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Abstract

A series of novel acyclic nucleoside phosphonates (ANPs) was synthesized as potential adenylate
cyclase inhibitors, where the adenine nucleobase of adefovir (PMEA) was replaced with a
5-substituted 2-aminothiazole moiety. The design was based on the structure of MB05032, a
potent and selective inhibitor of fructose 1,6-bisphosphatase and a good mimic of adenosine
monophosphate (AMP). From the series of eighteen novel ANPs, which were prepared as
phosphoroamidate prodrugs, fourteen compounds were potent (single digit micromolar or
submicromolar) inhibitors of Bordetella pertussis adenylate cyclase toxin (ACT), mostly without
observed cytotoxicity in J774A.1 macrophage cells. Selected phosphono diphosphates (hucleoside
triphosphate analogues) were potent inhibitors of ACT (ICgq as low as 37 nM) and B. anthracis
edema factor (ICsq as low as 235 nM) in enzymatic assays. Furthermore, several ANPs were found
to be selective mammalian ACL1 inhibitors in HEK293 cell-based assays (although with some
associated cytotoxicity) and one compound exhibited selective inhibition of mammalian AC2
(only 12% of remaining adenylate cyclase activity) but no observed cytotoxicity. The mammalian
AC1 inhibitors may represent potential leads in development of agents for treatment of human
inflammatory and neuropathic pain.
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1. Introduction

Adenylate cyclases (ACs) are enzymes with key regulatory roles that are essential to all
cells. Several distinct classes and numerous isoforms of ACs have been described, all
catalyzing the same reaction: conversion of adenosine triphosphate (ATP) into 3’,5’-cyclic
adenosine monophosphate (CAMP) and pyrophosphate. [1-3] In eukaryotes, cCAMP acts as
a ubiquitous second messenger, produced in response to extracellular stimulus, triggering

a variety of intracellular processes.[12] The cytosolic concentration of cAMP is stringently
regulated by a diverse set of ACs (CAMP formation) and phosphodiesterases (PDEs, CAMP
degradation) isoforms and any alteration in the intracellular cAMP concentration has a
profound effect on essential cellular processes such as metabolism, gene transcription,
enzyme regulation, hormone secretion, and sensory transduction[4]

Numerous pathogenic bacteria produce, among other virulence factors, adenylate cyclase
toxins that alter the cAMP concentration in cells, thus, disrupting key cellular processes such
as signaling pathways.[8] These toxins facilitate the invasion and survival of the pathogen
in the host and contribute to pathogenesis of infectious diseases.[®] The most extensively
studied bacterial adenylate cyclase toxins are adenylate cyclase toxin from Bordetella
pertussis (ACT) and edema factor from Bacillus anthracis (EF).[6-8] It has been speculated,
that inhibition of bacterial adenylate cyclase toxins could be exploited as potential targets
for prophylactic or therapeutic strategies to combat infectious diseases.[®1%] Furthermore,
selective modulation of mammalian ACs’ activity represents also a promising strategy for
the development of new agents to treat various human neurological and inflammatory
diseases.[11.12]

Several inhibitors of B. pertussis ACT and B. anthracis EF have been previously

reported. Seifert and co-workers discovered (A-methyl)anthraniloyl-substituted nucleoside
triphosphates as potent competitive inhibitors of bacterial and mammalian ACs.[10:13-16]
Jiao et al. have also reported covalent small-molecule inhibitors of EF which bear an
electrophilic fluorosulfonylbenzene group.[17] Moreover, acyclic nucleoside phosphonates
(ANPs),[18] 3 large group of nucleotide analogues with a broad spectrum of biological
activities, have been reported to inhibit activity of bacterial ACs. It was described that the
approved drug for HBV infection, adefovir dipivoxil (bis(POM)PMEA), upon conversion
to its active metabolite adefovir diphosphate (PMEApp, 1, Fig. 1), effectively inhibited
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B. pertussis ACTIY® and B. anthracis EF,[2% In addition, it has been shown that various
phosphoroamidate (bisamide) prodrugs of PMEA, such as bis(L-phenylalanine isopropyl
ester) PMEA (2), possess enhanced plasma stability and lower toxicity compared to adefovir
dipivoxil, but exhibited somewhat lower efficacy.[?1] Subsequently, a large structure-activity
relationship (SAR) study was also performed, where several series of ANPs were prepared,
modified either at the heterocyclic base[22:23] or at the acyclic side chain.[24.25] Many of
these compounds were potent inhibitor of ACT/EF and/or human ACs.

