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ABSTRACT: 1,3-Benzothiazin-4-ones (BTZs) are a novel class of TB drug candidates with potent activity against M.
tuberculosis. An in silico ligand-based model based on structure—activity data from 170 BTZ compounds was used to design a
new series. Compounds were tested against a panel of mycobacterial strains and were profiled for cytotoxicity, stability, and
antiproliferative effects. Several of the compounds showed improved activity against MDR-TB while retaining low toxicity with

higher microsomal, metabolic, and plasma stability.

B INTRODUCTION

Tuberculosis (TB), an infectious disease most commonly
caused by Mycobacterium tuberculosis (Mtb), claims ~2 million
lives each year. According to the most recent WHO report, 4.7
million cases of TB were recorded in 2009, 250 000 of which
were estimated to involve multidrug resistant TB (MDR-TB).
Of these MDR-TB cases, around 7% (up to 33% in some
countries) have been shown to be extensively drug resistant
(XDR-TB).! The increasing failure of the current therapies for
TB and the dire lack of drugs in the development pipeline
highlight the urgent need to develop new drugs.”
1,3-Benzothiazin-4-ones (BTZs, Figure 1) are a novel class of
TB drug candidates with potent activity against Mtb in vitro
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Figure 1. Lead benzothiazinone structures. R1 acts as site of covalent
addition to DprEl after enzymatic activation, and an electron
withdrawing group at R2 is required. Variation is permitted in R3.
Both enantiomers (chiral center highlighted by ) are equipotent in
vitro.
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and in vivo.” Previous studies™” identified the racemic

benzothiazinone 1 (BTZ-10526038) and its chiral analogue 2
(BTZ-10526043, BTZ043) (Figure 1) as lead structures.
Compound 2 exhibits a minimum inhibitory concentration
(MIC) of 1 ng/mL against Mtb H37Ry, a factor of 20 below
that of the frontline TB drug isoniazid (INH). The target of 2 is
decaprenylphosphoryl-f-p-ribose 2’-epimerase (DprEl,
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Rv3790), which with DprE2 (Rv3791) is critical for the
synthesis of cell-wall arabinans and catalyzes the epimerization
of decaprenylphosphoryl-f-p-ribose to decaprenylphosphoryl-
p-p-arabinose.” It has been shown® that BTZ compounds act as
suicide inhibitors after enzymatic activation of the nitro as the
nitroso and subsequent covalent reaction with Cys387 of
DprElresulting in enzymatic inhibition.

A review of the available pharmacokinetics of these BTZ
compounds revealed that many had poor solubility and that the
bioavailability and ADME/T properties could be improved.
Therefore, the principle goal of this study was to design a
second generation series with increased solubility and to
explore the metabolic stability and toxicity profile of the new
compounds.

B METHODOLOGY AND CHEMISTRY

As indicated in Figure 1, the lead 2 can be broken down
conceptually into a BTZ core bearing three substituents (R1,
R2, and R3). The structure—activity relationship (SAR) around
groups R1 and R2 has been found to be very restrictive with
little modification tolerated, while considerable variation in the
structure of the R3 group is possible. In this study, the groups
at R1 and R2 positions were fixed to NO, and CF;,
respectively, and only variations at position R3 were explored.

A BTZ specific ligand-based model was derived from 541
MIC values for 160 of the 170 compounds from the BTZ
series® and 21 different bacterial organism/strains. The model
was built using Bayesian statistics by correlating 2D molecular
fingerprints of the compounds to their classification of being
active (MIC < 1 uM) or inactive (MIC > 1 uM). For a
compound predicted to be active, a predicted pMIC value was
derived by interpolation from its nearest structural neighbor
(most similar actives). Models were only derived for those
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Figure 2. Amines selected by ligand-based design for exploration of the R3 position after addition to the BTZ core.

