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Bedaquiline was approved by USFDA in 2012 for pulmonary MDR-TB. The ICso value of bedaquiline was re-
ported to be remarkably low (25 nM), effectively inhibiting mycobacterial ATP synthase. In addition to these
obvious assets of bedaquiline, the potential disadvantages of bedaquiline include inhibition of the hERG (human
Ether-a-go-related gene; KCNH,) potassium channel (concurrent risk of cardiac toxicity), hepatic toxicity and

possibly phospholipidosis. The current review focuses primarily on the structural part of bedaquiline for the
activity-toxicity optimization. This critical analysis of the structure of bedaquiline will help medicinal chemists
to synthesize the better modified analouge of bedaquiline with reduced cardiotoxicity, hepatotoxicity potential
and improved pharmacokinetics.

1. Introduction

Multi-drug resistant tuberculosis (MDR-TB) is of rising global con-
cern and threatens to undermine increasing endeavours to control the
overall spread of tuberculosis (TB) [1,2]. Bedaquiline has recently come
out as a new drug to explicitly treat MDR-TB [3]. In spite of being
highly effective mere because of its distinct mode of action, Bedaquiline
has been linked with major toxicities and thus safety concerns are
constraining its clinical utilization [4-6]. The development of be-
daquiline, the primary new anti-TB drug commercial in over fourty
years secure to revolutionize the treatment of MDR-TB because of its
novel mechanism of action towards mycobacterial ATP synthase [7].
Diarylquinoline (DARQs) that were extremely active against MDR-TB
was invented in 1996 at Janssen Pharmaceuticals [8]. Janssen's hit-to-
lead effort made a series of many hundred DARQ derivatives with in
vitro activity against Mtb, eventually leading to the identification and
development of bedaquiline; the most effective anti-TB agent in its (R,S)
enantiomeric type as shown in Fig. 1 [7,8]. Bedaquiline was endorsed
by the USFDA in 2012 for explicit use in pulmonary MDR-TB, and
shows improved outcomes once it's utilized in combination with stan-
dard MDR-TB drugs [9]. An ongoing report, adding bedaquiline to a
standard routine for the treatment of MDR-TB demonstrated a positive
cost-benefit analysis by minimizing hospital residence [10].

At the molecular level the compound was appeared to restrain the
mycobacterial F;F, ATP synthase by binding to its membrane-em-
bedded F, rotor ring as depicted in Fig. 2 [11]. The ICso value of be-
daquiline was reported to be remarkably low (25nM), effectively in-
hibiting mycobacterial ATP synthase. In addition, the mode of action of
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bedaquiline is highly target-specific [12,13], since the ICs, values for
human, bovine and mouse mitochondrial ATP synthases were 20000
times higher [12,13]. In addition to these obvious assets of bedaquiline,
the potential disadvantages of bedaquiline include inhibition of the
hERG (human Ether-a-go-related gene; KCNH2) potassium channel
(concurrent risk of cardiac toxicity) [14], hepatic toxicity [15] and
possibly phospholipidosis (related to its high lipophilicity [calculated
clogP of 7.25]) [16,17]. There are also potential pharmacokinetic (PK)
drug-drug interactions with common TB drug-drugs rifampicin and ri-
fapentine, which are potent inducers of bedaquiline's main metabo-
lizing enzyme CYP3A4 [18,19]. In order to facilitate the effective
treatment of MDR-TB, highly active bedaquiline analogues that exhibit
an improved safety profile are urgently needed. Following our research
into the identification of potential anti-mycobacterial agents [20-23],
the current review focuses primarily on the structural part of be-
daquiline that is responsible for its activity and toxicity. This critical
analysis of the structure of bedaquiline will help medicinal chemists to
synthesize the better modified analouge of bedaquiline with reduced
cardiotoxicity, hepatotoxicity potential and improved pharmacoki-
netics.