Based on the extensive SAR studies (summarized in the previous work[23]), which dealt with
modifications of the promising adefovir (PMEA, 3, Fig. 2) scaffold, we decided to focus

on non-purine mimics of the adenine nucleobase. 2-Aminothiazole derivative MB05032
(Fig. 2),[26-291 3 potent and selective inhibitor of fructose 1,6-bisphosphatase (FBPase), was
selected as a good AMP mimic. Thus, a novel series of ANPs were designed, which were
derived from 5-substituted 2-aminothiazole and bearing either a phosphonomethoxymethyl
(compounds I, Fig. 2) or a phosphonomethoxyethyl (compounds |1, Fig. 2) side chain. In
order to test the ability to inhibit ACT and mACs in cell-based assays, all ANPs were
prepared in the form of cell-permeable phosphoroamidate (bisamide) prodrugs bearing non-
toxic L-phenylalanine isopropy! ester moieties (as in compound 2, Fig. 1) that had been
successfully used in the previous SAR studies.[2123]

For direct evaluation of the inhibitory effects on bacterial enzymes (ACT and EF), selected
candidates were subsequently prepared as free phosphonates (nucleotide analogues) and as
phosphono diphosphates (nucleoside triphosphate analogues).

2. Results and discussion

2.1. Synthesis

First, as a proof of concept, commercially available MB05032 (CAS: 261365-11-1) was
converted by the standard procedure[30] into bisamide prodrug 4 (48%), where also the
corresponding monoamidate 5 (24%) was isolated from the reaction mixture (Scheme 1).
Using the modified morpholidate methodology reported by Holy and Rosenberg,[31 we
also prepared phosphono diphosphate derivative 6 in a 48% yield. The prepared compounds
were evaluated as potential inhibitors of ACT enzyme. Desired phosphoroamidate 4 was a
low-micromolar ACT inhibitor (ICsq = 2.12 uM, Table 2) in the cell-based assay and the
triphosphate analogue 6 inhibited the ACT enzyme with an ICsg = 10.7 uM (Table 3). The
ability of the compounds to inhibit ACT was our proof of concept that 2-aminothiazole
derivatives represent a good mimic of the adenine-based analogues. Preliminary docking of
target compounds (structure 11, Fig. 2) into the re-interpreted(23] crystal structure of ACT
with bound PMEApp (PDB: 1ZOT, resolution 2.2 A)[19] suggested that aryl substituents

at C-5 position of the 2-aminothiazole moiety may be superior to the 2-methylpropyl
substituent of MB05032. Thus, series of 5-(het)aryl substituted 2-aminothiazole analogues
derived from PMEA were designed and synthesized.

2-Aminothiazole derivatives with phosphonomethoxymethy! side chain (Scheme 2) were
prepared from the A-Boc protected 4-hydroxymethyl derivative 7.[32] The hydroxymethyl
group of compound 7 was alkylated using bromomethyl phosphonate and sodium hydride
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and phosphonate 8 was obtained in a 54% yield. Unsubstituted derivative 10 was prepared
by removal of the Boc group with trifluoroacetic acid (to yield compound 9, 91%)

and subsequent conversion of the phosphonate diester into the bisamide prodrug using
L-phenylalanine isopropyl ester under the previously reported conditions.[3%] Bromination of
compound 8 (to yield 5-bromothiazole derivative 11, 63%), followed by Suzuki reaction(33]
with phenyl boronic acid and Boc group removal, afforded 5-phenylthiazolo derivative 12 in
a 74% yield (from 11). Interestingly, Suzuki reaction of 5-bromothiazole with unprotected
2-amino group did not proceed under the identical conditions (data not shown). Final
bisamidate 13 was then obtained from compound 12 in a 42% yield.