Scheme 1. Preparation of Spiroketal BTZ Derivatives”
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R, 11an=1,R;=(S)-Me, R3 =H
11b n=2, R; = (R)-COOMe, R3 = (S)-Ph
11¢c n=1, R; = (R)-COOMe, R3 = (S)-Ph
11d n=1, R; = (R)-COOMe, R3 = (S)-Ph
11e n=2, R, = H, R3 = CH,0C3H;
11f n=1, R, = H, R3 = CH,0OC3H;
11g n=1, R, = H, R3 = CH,0C3H;

“(1)EtOH, amines 3a—ae, 60 °C; (ii) diol, DIPEA, TMSOTHY, 0 °C, DCM, then ketone, TMSOT, DCM, rt; (iii) 10% Pd/C, Et;SiH or cyclohexene,

MeOH; (iv) 4, EtOH, 60 °C.

organism/strains having experimental MIC data for more than
20 compounds in the BTZ set, resulting in predictions for
seven strains (Supporting Information Table S1). The
predictability was then assessed by leave-one-out cross-
validation. In all cases a good level of prediction was achieved.
For example, for Mtb H37Rv, the model is able to correctly
identify as actives 90% of the total number of truly active
compounds, without including a single inactive compound in
the prediction. For this model in particular, 60% of active
compounds are assigned a predicted MIC within 10-fold of its
corresponding experimental MIC. Poor aqueous solubility had
been identified as a characteristic property of the BTZ series,
and the most highly active compounds exhibit a low solubility.
Therefore, predictive solubility models were included in the
design of new compounds (Pipeline Pilot, Accelrys).”

On the basis of these models, a target list of novel BTZ
analogues was generated to select a diverse set of R3
substituents with good predicted MIC and good predicted
solubility. R3 amines from the 170 BTZ compounds were used
as templates for virtual screening against the chemical catalogue
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containing 7.5 million commercial compounds, selecting
structurally similar amines. After removal of molecules
containing reactive groups, 2797 commercially available amines
were selected. For each of the 2797 amines the corresponding
BTZ compound was generated using virtual combinatorial
chemistry. The resulting virtual compounds were filtered for
molecular weight (350—500 Da), rotatable bonds (<8), and
predicted solubility (log S > —6.5). Further filtering was carried
out using the predictive MIC model for Mtb H37Rv, removing
compounds that were either predicted to be inactive or outside
the applicability domain of the model. The resulting 333
compounds were divided into 20 clusters using the FCFP_4
2D fingerprints and nearest-neighbor clustering. Within each
cluster the three compounds with highest predicted solubility
(log S) were selected.

From these compounds 28 amines (3a—ab) were selected
based on availability and cost (Figure 2). A further 3 amines
(3ac—ae) outside the predictive models were also chosen. The
target compounds were prepared by nucleophlhc addition of
amines to thiomethyl benzothiazinone 4*° to give the BTZ
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Table 1. Antibacterial, Stability, and Toxicity Testing Data for Selected BTZ Compounds®

MIC [ug/mL] stability [%] toxicity [uM]

M. smeg, buffer, HUVECS2
M. fort. B, plasma,” K-562,%
compd MDR-TB? microsome” HeLa
2 0.008 98 8
0.00156 107/97 11
<0.015 98/45 >50
Sa 0.004 91 20
0.012 86/114 37
0.03 43/32 41
Sg 0.125 14 17
0.05 108/93 21
<0.125 28/37 48
Sm 0.015 78 18
0.0125 95/115 30
0.03 13/2 39
5n 0.25 98 ND*
0.025 99/111 ND’
<0.125 42/13 ND*
Sp 0.001 95 >S50
0.00625 90/104 >50
0.03 6/8 >S50

MIC [ug/mL] stability [%] toxicity [uM]

M. smeg, buffer, HUVECS2
M. fort. B,S plasma,” K-562,8
compd MDR-TB% microsom HelLa'
5q 0.25 101 ND*
>0.1 64/92 ND’
<0.125 61/80 ND’
5z 0.004 96 18
ND' 92/114 30
>0.03 6/7 38
Sac 0.004 82 >50
0.0125 96/71 >50
<0.015 120/75 >50
7 0.015 98 16
0.0125 51/56 22
>0.1 81/29 36
11b 0.015 82 >50
0.00625 90/88 >50
>0.03 ND/ND’ >50
1le 0.004 99 >50
0.0031 98/103 >50
<0.015 6/9 43

