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ABSTRACT: Hyperphosphorylated nucleotide (p)ppGpp, synthesized by Rel
protein, regulates the stringent response pathway responsible for biofilm and
persister cell growth in mycobacteria. The discovery of vitamin C as an inhibitor
of Rel protein activities raises the prospect of tetrone lactones to prevent such
pathways. The closely related isotetrone lactone derivatives are identified herein
as inhibitors of the above processes in a mycobacterium. Synthesis and
biochemical evaluations show that an isotetrone possessing phenyl substituent at
C-4 inhibit the biofilm formation at 400 μg mL−1, 84 h post-exposure, followed
by moderate inhibition by the isotetrone possessing the p-hydroxyphenyl
substituent. The latter isotetrone inhibits the growth of persister cells at 400 μg
mL−1 f.c. when monitored for 2 weeks, under PBS starvation. Isotetrones also
potentiate the inhibition of antibiotic-tolerant regrowth of cells by ciprofloxacin
(0.75 μg mL−1) and thus act as bioenhancers. Molecular dynamics studies show
that isotetrone derivatives bind to the RelMsm protein more efficiently than
vitamin C at a binding site possessing serine, threonine, lysine, and arginine.

■ INTRODUCTION
Persister cells form a group of an antibiotic-tolerant bacterial
cell population responsible for the resurgence of pathogenic
infections upon withdrawal of antibiotics on infected host
cells.1 Among other factors, the stringent response pathway
regulates the persister cell emergence and the pathway is
regulated heavily by hyperphosphorylated guanosine nucleo-
tides, namely, (p)ppGpp.2−7 Sustained investigations show the
intense inter-relationship of mycobacterial stringent response
pathway, persister cell formation, and infection to the host cells
by overcoming antibiotic treatments.8−12 The emergence of
persister cells is often correlated to the synthesis of (p)ppGpp
by Rel, which is a predominant bacterial enzyme. Under stress,
such as, in starvation conditions, the Rel enzyme activates the
(p)ppGpp synthesis, which, in turn, leads to persister cell
growth, possessing altered metabolic processes. Targeting the
stringent response pathway, and thus the (p)ppGpp synthesis,
appears to be a promising approach to overcome persister cell-
mediated infections to host cells.
Relacin and derivatives thereof have been developed as

potent Rel inhibitors, although their in vivo inhibition activities
occur in millimolar ranges.13−15 Among other potent inhibitors
studied so far, vitamin C shows promising inhibitory activities
by inhibition of the ppGpp synthesis.11 Vitamin C binds
directly to the Rel enzyme and inhibits (p)ppGpp biosynthesis,
thereby establishing the importance of vitamin C to prevent
mycobacterial persister cell emergence. The inhibition of

(p)ppGpp biosynthesis occurs at millimolar concentrations of
vitamin C, although such high concentrations of vitamin C
would not be an impediment to a normal course of
administration to antibiotic-tolerant infected cells populated
with persisters. Vitamin C has also been discovered recently as
a potent inhibitor of persister cell growth in M. smegmatis and
M. tuberculosis bacterial species.16−21 These discoveries prompt
studies of newer chemical entities possessing the tetrone
lactone scaffold. Vitamin C is a tetrone lactone22 and thus
scaffold search of potential inhibitors with a varied substituent
on the tetrone lactone is a viable approach. The present report
demonstrates the potencies of newly formed C-4 modified
isotetronic acids as inhibitors of M. smegmatis persister cell
growth through a series of biochemical evaluations.