2-Aminothiazole derivatives bearing the phosphonomethoxyethyl side chain (Scheme 3)
were prepared in a similar manner as the phosphonomethoxymethy! derivatives (Scheme
2). The amino group of commercially available ethyl (2-aminothiazol-4-yl)acetate (14)
was first protected using Boc group, and then the ester group was reduced with an

excess of NaBH, to afford alcohol 15.1341 Compound 15 was converted by alkylation with
bromomethanephosphonate into phosphonate 16 (81%), from which the Boc group was
removed to yield 2-aminothiazole derivative 17 in a 93% yield. Final bisamidate 18 was
prepared in a 48% yield by treatment of compound 17 using the standard procedure.[3°]

Bromination of 2-aminothiazole 16 with bromine in CCl, afforded 5-bromo-2-aminothiazole
19 in a 88% yield (Scheme 3), which was used as a key intermediate for the introduction

of various aryl substituents into the position C-5, namely derivatives 20a—20n and 22
(Scheme 3, Table 1). Compounds 20a—20n were prepared in moderate to high yields (36—
91%, Table 1) by Suzuki coupling[33] of 5-bromo-2-aminothiazole 19 with commercially
available boronic acids and by subsequent Boc group removal with TFA. Ullmann reaction
of bromo derivative 19 with thiophenol, Cul and phenanthroline as a ligand,[3%] followed by
the standard Boc group removal, afforded phenylsulfanyl derivative 22 in a 25% yield (two
steps). All phosphonate diesters 20a—20n and 22 were converted by the above described
procedure(30] to the corresponding bisamides 21a—21n and 23, respectively, in good to
moderate yields (30-67%, Scheme 3, Table 1).

Finally, in order to evaluate the most promising analogues in enzymatic assays using
bacterial ACs, selected phosphonate diesters (20c, 20d, 20i, 20j, 201) were converted into
the corresponding free phosphonates 24-28, using a modified procedure of McKenna and
Schmidhauser, 381 or the phosphono diphosphates 29-33 (Scheme 4), following the literature
procedure using 1,1’-carbonyldiimidazole.[37]

2.2. Inhibition of ACT in the cell-based assay

All final 2-aminothiazoles bearing the phosphonate moiety in the form of bisamide prodrugs
(compounds 4, 5, 10, 13, 18, 21a-21n, and 23) were tested for their ability to inhibit
adenylate cyclase toxin’s (ACT) activity in J774A.1 macrophage cells (Table 2).[23] Murine
macrophages J774.1 were pre-incubated with various concentrations of the tested compound
and subsequently exposed to Bordetella pertussis ACT. The cells were lysed, and the amount
of cAMP produced was determined. The compounds were also evaluated for their effects on
the viability of the J774A.1 cells (Table 2).
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Interestingly, compounds 10 and 18, 2-aminothiazole derivatives not substituted at C-5, did
not inhibit ACT. All other compounds tested, except for 21i and 21n, which were neither
potent nor cytotoxic, were able to inhibit cAMP production with a single digit micromolar
or submicromolar 1Csq value range (Table 2). Furthermore, the length of the acyclic

moiety seemed to be crucial for potential activity, as observed for 5-phenyl substituted
2-aminothiazoles 13 and 21a: compound 21a bearing the longer phosphonomethoxyethyl
moiety was about 2.6 times more potent and less cytotoxic in J774A.1 cells, compared

to analogue 13 with the shorter phosphonomethoxymethyl side chain (Table 2). The most
potent (submicromolar) inhibitors of cAMP production in the series were compounds 21c,
21d, 21j, 211 and 23, however, some of them exhibited an increased cytotoxity to J774A.1
cells (compound 23) or to HEK-AC1 (compound 21c) cells, which were used for the
screening of mammalian ACs’ activity. Compounds that showed no signs of cytotoxicity
for either J774A.1 macrophage cells or HEK-AC1 cells but retained a potent inhibitory
activity towards ACT were 3-pyridyl derivative 21b, 4-/sopropoxyphenyl derivative 21d,
3,5-dimethoxyphenyl derivative 21g, 4-(A-methylaminocarbonyl)phenyl derivative 211, and
3-(N-methylsulphonamido)phenyl derivative 21m. To sum up, the highest potency to inhibit
cAMP production with no marked effect on J774A.1 cells’ viability was observed for
compounds bearing a p-substituted phenyl ring in C-5 position of the 2-aminothiazole
moiety, namely compounds 21d and 211, with 1Cgq values 680 nM and 660 nM, respectively
(Table 2). All of the compounds tested, however, exhibited a lower potency to inhibit ACT
compared to the previously reported datal23] for the phosphoroamidate prodrugs of adefovir
(compound 2 had an ICgp = 150 nM).

