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Abstract

Menaquinone is an essential component of the electron transport chain in many pathogens and
consequently enzymes in the menaquinone biosynthesis pathway are potential drug targets for the
development of novel antibacterial agents. In order to identify leads that target MenB, the 1,4-
dihydroxy-2-naphthoyl-CoA synthase from Mycobacterium tuberculosis, a high throughput screen
was performed. Several 1,4-benzoxazines were identified in this screen and subsequent SAR studies
resulted in the discovery of compounds with excellent antibacterial activity against M.
tuberculosis H37Rv with MIC values as low as 0.6 pug/ml. The 1,4-benzoxazine scaffold is thus a
promising foundation for the development of antitubercular agents.

The emergence of multi-drug resistant (MDR-TB) and extensively-drug resistant (XDR-TB)
strains of M. tuberculosis represents a severe threat to human health. Consequently, novel drugs
are needed that are active against drug resistant bacteria and that also shorten the course of
chemotherapy. In addition, novel agents are also required that are active against latent, non-
replicating populations of bacteria since M. tuberculosis can persist in this state for many years.
12 Since it seems likely that latent M. tuberculosis bacteria must respire in order to remain
viable, compounds that target respiration are promising candidates for the development of
drugs that are active against both replicating and non-replicating bacterial populations.
Currently we are pursuing the hypothesis that menaquinone biosynthesis is essential for
bacterial viability in vivo, and are actively engaged in identifying compounds that inhibit
enzymes in this pathway.

Menaquinone (vitamin K1) (Figure 1) is a polyisoprenylated naphthoquinone that shuttles
electrons between membrane-bound protein complexes in the electron transport chain. In
mammalian cells this function is performed by ubiquinone (Figure 1), and although
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menaquinone is required for blood clotting, the biosynthetic pathway for this vitamin is absent
in humans. This has resulted in the proposal that enzymes involved in menaquinone
biosynthesis may be promising targets for drug discovery.

The biosynthesis of menaquinone in M. tuberculosis is thought to mirror the pathway found
in organisms such as Escherichia coli, Bacillus subtilis and Mycobacterium phlei (Figure 2),
3-5where it is known that the men genes are essential for survival.® Previous inhibitor discovery
efforts have focused on the o-succinylbenzoate synthase from E. coli and Bacillus anthracis
(MenE),7—8 while Crick and coworkers have demonstrated the antibacterial activity of
inhibitors of the polyprenyl transferase (MenA) from M. tuberculosis'® validating this pathway
as a target for tuberculosis drug discovery.

MenB, the 1,4-dihydroxy-2-naphthoyl-CoA (DHNA-CoA) synthase catalyzes an
intramolecular Claisen condensation leading to the formation of DHNA from o-
succinylbenzoate (Figure 2).5 In order to provide a foundation for the discovery of compounds
that target MenB, we used a coupled assay19 to screen 105,091 small drug-like molecules that
contained a large variety of chemical structures. Following the primary screen, in which
compounds were tested at a single concentration of 125 pg/ml, we obtained 455 hits that had
at least 30% enzyme inhibition relative to control (data not shown). Within these hits, we
identified 4 compounds based on the 1,4-benzoxazine scaffold (Figure 3' Table 1). Since a
coupled assay was used for screening, the ability of each compound to inhibit MenE was also
evaluated by directly monitoring the formation of PPi.11 However, none of the cherry-picked
compounds affected MenE activity at a concentration of 50 uM.

Benzoxazines and quinoxalines (Figure 4) are privileged ring systems that are found in a broad
range of biologically active molecules with anticancer,12 antibacterial, 13 and antifungal
activity,14 and also serve as scaffolds for kinase inhibitors.15=16 In order to explore the utility
of this ring system as a starting point for developing MenB inhibitors, we synthesized 13
compounds as shown in Scheme 1. In this procedure, the keto group is replaced by an ester for
convenience and the 1,4-benzoxazines are generated by mixing commercially available 2-
aminophenols with dimethyl but-2-ynedioate. After 1 h at room temperature the product
precipitates and is recrystallized from MeOH/EtOAc.

The synthesized compounds were evaluated for their ability to inhibit the reaction catalyzed
by MenB as well as the growth of M. tuberculosis H37Rv (Table 2). Several compounds had
MIC values of less than 1 pug/ml in which there was either no substituent on the benzoxazine
core (1), or in which R2=F (4) or R3 = F or CI (9, 10). However introduction of a methyl group
(2, 3, 8) resulted in a greater than 100-fold reduction in antibacterial activity. In addition, for
substituents at R? and R3, introduction of larger electron withdrawing groups (R? = CI (5),
R2=NO, (6), R? = EtSO, (7), R® = NO, (11)) also caused a dramatic reduction in antibacterial
activity. Since the methyl group is electron donating, we speculate that the effect on activity
results primarily from the size of the substituent and not from electronic effects. Interestingly,
a series of benzoxazines bearing an ethylsulfonyl group (similar to compound 7), had poor
antibacterial activity against E. coli and S. aureus,!’ raising the possibility that a reduction in
substituent size in the latter case might lead to an increase in compound activity. The data in
Table 2 also demonstrate that the benzoxazine core is essential for antibacterial activity as well
as enzyme inhibition, since compounds with quinoxaline (12) or benzothiozine (13) cores had
greatly reduced MIC and ICsq values compared to the parent compounds. This result is in
agreement with studies by Reynolds and coworkers who observed moderate MIC values (6.25
pg/ml) against H37Rv for a series of quinoxalines. These compounds also had poor activity
against M. tuberculosis H37Ra and M. avium (> 64 pg/ml),13 while in separate studies it was
also shown that quinoxalines had low activity against both E. coli and S. aureus.18
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Although substitution of the benzoxazine core generally had a dramatic effect on the MIC
values, the impact of the inhibition of MenB was much less pronounced. Although it can be
seen from Table 2 that the benzoxazine core is essential for MenB inhibition, the 1Csq values
for the benzoxazine analogues only varied by 4-5 fold. These data suggest that other factors
such as altered cell permeability and/or evasion of detoxification strategies may also modulate
antibacterial activity, together with the possibility that MenB might not be the only target in
the cell. To gain further insight into the mechanism of enzyme inhibition, detailed kinetic
studies revealed that compounds 1, 4 and 5 are non-competitive inhibitors of MenB with K;
and K;’ values that were similar to the 1C5q values. These compounds can thus bind to the
enzyme both before and after the varied substrate (OSB-CoA). Since MenB is a hexamer, it is
possible that binding of inhibitor to one subunit affects the ability of substrate to bind to an
adjacent monomer. Alternatively, there must be a distinct binding site for the benzoxazines in
the MenB monomer separate from the active site, occupation of which perturbs catalysis. X-
ray crystallography is currently being used to distinguish between these possibilities.