■ RESULTS AND DISCUSSION
Chemical Synthesis of C-4-Modified Isotetronic

Acids. α-hydroxy-γ-butyrolactones, namely, isotetrone lac-
tones form as a scaffold for many important natural products of
therapeutic importance.23−27 Many natural products possess
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the α-hydroxy-γ-butyrolactone scaffold.28−34 Early biosynthesis
studies by Yamamoto and co-workers demonstrated that α-
amino acids form the substrate for the formation of α-hydroxy-
γ-butyrolactone metabolites, produced during the culture
growth of fungus Aspergillus terreus IFO 8835 strain.35 The
deamination of α-amino acids was presumed to form the first
of several steps, leading to isotetrone formation. The
deamination process led to the transformation of the α-
amino acid to α-keto acid, namely, pyruvic acid. Pyruvic acid
acts as an excellent nucleophile to aldol reactions with carbonyl
electrophiles and in biosynthesis, and the reaction is mediated
by a type II aldolase enzyme.36,37 Subsequent lactonization
leads the resulting cross-aldol product to the isotetrone.
Pyruvic acid as an important synthon is well-exploited in the
chemical synthesis of many derivatives of isotetrone, with
substitutions at C-3 to C-5 carbons.38−40 Enantioselective
synthesis led to a paradigm shift and syntheses of stereo-
chemically pure butyrolactones are also achieved.41−49

Recognizing the importance of deamination of amino acids
to the corresponding substituted pyruvic acids, we undertook
to synthesize isotetrones that possess variations of the
substituent at C-4 carbon of the furanone scaffold.
A facile approach to deamination of L-amino acid is

considered as an important strategy, in order to enable the
incorporation of substituents at the C-4 position of
isotetrone.50 The reaction of L-amino acids 1−3, leucine,
phenylalanine, and tyrosine, respectively, with trifluoroacetic
anhydride, at optimal conditions of 85 °C and 1.5 h duration,
afforded oxazolones 4−6 (Scheme 1), in good to moderate

yields, in addition to the formation of trifluoroacetyl amino
acids.51,52 Oxazolones 4−6 were subjected to aq. alkaline
hydrolysis at room temperature for 18 h and the corresponding
pyruvic acids 7−9 formed, possessing either keto- or the enol
ether functionality.53,54 Enolization was observed higher in
products 8 and 9.
The reaction of pyruvic acids 7−9 with formalin for 4 h, in

the presence of K2CO3, in THF, initiated the aldolization and
subsequent lactonization of the cross-aldol intermediate during
acidic work-up that led to the formation of isotetrones 10−12.
When the reaction was left for a longer duration, a double
aldolization product was also noticed in the crude reaction
mixture, particularly, with pyruvic acid intermediate derived
from isoleucine 1, whereas unreacted starting materials 4−6
remained when aldolization reactions were conducted for a
shorter duration. The identities and structural homogeneities
of intermediates 4−9 and final products 10−12 were
ascertained by nuclear magnetic resonance (NMR) spectros-
copies and mass spectrometry.
A similar reaction sequence was extended to valine,

isoleucine, and tryptophan amino acids. Oxozolone formation,

hydrolysis to the corresponding pyruvic acid derivatives,55−57

aldolization with formalin, in the presence of K2CO3 and
subsequent lactonization led to the formation of isotetrones
13−15 (Figure 1). In the case of valine, intermediate α-keto-γ-

butyrolactone was observed to undergo a further reduction in
the presence of formalin so as to afford α-hydroxy-γ-
butyrolactone 13, which is a pantolactone. Such a trans-
formation was not observed with butyrolactone 14, derived
from isoleucine. Additional hydroxymethylation also occurred
at the indole−nitrogen of tryptophan-derived butyrolactone
15. Characterizations of products 13−15 were established by
NMR spectroscopies and mass spectrometry.
Each one of the isotetrones differ at the substituent nature at

the C-4 carbon of the scaffold. Aromatic substituents possess
variations, namely, phenolic, indole, and phenyl moieties as the
substituent in one series. Aliphatic series possesses methyl,
ethyl, and isopropyl substituents in a quaternary carbon.
Isotetrone further was presented either in a keto or enol or a
hydroxy functionality at the C-3 carbon. These functionalities
represent the variations at each series of the scaffold.
Specific Isotetrones Interfere with Planktonic Growth

of M. smegmatis. The studies were undertaken with fast-
growing M. smegmatis acid-fast bacterium. Of the six C-4
modified isotetrones 10−15, preliminary screening of the
effects on planktonic growth of the bacterium showed
isotetrones 11 and 12 showed inhibitory properties and
these derivatives were shortlisted for further studies. Isotetrone
11 showed significant growth inhibition at the early
exponential and late exponential phases compared to the
untreated controls (Figure 2a).