2.3 Inhibition of mammalian ACs

Next, all bisamide prodrugs (i.e. compounds 10, 13, 18, 21a-21n, and 23) were evaluated

as potential inhibitors of mammalian adenylate cyclases’ (mACs) activity. Specifically, the
AC isoforms: AC1, AC2, and AC5 - representing the three major mAC subfamilies — were
selected to explore the potential selectivity of the studied compounds between bacterial and
mammalian ACs, but to also determine the selectivity among the mAC subfamilies (Table
2). Cyclic AMP (cCAMP) values after treatment with compounds were normalized to the
response (100%) observed in cells treated only with the respective adenylate cyclase isoform
selective stimulant.

Many of the compounds showed evident to moderate selectivity to inhibit AC1 over AC2
and/or AC5 (Table 2). Several compounds (at 30 uM) even seemed to potentiate the
activity of either AC2 (e.g. 18 and 23), AC5 (e.g. 21a and 21g) or both AC2/AC5 (21d-
21f). Potentiation of AC2 was also observed for the previously described AC1 inhibitor,
ST034307.[38]

Compound 21h was found to be the most efficacious selective AC1 inhibitor (25% of
remaining activity) while being nontoxic in both J774A.1 and the HEK-AC1 cells. Other
AC1 selective inhibitors were derivatives 21f and 23 (29% and 23% of remaining activity,
respectively) but these compounds exhibited some level of cytotoxicity. Interestingly,
compound 211 was the most selective AC2 inhibitor (only 12% of remaining activity) while
exhibiting no cytotoxicity.
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2.4. Direct inhibition of ACT and EF activity in cell-free assays

It is expected that the masking groups (L-phenylalanine isopropyl ester) on the phosphonate
moiety are cleaved off in the cell by the putative mechanism reported for the bisamide
prodrug cleavage,[394%] followed by phosphorylation of free phosphonic acid to form
phosphono diphosphate, a nucleoside triphosphate analogue, which represents the active
species that is able to inhibit adenylate cyclases.

Thus, based on the results of the cell-based assay (Table 2), five compounds were selected
for their direct evaluation in the enzymatic assays: the four most potent ACT inhibitors,
bisamides 21c, 21d, 21j, and 211, and for comparison, one of the less active analogues,
bisamide 21i. Corresponding free phosphonic acids 24-28 and phosphono diphosphates 29—
33 were prepared (Scheme 4) and subsequently evaluated (in comparison with compound 1,
PMEApp)19:20] as inhibitors of commercially available B. pertussis ACT and B. anthracis
EF (Table 3). While free phosphonates 24-28 (nucleotide analogues) did not exhibit any
inhibitory activity (data not shown), as anticipated, all phosphono diphosphates 29-33
(nucleoside triphosphate analogues) were potent inhibitors of both enzymes with ICgq
values ranging from 37 nM to 7.8 uM. Nevertheless, all novel compounds were less potent
inhibitors of ACT and EF compared to the previously studied PMEApp (1, Table 3).

Compound 33 was the most potent inhibitor of ACT (IC5q = 37 nM) from the series (Table
3), only about twice less potent compared to PMEApp (1). Compound 32 was the most
potent inhibitor of EF (ICg5q = 235 nM), 6.5 times weaker than PMEApp (1). The results
suggested that B. pertussis ACT may be more sensitive to inhibition by ANPs compared to
B. anthracis EF. Compound 31, the congener derived from the inactive compound 21i (Table
2), was the least potent inhibitor of EF (IC5q = 7.8 uM), but its ACT inhibitory activity (ICsq
= 184 nM) was comparable (30 and 32) or better (29, Table 3) than other derivatives.