2. Challenges with bedaquiline

In addition to the standard MDR-TB background therapy,
Bedaquiline demonstrated faster bactericidal activity than background
therapy alone and was approved in 2012 by the US Food and Drug
Administration for the treatment of MDR-TB [24]. It is very lipophilic
(measured logP 7.25), however, and probably contributes to its long
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Initial fragment hit Bedaquiline

Fig. 1. Janssen developed bedaquiline from an initial fragment screening hit.
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Fig. 2. Binding interaction of bedaquiline with ATP synthase. It inhibits the
transfer of proton from Arg-186 to Glu-61 (dotted line indicates: Hydrogen
bonding and bold line: vander Waal's forces).
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terminal half-life of 5-6 months [25]. The potential for excessively
proportional tissue accumulation has limited the full exploration of its
possible dose range [26]. In general, highly lipophilic drugs are also
prone to liver toxicity [27]. Bedaquiline also shows inhibition of the
cardiac potassium channel hERG (human Ether-a-go-Related Gene;
KCNH2) with the concomitant risk of delayed ventricular repolarization
(QTc interval) and this is a point to be taken into account in the
planning of combination regimens with other TB drugs with similar
effects (e.g. Clofazimine (fluoroquinolones) (Fig. 3) [28].

3. Structural features of bedaquiline responsible for the activity
and toxicity (activity-toxicity optimization)

When we did the literature survey, we observed several reports of
optimizing the bedaquiline to minimize the cardiotoxicity and lipid
solubility but them at the same time need to compensate with ICsq
value [29-32]. Therefore, bedaquiline analogs of comparable anti-
bacterial activity but with lower clogP and less potent inhibition of the
potassium hERG channel would be of considerable interest. The proper
balance of lipid solubility and the basicity of the terminal dimethyla-
mino group is an important factor in the optimization of activity-toxi-
city for Bedaquiline. Keeping this idea in mind, we first studied the
pharmacophoric and structural characteristics of bedaquiline, which
are responsible for its activity and potency. Guillemont et al., the pio-
neer researcher group and inventor of bedaquiline reported the inter-
esting structural features of Diaryl Quinolines (DARQ) [8]. They con-
cluded the structure-activity analysis from more than 200 derivatives
tested against M. Smegmatis (Figs. 4 and 5).

1) Shortening or the lengthening of the lateral chain (dimethylamino
ethyl) did not improve the antimycobacterial activity but more cy-
totoxicity as lipophilicity of these derivatives increased.

2) The impact of modification to the dimethylamino group located at
the end of the lateral chain was evaluated by the introduction of
diverse amino groups and replacement with non-basic functionality.
When the amino group is basic (calculated pKa > 8) anti-
mycobacterial activity against M. smegmatis was retained, whereas
with less basic derivatives (calculated pKa < 8) activity decreased.
3) Marked potency differences among diasatereoisomer could be
observed with the (RS,SR) form displaying the highest activity, at

Fig. 3. Challenges associated with bedaquiline.

2) The impact of modification to the dimethyla-
mino group located at the end of the lateral
chain was evaluated by the introduction of di-
verse amino groups and replacement with non-
basic functionality. When the amino group is
basic (calculated pKa > 8) antimycobacterial
activity against M. smegmatis was retained,
whereas with less basic derivatives (calculated
pKa < 8) activity decreased. 3) Marked potency
differences among diasatereoisomer could be
observed with the (RS,SR) form displaying the
highest activity, at least tenfold more active
than the (RR,SS) form. 4) The presence of a
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Naphthalene ring could be replaced by less A“‘f‘?" group shoulii be basic and reducing the
lipophillic ortho fluoro phenyl ring, this substitution basicity below pKa = 8.0, decreases the activity [8].
increases the activity and decreases the lipidsolubilty [8].

Shortening or lenghthening of alkyl chain length dont have any impact on
the anti-mycobacterial activity but results in more cyto-toxic and lipohillic
derivatives [8].

SAR for Potency and Activity

Presence of chloro at meta position is having
significant improvement in the activity [8].

——)» OCH; group could be replaced by SCH;
Br group could be replaced by CHj group to vary the lipid-solubility [8].
to vary the lipid solubility [8].

Bedaquillin
Naphthalene Ring :High lipophilicity of bedaquiline may be responsible
for additional undesirable side-effects such as phospholipidosis
(the accumulation of phospholipids within cells), and CYP450
(isoenzyme 3A4) mediated drug-drug interactions [34].

A basic nitrogen, which is predominantly protonated at physiological pH
(pKa 9.6), forming Pie-cation interactions with specific aromatic
residues further increases affinity for the hERG channel [33].

Structural Features
Responsible for High Lipid
Solubility and Cardio-toxicity

Br group: Undesirable side-effects
such as phospholipidosis due to lipidsolubility [33,34].

Bedaquillin

Fig. 4. Structural feature responsible for the activity and toxicity of bedaquiline.