Further analysis showed that derivative 11 inhibited the
bacterial planktonic growth in a dose-dependent manner, and
at 400 μg mL−1, complete growth inhibition occurred up to 72
h. After this duration, regrowth of cells was observed. A
moderate growth inhibition was observed for isotetrone 12
during the exponential growth phase of M. smegmatis cells in a
concentration-dependent manner (Figure 2b). In this instance
too, cells tended to recover from the early inhibition in the
exponential phase and growth similar to untreated control was
observed by 60−72 h, indicating a transient inhibitory effect of
these isotetrones. Isotetrone 10 did not intervene in the
growth profile of M. smegmatis cells across all concentrations

Scheme 1. Synthesis of Isotetrones 10−12, from a-Amino
Acids 1−3, through Oxazolones 4−6 and C-3 Substituted
Pyruvic Acid 7−9 Intermediates

Figure 1. γ-Butyrolactones 13 and 14, and isotetronic acid 15
synthesized from valine, isoleucine, and tryptophan, respectively.

Figure 2. M. smegmatis growth curves in the presence of varying
concentrations of (a) 11; (b) 12; and (c) 10.
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when compared to the untreated control (Figure 2c). These
differences in the growth profiles indicate that both the
isotetrones 11 and 12 possessing an aromatic moiety at C-4
carbon act as transient bacterial growth inhibitors. Further-
more, the minimum inhibitory concentration (MIC) was
checked for compound 11 and compound 12, and it was found
to be 400 μg mL−1.
Isotetrones Showed a Differential Killing Pattern in

M. smegmatis. The transient growth inhibition prompted us
to verify the effects of isotetrones in combination with a known
antimicrobial drug.58,59 A clinically relevant fluoroquinolone
series drug, namely, ciprofloxacin (Cip), having a low MIC
value against M. smegmatis, was chosen for this purpose. The
initial determination of the MIC of Cip, in the presence of
derivatives 10−12 (200 μg mL−1), showed the following trend:
Cip: 0.25 μg mL−1; Cip + 10: 0.25 μg mL−1; Cip + 11: 0.125 2
μg mL−1; and Cip + 12: 0.5 μg mL−1.
In order to assess the efficacies of isotetrones to kill M.

smegmatis WT cells, in MB7H9 media, a kill kinetics assay was
conducted, either alone or in combination with ciprofloxacin.
Isotetrone derivatives alone did not result in any drop in CFU
mL−1, implying that the derivatives lacked activity to kill the
cells (Figure S13). An alternating killing pattern emerged when
the cells were treated with a combination of ciprofloxacin (2.5
μg mL−1) and different isotetrones (400 μg mL−1). The drug
in combination with 10 did not lead to any appreciable change
in the killing, whereas ciprofloxacin (2.5 μg mL−1) and
isotetrone 11 and 12 combinations led to an antagonistic
response, where the combinations led to a reduced killing at
each plating time point (Figure 3). We presume the intrinsic
growth inhibitory properties of 11 and 12 interfered with
ciprofloxacin activity, leading to the differential killing of the
replicating cells.