3. Conclusions

A series of eighteen acyclic nucleoside phosphonates (ANPS), consisting of a substituted
2-aminothiazole ring and the 2-(phosphonomethoxy)methyl or 2-(phosphonomethoxy)ethyl
moiety in the form of bisamide prodrug, were synthesized as potential inhibitors of bacterial
and/or mammalian adenylate cyclases (ACs). The prepared compounds were structural
analogues of bisamide prodrug of adefovir (PMEA), compound 2, where the adenine base
was replaced with the 2-aminothiazole moiety inspired by compound MB05032. Bisamide
prodrugs with L-phenylalanine isopropyl ester were used, based on their previously
reported(?1] improved stability in plasma and decreased cytotoxicity relative to the original
adefovir dipivoxil (bis(POM)PMEA) compound.

Prepared compounds, with the exception of four derivatives (10, 18, 21i, and 21n), were
potent inhibitors of adenylate cyclase toxin (ACT) from B. pertussisin the J774A.1
macrophage assay, with 1Cgq values in the low micromolar to submicromolar range. 4-
Isopropoxyphenyl derivative 21d (ICsg = 680 nM) and 4-(/A-methylaminocarbonyl)phenyl
derivative 211 (ICsg = 660 nM) were the most potent ACT inhibitors in the cell-based

assay with no apparent cytotoxicity for either J774A.1 macrophage cells or HEK-ACL cells.
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Nevertheless, their potency was about 45 times lower, compared to that of the PMEA
bisamide 2 compound.

Five ANP-diphosphates (nucleoside triphosphate analogues) were also prepared for their
direct evaluation on the B. pertussis ACT and B. anthracis EF cell-free assays. Compounds
29, 30, 32, and 33 were structural analogues of the most potent bisamides 21c, 21d, 21j, and
211, and compound 31 was derived from inactive bisamide 21i. ANP-diphosphates 29, 30,
32, and 33 were potent inhibitors of the two bacterial adenylate cyclases tested: ACT (ICsgq
values 37-312 nM) and EF (ICsq values 0.235-1.34 uM). Analogue 31, derived from the
less active prodrug 21i, was the least potent inhibitor of EF (ICgg = 7.81 uM), but exhibited
a similar inhibitory activity against ACT (ICgq = 184 nM) in comparison to some other
compounds (namely 29, 30, and 32).

Finally, some of the prepared prodrugs were discovered to selectively inhibit certain
mammalian ACs with considerable efficacy. The most robust AC1 inhibitors were
compounds 21f, 21h and 23, however, their activity reflected pronounced cytotoxicity in
J774A.1 and/or HEK-ACL cells. Compounds 21b, 21g, and 21i were also selective and
potent AC1 inhibitors (<40% of remaining activity) while being non-cytotoxic. Compound
211, on the other hand, was identified as a selective AC2 inhibitor (only 12% of remaining
activity) without noticeable cytotoxicity. The AC1 inhibitors identified within the current
study may be promising lead structures for further optimization of their structure and for
potential development of non-opioid alternatives for the treatment of inflammatory and
neuropathic pain.[38411 Additional genetic and preclinical studies are needed to identify
therapeutic applications for AC2 inhibitors, however, it has been suggested that such
molecules may have an utility in muscle and lung pathologies or certain cancers.[42]

4. Experimental Section

Experimental details are given in the Supporting information.
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Refer to Web version on PubMed Central for supplementary material.
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. Synthesis of 18 novel acyclic nucleoside phosphonates described
. 14 prodrugs are potent ACT inhibitors (0.26 — 8.45 uM) in J744A. 1 cells
. Several compounds exhibited evident to moderate selectivity to inhibit AC1

over AC2 and/or AC5 in HEK293 cells
. Prepared phosphono disphosphates are potent inhibitors of ACT and EF
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OH \\/O\/P Bn
HN
1 2 COOIPr
PMEApp bisamide prodrug of PMEA
Fig. 1.

Structures of PMEApp (1) and bis(L-phenylalanine isopropyl ester) PMEA (2).
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MB05032 | & 3
FBPase inhibitor s>: N adefovir (PMEA)
—
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Fig. 2.
Drug design strategy combining FBPase inhibitor MB05032 and adefovir (3).
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NH NH, NH,
= Bn — 48% — o
O O O O O q i\l
// ';:N COOIPr [ P [ B ,R-O’E$H
/S0 ! OH 17O OH
R HO 6 HO
4 R = NHCH(Bn)COOIPr (48%) MB05032
+
5R = OH (24%)
Scheme 1.