Bedaquilline
MICy = 0.07 pg/ml
hERG IC5y - 1.6 uM
clogP =7.25

OCH;, OCH,CH,
CHs
Compound 1 Compound 2 Compound 3 Compound 4
MIC90 =0.02 ug/ml MIC90 < 0.02 ]J.g/ml MICgo _< 0.02 p.g/ml MIC90 - 0.01 p.g/ml
hERG IC5y=> 10 uM hERG IC5y - 7.5 uM hERG IC5y > 10 uM hERG IC5y -> 10 pM
clogP =7.41 clogP = 6.87 clogP =7.19 clogP =7.42

Fig. 5. Naphthalene substituted analouge of bedaquiline.

least tenfold more active than the (RR,SS) form. 4) The presence of a atom by an alkyl or an aryl group delivered compound, which dis-
chlorine atom in the meta position of the phenyl ring was preferred played a slightly better activity against M. Smegmatis [8].

over ortho and para positions. 5) Instead of naphthalene, o-fluoro

phenyl also showed significant activity. 6) Replacing the bromine We have also collected the information about the functional group
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Cyanation
clogP lowered
MICy, retaine

clogP =7.25

Bedaquilline
MICy, - 0.09 pg/ml

Compound 5 B =Ph, C=3-F

Compound 6 B =2-F3-OCH; C=3-F
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[clogP =4.86 MICyy = 0.69 pg/ml ]

[clogP =4.87 MICyy = 0.18 pg/ml ]

Compound 8 B =C =2,3-di-OCHj;

OH
@ [ Compound 7 B =2-F3-OCH; C =3-OCH, [clogP =4.64 MICyy =0.09 pg/mi] |
O

[clogP =4.86 MICy, = 0.34 pg/ml]

Fig. 6. 6-cyano substituted analouge of bedaquiline.

Compound 10

MICy, = 0.02 pg/ml
hERG IC5,=0.53 pM
clogP =5.55

Fig. 7. Anti-mycobacterial potential of compound 10.

responsible for high lipid solubility and cardiotoxicity of bedaquiline
[33,34]. Fernandez et al., reported that the basic amine functional
group present in bedaquiline, which is predominantly protonated at
physiological pH (pKa 9.6), forming st-cation interactions with specific
aromatic residues within this region [33], increases the affinity for the
hERG channel. In addition to promoting hERG binding, the high lipo-
philicity of bedaquiline may be responsible for additional undesirable
side-effects such as phospholipidosis (phospholipid accumulation in
cells), and drug-drug interactions mediated by CYP450 (isoenzyme
3A4), as shown in Fig. 4 [34]. Fox et al.,, reported recently that N-
desmethyl metabolite (“M2”) of Bedaquiline is more toxic and less
bactericidal [34]. These observations suggest that less lipophilic ana-
logues of bedaquiline would be of considerable interest in reducing the
potential for tissue over proportional accumulation and modifying the
terminal dimethyl amino group would lessen the affinity with the hERG
channel (cardio-toxicity).

We have also collected the information about the functional group
responsible for high lipid solubility and cardiotoxicity of bedaquiline
[33,34]. Fernandez et al., reported that the basic amine functional
group present in bedaquiline, which is predominantly protonated at
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physiological pH (pKa 9.6), forming st-cation interactions with specific
aromatic residues within this region [33], increases the affinity for the
hERG channel. In addition to promoting hERG binding, the high lipo-
philicity of bedaquiline may be responsible for additional undesirable
side-effects such as phospholipidosis (phospholipid accumulation in
cells), and drug-drug interactions mediated by CYP450 (isoenzyme
3A4), as shown in Fig. 4 [34]. Fox et al.,, reported recently that N-
desmethyl metabolite (“M2”) of Bedaquiline is more toxic and less
bactericidal [34]. These observations suggest that less lipophilic ana-
logues of bedaquiline would be of considerable interest in reducing the
potential for tissue over proportional accumulation and modifying the
terminal dimethyl amino group would lessen the affinity with the hERG
channel (cardio-toxicity).

4. Recently reported less lipophilic bedaquiline analouge with
minimal cardio-toxicity

Several attempts were made by the different Researcher to optimize
the Bedaquiline to have minimal lipophilicity and cardio-toxicity. The
details of which are discussed below;

Sutherland et al., synthesized the modified derivatives of be-
daquiline, where they replaced the naphthalene unit with a range of
widely differing lipophilic bicycle heterocycles (4.5-fold range in clogP
values) [29]. On average, the biological results of these compounds
show a lower clogP limit of around 5.0 for the confinement of potent
inhibitory activity (MICyos) towards the M. tb.

