replace it with a more stable sulfonamide
linkage incapable of releasing S'-O-(sufamoyl)adenosine
through hydrolysis or metabolism. Unfortunately, neither 2
nor 3 were active toward Mtb (Table 1). Biochemical
evaluation against MbtA revealed quinolone 3 retained some
enzyme inhibition (appK; = 120 nM) owing to its ionizable
proton at N-1 (pK, ~ 7.8) while benzoxazinone 2 lacking an
acidic proton in the heterocycle was devoid of activity (appK; >
50 uM). These results suggested the formal negative charge of
the acyl-sulfamate linker in 1 is critical for binding to MbtA, a

Table 1. Physicochemical Properties, Enzyme Inhibition,
and Antimycobacterial Activity of Analogues 4—7 Compared
tol,2,and 3

compd pK,” cLogP” appK; (nM)“ MIC (uM)? CCqo (uM)°
v 28  —179 6.6+ 15 0.39 >200
28 -1.26 >50,000 >50 >200
3¢ 78  —057 120 + 20 >50 >200
4 70 —0.65 144 + 1.8 47 >200
5 60  —0.51 11.6 + 2.4 23 >200
6 61 —051 20.9 + 4.5 4.7 >200
7 57 —0.44 14.0 + 3.4 3.1 >200

“Calculated using pK, module of Jaguar. bCalculated using
ChemBioDraw Ultra 14.0. “Assay performed with 7 nM MbtA, 10
mM ATP, 250 uM salicylic acid, 1 mM PPi. “Grown in glycerol-
alanine salts (GAS) medium without ferric ammonium citrate at pH
6.6. “Cell cytotoxicity evaluated against Vero and HepG2 cell lines.
Ref 13. #Ref 23.
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finding supported by computational and crystallographic
analyses. However, a formal negative charge is deleterious to
passive diffusion of 1 across mammalian membranes. Thus, a
delicate balance of the linker pK, is required to maintain potent
antitubercular activity and acceptable membrane permeability.
In the present work, we report on the design of new
conformationally constrained analogues 4—7 (Figure 1C)
containing a cinnolone as a closer isosteric mimic of 1 that
possess a range of pK;s at N-1 through strategic incorporation
of fluorines at C-6 and C-7.

We devised a four-step synthesis of the cinnolones 4—7 as
shown in Scheme 1. Claisen-like condensation of anthranilic
acid methyl esters 8a—d and the dianion of N-Boc
methansulfonamide 9 afforded the f-ketosulfonamides 10a—
d. Utilization of unprotected anilines was preferred; although
four equivalents of LDA were required to obtain complete
conversion because the starting aniline and S-ketosulfonamide
product each consumed one equivalent of LDA. Diazotization
of the anilines 10a—d in a mixed AcOH—H,O—THF solvent
system provided the cinnolin-4-one-3-sulfonamide derivatives
11a—d in yields ranging from 73% to 87%.”* The reaction
presumably proceeds through intramolecular attack of the enol
tautomer of the pf-ketosulfonamide onto a diazonium
intermediate to directly afford a cinnolin-4(3H)-one, which
tautomerizes to the observed cinnolin-4(1H)-one. If the aniline
is absent or protected, competitive nitrosation occurs at the
active methylene furnishing oxime byproducts.”® Overall, this
two-step route to cinnolones is exceptionally efficient compared
to the reported five to seven step synthesis of the analogous
cinnolin-4-one-3-carboxylates.”* Installation of the nucleoside
was accomplished by regioselective Mitsunobu coupling of the
acylsulfonamide NH over the N-1 cinnolone nitrogen atom in
11a—d with bis-Boc adenosine 12*° to provide 13a—d.”’
Global deprotection of 13a—d by 80% aqueous TFA afforded
4—7. The crude products were purified by reverse-phase
preparative HPLC using aqueous triethylammonium bicarbon-
ate (pH 7.5)/acetonitrile and isolated as the triethylammonium
salts.