Selective Isotetrones Affect the Biofilm Formation of
M. smegmatis. Vitamin C is the first tetronic acid derivative
demonstrated to exhibit inhibitory activity against biofilm-
grown mycobacterium, occurring at a concentration of ∼10
mM.22 It was also assessed to interfere with the ppGpp
biosynthesis in M. smegmatis and the biofilm growth.18,60−62

Isotetrones synthesized in the present work were assessed for
the inhibition of biofilm formation at the maturation stage of
M. smegmatis. The biofilm morphologies were monitored for
84 h post-exposure to 10−12. Among the derivatives, 11
showed the largest effect in a concentration-dependent manner
(Figure 4). Derivative 12 showed moderate inhibition of the
biofilm and derivative 10 did not show inhibition of biofilm, as

that of the dense mature biofilm formed with untreated control
(Figure 4).
Isotetronic Acids 11 and 12 Intercepts with Persister

Population Regrowth and Resistant Mutant Enrich-
ment at Low Ciprofloxacin Concentration. Earlier studies
show that vitamin C targets the (p)ppGpp biosynthesis. The
(p)ppGpp alarmone promotes the persister cell formation and
plays a role in the antibiotic tolerance of the growing
bacterium.64,65 Given this, further experiments were performed
to identify whether selected isotetrones would intercept the
persister population dynamics and resistant mutant enrichment
at low ciprofloxacin concentration. In laboratory and clinical
settings, antibiotic treatment often leads to a biphasic response,
with a rapid killing phase followed by a plateau, which is
represented by a 0.01−0.001% nongrowing persister pop-
ulation. These antibiotic-tolerant persister cells lead to a major
threat to effective antibiotic therapy, due to a resuscitation of
the persisters into normal growing cells at a point soon after
the antibiotic treatment is terminated, which results in
recurrent infection. It is thus of interest to identify the effect
of the isotetronic acids, specifically that 11 and 12, if these
derivatives would possess a restrictive effect on the regrowth of
the persister-dominated antibiotic-survived population, in the
presence of a lower concentration of ciprofloxacin (0.75 μg
mL−1, which is 3 times higher than MIC). The lower
concentration of the drug was chosen as our data indicated
that the regrowth phenotype of drug-tolerant cells was very
prominent at this concentration (Figure S14a) as well as
genetic mutant enrichment (Figure S14b). Furthermore, the
lower antibiotic concentration is very much relevant from a
clinical perspective when optimum concentration could not be
maintained. Next, the persister regrowth in the presence of
isotetrones 11 and 12 was checked. In this assay, cells were
treated first with the drug (0.75 μg mL−1) for 24 h, thereby
achieving ∼99.99% killing of the cells, leaving a residual
∼0.01% persister population retained in the culture. We
measured the ciprofloxacin activity after 24 h of killing by a
growth bioassay where it is shown that the culture filtrate
retains the same active ciprofloxacin concentration for up to 96
h (Figure S16). In order to make sure the residual 0.01% after
24 h of ciprofloxacin treatment are bonafide persisters and not
resistant mutants, the plating was done in MB + Cipro plates
and hardly any resistant mutants were detected. By patching
individual colonies of ciprofloxacin survived population in a 5X

Figure 3. Kill kinetics of M. smegmatis with ciprofloxacin (Cip) (2.5
μg mL−1) and Cip in the presence of derivatives 10−12 (400 μg
mL−1).

Figure 4. Images of M. smegmatis biofilms after 84 h, in the presence
of varying concentrations of compounds 10−12 with untreated
control.
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ciprofloxacin plate, we confirmed ∼90% of the cells were
persisters and ∼10% of the cells were resistant mutants (Figure
S17). At this point, the culture was divided into three portions,
added with either derivative 11 or 12 (400 μg mL−1) and an
equal volume of sterile milli-Q water. The growth kinetics was
subsequently monitored, a brief nongrowing phase of
approximately 24−36 h was observed first, and then,
antibiotic-survived cells started to grow, as evident by the
increase in CFU mL−1 at later time points. The data suggested
significant prevention of the regrowth phase and a general
delayed resuscitation of tolerant cells, in the presence of
isotetrones 11 and 12 (400 μg mL−1). As shown in the
resuscitation growth curve (Figure 5a) between 48 and 72 h,