Among the synthesized compounds; 1, 2, 3 and 4 showed a sig-
nificant reduction in hERG channel potassium current (hERG ICsq
= > 10 uM) inhibition compared to bedaquiline (hERG IC50 = 1.6 pM)
and anti-TB activity retention as shown in Fig. 5. All four potent com-
pounds had benzofuran substitution, indicating that further exploration
of the benzofuran ring could be of interest in order to obtain a better
Bedaquiline analog with minimal cardiotoxicity. They also investigated
the impact of CN substitution at 6th quinoline ring position and con-
firmed their ability to reduce overall drug lipophilicity (thus con-
tributing to desirable physiochemical properties) without compro-
mising in vivo efficacy.

Tong et al., synthesized the 6-cyano (Compound 7) analouge of the
bedaquiline and reported the significant decrease in lipophilicity
(clogP = 4.64) with just humble impacts on MIC (0.09 ug/ml) values as
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Replacing naphthalene ring by
less lipophillic ortho-fluoro phenyl ring increases
significant activity and reduces the lipid-solubility [8] 4—

Replacing Br by polar CN group
reduces the lipid solubility [30]
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Replacing or Cyclizing dimethyl amino group by less basic group
with optimal pKa = 8.0, will lessen the cardio-toxicity [8]

Replacing phenyl ring by meta chloro phenyl or
heterocyclic polar ring increases
significant activity and reduces the lipid-solubility [8]

Less Lipid
Solubility

eeping Optimal Basicity of
Terminal Dimethylamino

——Group, where

pKa < 9.6 and pKa > 8.0 >
P— — =

Minimal Hepatotoxicity

___Minimal Cardiotoxicity
W 20

Solutions for Bedaquilline

Fig. 8. Activity-toxicity optimization of Bedaquiline.

shown in Fig. 6 [30].

This is a crucial new substitute for the efficient but less lipophilic
and potentially safer Bedaquiline analogs.

Choi et al., synthesized and evaluated bedaquiline analogs, in
which the phenyl unit was substituted by monocyclic lipophilic het-
erocycles (thiophenes, furans, pyridines) [32]. While a broad positive
correlation was expected between lipophilicity and anti-tubercular ac-
tivity, the 4-pyridyl analouge (Compound 10) additionally contributed
to antibacterial potency. Most of the synthesized compounds were polar
and had higher clearance rates than bedaquiline, and their oral bioa-
vailability was acceptable, but their hERG liability improved slightly
(Fig. 7).

5. Discussion and future perspectives

It could be deduced from the literature review that the appropriate
balance of lipid solubility and basicity of the terminal dimethylamino
group could solve hepatotoxicity and cardiotoxicity problems asso-
ciated with Bedaquiline and make it an appropriate candidate for
treatment of MDR - TB. Based on these chemical characteristics (ac-
tivity and toxicity), the designing of the new bedaquiline analouge in
which the cyano group at the 6th position of the quinolines, which is
more polar than the bromine and also retained the activity would be
preferable to reduce lipid solubility (Fig. 8) [30]. Replacing more li-
pophilic naphthalene in the side chain with less lipo-phillic rings such
as 2-fluoro-phenyl, 2,5-difluro-phenyl, benzofuran and furan would
also have had a positive effect on the reduction of LogP. The replace-
ment of the bedaquiline side chain phenyl ring with meta chloro
phenyl, 3-pyridine and 4-pyridine ring causes increased activity and
reduction of lipid solubility (Fig. 8) [8,29-32]. Fernandez et al., dis-
closed that the basic amine functional group present in bedaquiline,
which is predominantly protonated at physiological pH (pKa 9.6),
forming m-cation interactions with specific aromatic residues within
this region [33], increases the affinity for the hERG channel. Contrarily
Guillemont et al., reported that the basicity of amino group should be
more than 8 (pKa > 8) to retain the anti-mycobacterial activity against
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M. smegmatis, whereas with less basic derivatives (calculated pKa < 8)
activity decreased [8]. Both the above observations indicate that an
appropriate balance of basicity is essential for optimizing activity-
toxicity. Therefore, here we suggest that replacing the dimethylamino
terminal group of bedaquiline with different functional groups or cy-
cling the dimethylamino terminal nitrogen into the heterocyclic ring to
maintain the optimum basicity (pKa greater than 8 and less than 9.6)
will reduce the cardiotoxicity (Fig. 8).
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