Enzyme Inhibition and Antitubercular Activity. Com-
pounds 4—7 were evaluated for enzyme inhibition against
recombinant MbtA using a [**P]PP;-ATP exchange assay under
initial velocity condition employing physiologically relevant
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Scheme 1. Synthesis of 5—8
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supersaturating substrate concentrations of salicylic acid and
ATP." The concentration—response plots were fitted to the
Morrison equation for tight binding inhibitors to determine the
apparent inhibition constants (appK;) (Table 1). The
cinnolones 4—7 maintained potent low nanomolar appK;
ranging from 14—21 nM and were 2000-fold more potent
than the isoelectronic benzoxazinone 2 highlighting the
tremendous impact of the negative charge for MbtA binding.
As expected from our previous SAR studies, introduction of a
fluorine at either the C-6 or C-7 position of the cinnolone was
well tolerated and had minimal effect on activity."> Analogues
4—7 were approximately 1 order of magnitude more potent
than quinolone 3, illustrating the better isosteric design of the
cinnolone that contains a smaller nitrogen atom at the 2-
position compared to the CH found in the quinolone. The pK,
of the heterocycle is less important to discriminate activity in
the in vitro biochemical assay since it was conducted at pH 8.0;
however, the pH within the phagosomal compartment of
activated macrophages, where Mtb resides, is around 4.5 while
the intracellular pH of mycobacteria is near 7.**” Thus, we
anticipated the lower cinnolone pK, would be manifested in
improved antimycobacterial activity relative to quinolone 3.
The whole-cell activity of 4—7 was assessed with M.
tuberculosis H37Rv in glycerol-alanine-salts (GAS) medium
lacking supplemented iron at pH 6.6."> The minimum
inhibitory concentrations (MICs) required to inhibit 99% of
bacterial growth of 4—7 were nearly uniform ranging from 2.3—
4.7 uM, consistent with the biochemical data and validating our
design strategy. Under these conditions quinolone 3 was
completely inactive (MIC > S0 M), demonstrating the critical
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impact of the inhibitor pK, for mycobacterial activity. Finally, to
confirm selectivity, we evaluated 4—7 against two mammalian
cell lines, but did not observe reduced cell viability at the
highest concentration (200 yM).

Next, to provide support for the mechanism of action, we
measured the effect of salicylate on Mtb susceptibility to 4—7.
We predicted exogenous salicylate would antagonize 4-—7
through direct competition with MbtA. As shown in Figure 2,

50 1
45 1
40 1
35 1
30

MIC (uM)

0 0.2
Salicylate (M)

0.78 3.1 12.5

Figure 2. Effect of salicylate concentration on the sensitivity of Mtb to
4—7 that was grown in GAST medium supplemented with salicylate at
0, 0.2, 0.78, 3.1, and 12.5 uM.

supplemental salicylate relieved inhibition of 4—7 in a dose-
dependent manner. Salicylate concentrations of 12.5 uM
conferred high-level resistance to 4—7 as well as 1 (not
shown), raising the MIC to greater than or equal to 50 yuM.
While the activity of competitive inhibitors can be overcome by
increasing substrate concentration, we did not expect salicylate
to cause such a dramatic effect and hypothesize other factors
may be responsible for the observed strong antagonism.

Salicylate, typically at millimolar concentrations, induces a
multiple antibiotic resistance (MAR) phenotype in E. coli by
binding to a MarR transcriptional regulator.”*** The MAR
phenotype has also been observed in Mtb where 0.125—1 mM
salicylate mildly reduced susceptibility of Mtb to first- and
second-line TB drugs.”® Several members of the MarR family of
transcriptional factors have now been identified in Mtb
including Rv2887, which regulates expression of the methyl-
transferase Rv0560c in a salicylate-dependent manner.*'
Overexpression of Rv0560c, caused by spontaneous mutation
to its transcriptional repressor Rv2887, was recently shown to
confer resistance to a pyrido-benzimidazole drug candidate.*”
Based on these findings, we hypothesized salicylate-mediated
induction of Rv0560c may similarly confer resistance to 1 and
4—7. The susceptibility of 1 was therefore evaluated against
wild type Mtb and an Mth Rv0560c-overexpression stain (Mtb
Rv0560c-OE). Both strains exhibited identical susceptibility to
1 indicating Rv0560c is not responsible for the powerful
salicylate-mediated antagonism of 1 (Supporting Information
Table S1).

Quantitation of Mycobactin. To verify that cinnolones
inhibit mycobactin production, we selected compound § for
further whole-cell studies. Compound 1 was shown to inhibit
mycobactin biosynthesis by a radiometric assay employing
[7-"*C]-salicylic acid that is incorporated into the mycobac-
tins.'”"> This method enables mycobactin quantitation by
autoradiographic-thin layer chromatography (radio-TLC), but
suffers from the requirement to maintain dual biosafety level
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three (BSL-3) and *C-radioisotope certification.'”"* We thus
developed a complementary liquid chromatography tandem-
mass spectrometry (LC—MS/MS) assay in multiple reaction
monitoring (MRM) mode employing authentic synthetic
standards of two of the most abundant mycobactins (a
lipophilic mycobactin T and a water-soluble carboxymycobac-
tin, see Supporting Information Figure S1). We quantified both
cell-wall associated and secreted mycobactins in the samples
obtained from Mtb cells grown in iron-deficient GAST medium
either in the presence or absence of inhibitor §.