“All compounds showed CCg, of >10 M against HepG2 and HEK293 cell lines. bm. smegmatis 700084. “M. fortuitum B. M. tuberculosis 2745/09
MDR. *Human/mouse. /Liver microsomes human/mouse. EGL,,. hCCSO. "Not determined.

analogues Sa—ae (Scheme 1). This process allows for a very
convenient point of convergence in the synthesis, as 4 can be
prepared on large scale and nucleophilic amines can then be
readily added into the R3 position. For analogues St, 5x, Sy,
and Saa insufficient quantities of the desired products were
obtained for assay after several attempts at synthesis and the
compounds were not pursued further for this study.

The methodology used to design Sa—ab selects only amines
that are commercially available. To explore the region around
the spiroketal of 2, an additional group of compounds was
designed where chemical steps were required in preparation of
the amines (Scheme 1). While formation of the ketals using
standard Dean—Stark conditions was found to be tedious on
small scale, a one pot version of the TMSOT{ catalyzed
addition of the bis-TMS ether of the diol’ proved to be very
rapid and yielded clean products. This procedure could be
applied to ketones already installed on the BTZ core (e.g, 6a,
6b), or on a N-protected aminoketone (10a—g) before
deprotection and condensation with 4. For several of the
spiroketal compounds, diastereomers were formed at the spiro
junction. In most cases the diastereomers were not separable
and the compounds were assayed as mixtures. However, for
two compounds these diastereomers were separable by
preparative HPLC and were assayed independently (11c/11d
and 11f/11g, respectively).

To compare the compounds in this study with the previous
results, we tested each compound in MIC assays for M.
smegmatis 700084 using two different media: Middlebrook 7H9
and Mueller—Hinton broth. Most of the compounds showed
only slightly different MIC values, within a log difference in the
two broths (Table S3). The only exception was Sac, which
showed 3 orders of magnitude higher activity (lower MIC)
when assayed in Mueller Hinton broth. This compound also
exhibits very low aqueous solubility (around 60 nM), which
may be responsible for the different MIC values. In general all
the assays using the MHB as growth medium resulted in
slightly lower MIC values (higher activity) compared to the
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assays using the 7H9. Active compounds were then tested for
mammalian cell cytotoxicity against HepG2 and HEK293 cells.

By use of this initial testing data, the active compounds were
subjected to further testing for MIC against M. smegmatis
SG987, M. vaccae 10670, M. fortuitum B, M. aurum SB66, and
MDR-TB 2745/09, stability in buffer and human and mouse
liver microsomes, antiproliferative effects, and cytotoxicity
(Tables 1 and S4).

B DISCUSSION AND CONCLUSIONS

MIC testing revealed several compounds that were more active
or equivalent to 2 against M. smegmatis (Sp, Sm, 5z, Sac, 11b,
11e, and 7) and MDR-TB (Sa, Sp, 5z, Sac, 11b, and 11e). The
observed therapeutic indices (CCso/MIC) were excellent for
candidate antimicrobials (>10000), notably for Sp (>50 000)
and Sac (>12 500), for which the indices greatly exceeded that
of compound 2 (>6250). The differences were more
pronounced when comparing antiproliferative effects (Glgo/
MIC of >50000, >12500, and 1190, respectively). The
compounds were generally stable to buffer and human and
mouse plasma and liver microsomes. However, reduced
stability was observed for $g, Sn, Sm, Sp, 5z, and 11e. With
a view to future in vivo studies, it was interesting to note the
difference in stability in the presence of human or mouse
microsomes observed for some compounds (eg 2, Sm, 5n, and
7). Evidence that the newly designed compounds retain the
mode of action of compound 2 was shown in the lack of activity
against M. aurum SB66 as the orthologous enzyme possesses a
serine rather than a cysteine at residue 387, known to be critical
to the action of the BTZ class.’