To further explore the antibacterial properties of the 1,4-benzoxazines, we therefore
synthesized a second series of compounds in which the methyl ester was replaced with a
substituted phenyl ring (Scheme 2). In this procedure the commercially available 2’-
chloroacetophenone was converted to the corresponding (Z)-ethyl 2-hydroxy-4-0xo0-4-
(2’chlorophenyl)-but-2-enoate by treating with diethyl oxalate at room temperature overnight.
The but-2-enoate was then refluxed with a selection of substituted 2-aminophenols in acetic
acid for 2 h in order to generate the 1,4-benzoxazine. Interestingly, none of these compounds
(14-20) were able to inhibit MenB up to concentrations of 100 uM. Thus, introduction of a
bulky group into the side chain significantly perturbs the ability of the 1,4-benzoxazines to
inhibit MenB. In addition, the MIC values increased 5-fold for 14 and 16, and 2.5-fold for
17, (Table 3), compared to the analogous compounds in Table 2, suggesting that while a portion
of their antibacterial activity could stem from an ability to inhibit MenB, there must be
additional targets for these compounds in the cell. Many antibacterial benzoxazines previously
reported also have bulky side chains and relatively poor activity against M. tuberculosis!® as
well as other bacteria.1’+ 20 Thus, again we would suggest that activity might be improved in
the latter cases by reducing the size of the side chain.

The compounds in Table 3 also inhibit the growth of E. coli My7 and S. aureus P-209,2° and
the SAR data presented here follows a similar trend to that reported previously in which halogen
substituents lead to an increase in antibacterial activity. In addition, the MIC data also show
that antibacterial activity is abolished by the introduction of a methyl group into the
benzoxazine ring (15 and 18), as was observed for the methyl esters (Table 2, compounds 3
and 8). Thus, while the introduction of a bulky side chain has reduced antibacterial activity,
both series of compounds in Tables 2 and 3 likely have a common target(s) in the cell, inhibition
of which is very sensitive to methylation at R2 (R%"). Current studies are focused on elucidating
the mode of action of the antibacterial benzoxazines and identifying the proteins in bacteria to
which they bind.

In summary, we have identified a group of 1,4-benzoxazines with promising in vitro
antibacterial activity toward M. tuberculosis H37Rv. These compounds were identified by
screening a compound library against the 1,4-dihydroxy-2-naphthoyl-CoA (DHNA-CoA)
synthase (MenB) in the M. tuberculosis menaquinone biosynthesis pathway. However the
current SAR data suggest that these compounds act by binding to additional targets within the
cell. These molecules provide a foundation for the development of novel antimycobacterial
agents that may ultimately lead to the discovery of new therapeutics for treating patients with
tuberculosis.
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Figure 1.
Structures of the benzoquinone and naphthoquinone redox cofactors.
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Figure 2.
The menaquinone biosynthesis pathway in E. coli showing the reactions catalyzed by MenE

and MenB.

Bioorg Med Chem Lett. Author manuscript; available in PMC 2011 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Lietal.

Page 8

1515010

Figure 3.
Chemical structures of hits from the HTS that have the common 1,4-benzoxazine backbone.
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Representative structures of existing benzoxazines and quinoxalines.
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Scheme 1.
Synthetic route for the (Z)-methyl 2-(2-oxo-2H-benzo[b][1,4]oxazin-3(4H)ylidene)acetates.
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Scheme 2.
Synthetic route for the (2)-3-(2-aryl-2-oxoethylidene)-3,4-dihydro-2H-benzo[b][1,4]
oxazin-2-ones.
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Table 1

Enzyme inhibition data for 1,4-benzoxazines identified in the high-throughput screen.@

Compound % inhibition of MenB

at 125 pg/ml
1482115 68.4+7.3
1486C16 98.0+1.2
1615120 60.3+10.3
1515010 77.3%5.2

a . i
MenB concentration was 150 nM and OSB concentration was 30 pM.
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In vitro activity of the (Z)-3-(2-aryl-2-oxoethylidene)-3,4-dihydro-2H-benzo[b][1,4]oxazin-2-ones

RZ

R

Table 3

O
H
N~ Cl

O "0

Compound R? R¥ mica
(ng/ml)

14 H H 3.13

15 Me H 100

16 F H 3.13

17 Cl H 125

18 Me >100

19 F 1.56

20 Cl 3.13

aCompound concentration giving 90% inhibition of M. tuberculosis H37Rv growth.
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