The total concentrations of mycobactins determined at the
indicated time after treatment with or without $ are shown in
Figure 3 normalized to the cell density. In iron-deficient GAST

35
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Figure 3. Normalized concentration of Mtb siderophores from cells
(initial inoculum of ODgg, = 0.2) grown in iron deficient (GAST)
medium for 27 and 70 h with or without 5. (A) Concentration of cell-
wall associated lipophilic mycobactin-T. (B) Concentration of water-
soluble carboxymycobactin as a sum of secreted and cell-wall
associated levels.

medium, robust production of the cell-wall associated lipophilic
mycobactin-T was observed, whereas in the presence of § at 5
X MIC, mycobactin-T production was reduced more than 2-
fold at 27 h and S-fold at 70 h (Figure 3). Similarly, production
of the water-soluble carboxymycobactins was attenuated by 1.5-
fold. From this experiment, we conclude $ is able to block
mycobactin production providing further support for the
designed mechanism action.

Pharmacokinetic Analysis of Analogue 5. To assess the
impact of the cinnolone bioisostere on the pharmacokinetic
(PK) properties, we selected compound $ for single dose in
vivo PK studies in female Sprague—Dawley rats (Table 2). The
plasma concentrations of compound $ at various time points
after a single dose were determined by LC—MS/MS (Figure 4).
Following intravenous (i.v.) administration, compound § (2.5
mg/kg) exhibited monoexponential elimination with an
intrinsic elimination half-life of 40 min, which was nearly four
times longer than 1. The increased half-life is derived from the

Table 2. In Vivo Pharmakokinetic Parameters of Inhibitor §
in Female Sprague—Dawley Rats (n = 3, Mean + SD)

pharmacokinetic indices analogue § Sal-AMS 1
dose iv, p.o. (mg/kg) 2.5, 25 2.5, 25
AUC,_g, (p-0., pgrmin-mL™") 58 + 11 66 + 41
AUC,_g, (iv., pgrmin-mL™") 278 + 27 519 + 115
V, (iv, Lkg™) 0.57 + 0.17 0.079 + 0.023
CL (iv, mL-min~"kg™") 89 + 1.0 49 £ 09
t,/5 (iv,, min) 40 £ S 11+2
F (%) 2.1 <1
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Figure 4. Mean plasma concentration versus time curves after single
po. (25 mg'kg™) and iv. (2.5 mg-kg™") administration of compound
S to female Sprague—Dawley rats. Error bars represent standard
deviation of the mean (n = 3).

nearly 7-fold greater steady-state volume of distribution (V4 =
0.57 L) that we attribute to the enhanced permeability of the
cinnolinone. The pK, value of 5 ensures approximately 10% will
exist in the neutral form at physiological pH, compared to less
than 0.01% for 1. Oral administration (p.o.) of 5 (25 mg/kg)
permitted calculation of the oral bioavailability (F), which
remained low at 2%, but was more than twice that of 1.
Collectively, these results are encouraging and show that
bioisosteric replacement of the salicyl-sulfamoyl in 1 by a
cinnolone provides an improved PK profile.

In conclusion, we successfully achieved our objective to
replace the salicyl-sulfamate moiety of 1 by a bioactive isostere
with more favorable physicochemical properties. Conforma-
tionally constrained cinnolinone-3-sulfonamides were efliciently
synthesized in only two steps from commercially available
anthranilates then ligated to adenosine by a Mitsunobu
coupling to afford 4—7. Analogue S was identified as the
most active compound possessing low nanomolar enzyme
inhibition of MbtA and a respectable MIC of 2.3 uM against
Mtb in iron-deficient GAST medium. We verified § inhibited
biosynthesis of the lipophilic mycobactin-T and the water-
soluble carboxymycobactins using a new LC—MS/MS assay.
The ability of salicylate to antagonize 5 provided additional
support for the mechanism of action. The improved perform-
ance of the cinnolone bioisostere was manifested in a 7-fold
enhanced volume of distribution and 2-fold greater oral
bioavailability.
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