Of the 24 compounds tested from the in silico design
approach, 13 were found to have activities against M. smegmatis
of better than 1 yg/mL, while only two compounds were found
to be inactive at our highest test concentration (2 pg/mL),
indicating about a 90% success rate for the model at predicting
active compounds (Table S2). The kinetic solubility of a
selected group of compounds was measured at pH 7.4 using the
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methods described by Alsenz,'® Hoelke,'" and Lipinski.'* For
two compounds there was a large variation observed between
the duplicate determinations and they could only be placed
qualitatively in the partially soluble band."®> As can be seen in
Table 2, the predicted solubility values were found to be within
a log unit of those measured experimentally. Four compounds
had equivalent or improved solubility relative to 2.

Table 2. Comparison of Predicted and Measured Solubility

measured result

compd predicted log S log S HM
2 —4.73 -5.16 6.8
Se -5.09 =579 1.63
St =5.31 —5.74 1.82
Sh —-5.03 partially soluble
Sj —4.83 partially soluble
Sk —5.38 —4.66 21.8
Sm —5.85 —4.93 11.9
5q -5.17 —5.09 8.1
Sw —4.94 —4.98 10.6
Sz —6.05 —5.53 2.97
Sac —6.94 —7.23 0.060

To compare the newly designed compound in this study and
the previous BTZ compound, a structure diversity analysis was
performed. By use of 2D fingerprints (ECFP_6) and Tanimoto
distances, a distance matrix between each of the original BTZs
and our new compounds was calculated. For visual
representation of the distances between each compound,
standard multidimensional scaling (MDS) has been applied
to reduce the multidimensional distance matrix to two
dimensions (distances within the two-dimensional plot
represent the structural distances in the matrix)

As Figure 3 illustrates, the compounds designed and
synthesized in this study were within the same broad structure
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Figure 3. Multidimensional scaling (MDS) plot of the structural
similarity/diversity of analogues of 2, using 2D chemical fingerprints
(ECFP_6) and Tanimoto distances to calculate the diversity between
compounds. Original BTZ compounds are shown as diamonds and the
newly designed compounds in this study as circles. The MIC activity is
indicated by the color of the symbols, showing compounds with low
MIC activity (MIC > 1 ug/mL) in dark red, medium MIC activity (1
< MIC < 0.01 pug/mL) in orange, and high MIC activity (MIC < 0.01
pug/mL) in green.

space as the original BTZ compounds. While the ligand-based
in silico design is biased by the training set of BTZ compounds,
the selection of compounds for synthesis was targeted for
maximum structural diversity.

In the MDS plot the compounds fall into three structural
clusters: (i) linear amines, (ii) cyclic amines (piperidines and
piperazines), and (iii) the closely related piperidinespiroketals.
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Each group or area in the plot contains highly active
compounds and low or inactive compounds, suggesting that
the target does not have a single preferred structure for the R3
position and that it should be possible to tune compound
pharmacokinetic properties by varying the R3 moiety. Indeed,
highly active compounds have been found with solubilities
ranging from 60 nM (Sac) to 12 M (5m) and calculated log P
values ranging over 3 orders of magnitude.

The ligand based modeling method used has shown a
remarkable ability to distinguish actives from inactives for
antitubercular BTZs and has allowed the exploration of the
SAR within the broad structural space of the training set. The
ability to bias the compound set toward any desired calculated
physical property allows the refinement of the pharmacokinetic
properties of the products. The extensive toxicity and stability
data obtained allow us to select compound classes to progress
into more detailed SAR studies and subsequent animal models.

B ASSOCIATED CONTENT

© Supporting Information

Details of synthesis and characterization, modeling, and
biological assays (including the first round assays and the full
MIC and toxicity panel of the second round). This material is
available free of charge via the Internet at http://pubs.acs.org.
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