Synthesis of prodrugs 4 and 5 and phosphono diphosphate 6 derived from MB05032: a)
TMSBY, pyridine, RT then (L)-NH,CH(Bn)COO /Pr-HCI, PPhs, Aldrithiol-2, pyridine, Et3N,
70 °C. b) TMSBr/CH3CN, RT; ¢) DCC, morpholine, BuOH, H,0, reflux; d) (BuzN),P,07,
BuzN, DMF.
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NHBoc NHBoc NHQ NH»
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5&.{ T54% R\ To1% R\ To2% | N I
4 o ~P(O)OPr), o o’ TPOXOPY, O/“‘“P

COOQiPr

COOiPr

‘f/es%

NHBoc NH2 NH,

)\( 4% “a2% - 1
o PO)OPN, o PO)©P), /‘- 5
o
12 13 HN"'(

Scheme 2.
Synthesis of 2-aminothiazole derivatives with phosphonomethoxymethyl linker: a)

NaH, BrCH,P(O)(0O/Pr),, RT; b) TFA, RT; ¢) TMSB, pyridine, RT then (L)-
NH,CH(Bn)COO Pr-HCI, Et3N, Aldrithiol-2, PhsP, pyridine, 65 °C; d) Bry, CCly, RT; €)
PhB(OH),, Pd(PPh3),4, Cs,CO3, dioxane, H,0, 80 °C.
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Page 15

NH,
N\

- P(O)(OiPr),
17
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3"\( Bn.__COOQiPr
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o._R Bn
HN=—(

18 CoO0iPr

s/\< Bn COOiPr
N o T

R W _NH
o_R PBn

HN=—(
21a-21n COOijPr

Synthesis of 2-aminothiazole derivatives with phosphomethoxyethyl linker: a) Boc,0, TEA,
THF, 50 °C; b) NaBH,, EtOH, RT; ¢) NaH, BrCH,P(O)(O#r),, RT; d) TFA, RT; e) TMSB,
pyridine, RT then (L)-NH,CH(Bn)COO Pr-HCI, Et3N, Aldrithiol-2, PhsP, pyridine, 65 °C; f)
Bry, CCly, RT; g) RB(OH),, Pd(PPh3)4, CspCOg3, dioxane, H,0, 80 °C; h) thiophenol, Cul,

phenantroline, Et3N, toluene, 110 °C.
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NH, NH, NH> o
S\ a SN a,b,c S P

N 9 ONat = N (Ijl OiPr N C\’\ \I‘:’- +\ OH
= g 31-88% = g 5-11% = Py \.O OH

R O— 1 °R o—/" R 0—\.0O OH
O'Na* oiPr OH
24 - 28 20c, 20d, 20i, 20j, 201 29 -33
Scheme 4.

Synthesis of phosphonates 24-28 and phosphono diphosphates 29-33: a) TMSBr, pyridine,
RT then DOWEX (50WX8 Na*); b) TBAH, 2 M ag. TEAB, MeOH, dioxane, RT; c)
1,1”-carbonyldiimidazole, DMSO, RT then (BusN),P>07, DMSO, RT.
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Compounds prepared from 5-bromo-2-aminothiazole 19. Yields of Suzuki crosscoupling reaction (compounds

20a-20n), Ullmann reaction (product 22) and prodrug synthesis (compounds 21a—21n and 23).

Ent Compound Substituent Yield® Compound Yield®
Y (@Pr diester) (%)  (bisamidate) (%)
] 20a S8 61 21a 43
2 20b ¥ 59 21b 63
3 20¢ Q/ 72 21c 38
F
4 20d ,©/ 36 21d 41
Ao
5 20e /Y; 91 21e 60
6 20f 1’r 45 21f 37
CH,O CH;
CH;0
7 20g Q/ 58 21g 30
CHY0
1 =
8 20h 7 91 21h 45
O~
| =
9 20i A0S 89 210 31
/\©
10 20j Q// 76 21 43
Q. = |
[ =
B 20k / 62 21k 61
CH;NHCO
12 201 ,©/ 51 211 67
CHyNHCO
13 20m Q/ 67 21m 48
CH3NHSO,
14 20n ,@ 65 21n 65
CH3NHSOy
S“\
15 22 ©f 25 23 67

alsolated yields.
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The inhibition effect of prepared bisamides on bacterial adenylyl cyclase (ACT) and cell viability in J744A.1
murine macrophages and their effects on mammalian ACs isoforms in HEK293 cells stably transfected with
AC1, AC2, and ACS.

Compound  ACT inhibition  Viability Response of Control [%]c
ICsp [HM]a [%]b AC1 AC2 AC5
4 2.12+0.58 88 ND ND ND
5 142+43 86 ND ND ND
10 >10 83 74+3 143+11 1131
13 % 4.68 £ 1.56 54 61+9 101+ 10 147+9
18 >10 72 73+18 185+32 10813
21a * 1.82£0.58 112 48+3  82%21 177+18
21b 2.62+0.62 99 37+8 136%+25 99+13
21¢ * 0.45+0.17 99 36+10 62+13 129+4
21d 0.68 +0.08 81 54+7 156+2 197+14
21e 1.72+0.38 44 38+9 150+26 169 + 26
21f * 1.16 £0.01 57 29+4 160+31 1597
219 1.43+0.04 86 32+6 11913 172+16
21h 1.62 +0.36 35 257 110+9 140%29
21i >10 115 39+3 134 + 26 117 +4
21j 0.26 + 0.05 72 38+9 104 +7 106+ 8
21k 8.45+0.81 106 57+3 109+5 784
211 0.66 +0.18 99 77+6 12+£27 73+5
21m 4.30+0.29 99 75+12 122+41 10113
21n >10 94 64+16 97 %28 77+3
23 0.93+0.19 36 23+4 165+41 1314
2 0.15+0.03 93 64+9 20045 99+8
ST034307d N ND 14+13 398+96 196+31
SKF83566° ND ND 78+8 (-)7+11 94%5
SQ22536f ND ND 46 2 2712 45+ 15

aCompound concentration that causes a 50% decrease in ACT-induced cCAMP accumulation in J774A.1 macrophages; data are the mean + SD of at

least three independent experiments.
b P ) .
Percent cell viability in J774A.1 cells (n = 3) at a fixed prodrug concentration (10 uM) versus untreated control.

C . . . .
Data are the mean + SEM relative to the control response (100%) of at least two independent experiments at 30 UM concetration.

dST034307 is a selective inhibitor of AC1.

61SKF83566 is a selective inhibitor of AC2.

fSQ22536 is a nonselective P-site inhibitor.
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gND: not determined.

*
<60% cell viability in HEK-AC1 cells (n = 3).
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Direct inhibition of bacterial adenylyl cyclases — ACT from Bordetella pertussis and EF from Bacillus
anthracis — by selected ANP-diphosphates in a cell-free assay.

Compo  Substituent IC5¢ (nM)“
und R ACT EF
1 - - 17.8 &+ 36.0 £
(PMEApp) 6.9 2.1
¢ 2- 15960 5060 =
methylpropyl + 150 690
Q/ 313+ 1335+
29
I 55 375
185 £
30 )\O/O/ 428 £ 11
31
CI\/ 184 + 7813 +
31 g
32 1772
192 +
32 235 £ 37
¢ 13
O/ 374+
33 CHsNHCO 704 + 50
7.6

a . . .
Data represent the mean IC5( values + SD of at least three independent experiments, calculated by GraphPad Prism software from dose-response

curves.

Eur J Med Chem. Author manuscript; available in PMC 2022 October 15.




	Abstract
	Graphical Abstract
	Introduction
	Results and discussion
	Synthesis
	Inhibition of ACT in the cell-based assay
	Inhibition of mammalian ACs
	Direct inhibition of ACT and EF activity in cell-free assays

	Conclusions
	Experimental Section
	References
	Fig. 1.
	Fig. 2.
	Scheme 1.
	Scheme 2.
	Scheme 3.
	Scheme 4.
	Table 1.
	Table 2.
	Table 3.