the cells without isotetrones grew exponentially and reached to
a cell population comparable to the time when drug treatment
was initiated. Whereas, in the presence of derivatives 11 and
12, regrowth was prevented remarkably up to 72 h. Studies
earlier reported on varied bacteria pointed out how persister
cells could act as the predecessor of resistant mutants.66,67 In
our assay since antibiotic-survived cells were able to grow in
the presence of the same drug (ciprofloxacin), the possibility of
emergence of resistant genetic mutants (ciproR) was estimated
by plating parallelly in ciprofloxacin containing MB plates. A
visible increase in ciproR mutants was observed during the
plateau/nongrowing phase and, in the presence of isotetrones,
a significant arrest of mutant enrichment occurred further. In
the absence of isotetrones, namely, only in the presence of the
drug, uninhibited resistant mutant enrichment over time
occurred, with a remarkable ∼98% mutant population taking
over within 48 h of the regrowth phase. Additionally, by
patching individual colonies in a 5X ciprofloxacin plate at 96 h,
we confirmed 100% of them are ciprofloxacin-resistant mutants
(Figure S17). Both derivatives 11 and 12 significantly
restricted resistant mutant enrichment for 48 h, presumably
due to their inherent ability to slow regrowth of persisters and
the subsequent transformation into mutants (Figure 5b). Our
data further suggested that the nongrowing phase/plateau
between 24 and 48 h in the assay is responsible for conversion
of persisters into genetic mutants and this critical step could be
successfully prevented by isotetrones. These observations
tempt us to raise and prove that isotetrones 11 and 12, in
combination with ciprofloxacin, act as bioenhancers and are
therapeutically superior when administered together. The
combination significantly inhibited regrowth of drug-tolerant
population and arrested the resistant mutant enrichment.

These findings implicate in the larger context of preventing
resistance to antibiotics.
Experiments of kill kinetics, regrowth assay, and mutant

enrichment assays were performed with ciprofloxacin + vitamin
C (4 mM, MIC concentration) and ciprofloxacin + derivative
12 (400 μg mL−1). The experiments showed that the
combination of ciprofloxacin (0.75 μg mL−1) + vitamin C (4
mM) did not show any altered kill kinetics (Figure S15) and
was unable to inhibit the regrowth of the drug-tolerant
population over 72 and 96 h time points (Figure S18a).
Furthermore, the ciprofloxacin + vitamin C combination did
not arrest the resistant mutant enrichment at 72 and 96 h
(Figure S18b). At 96 h, although the combination appeared
more efficacious, as compared to ciprofloxacin alone, still the
mutant enrichment percentage was significantly high, as
compared to the ciprofloxacin + derivative 12 combinations.
The result suggests that the inhibition of regrowth of
ciprofloxacin survived population and mutant enrichment at
a lower concentration of the drug is only possible in the
presence of selective isotetrone derivatives and not in the
presence of vitamin C alone. In all the kill kinetics and mutant
detection assays, the initial inoculum was adjusted to ∼1 × 107
CFU/mL, which is based on the ciprofloxacin resistance
frequency value of M. smegmatis WT, i.e., 4.5 × 10−8,63 to
avoid any spontaneous mutant in the beginning of the assay.
Isotetrone 12 Kills Cells under Stringent Conditions.

In order to verify whether isotetrones would affect the survival
kinetics under PBS starvation, cells in the PBS solution were
incubated with the derivatives, at 400 μg mL−1 f.c., and CFU
was estimated after 72 h for 2 weeks. The derivative 12 was
able to inactivate cells under PBS starvation in PBS (Figure 6).

The long-term survival in PBS-starved conditions is linked to
(p)ppGpp stress alarmone proliferation and earlier studies
showed that vitamin C interfered with (p)ppGpp biosyn-
thesis.64,65 in M. smegmatis. Isotetrones 12 might possibly
interfere with the stress alarmone biosynthesis similarly, and
thus, a visible drop in CFU was observed even in the absence
of an antibiotic under such stringent conditions. There are
previous reports of vitamin C interacting with RelMsm enzyme

65

and since our result also indicated a possible role of isotetrone
12 in regulating stringent response in M. smegmatis, we
checked the possible interaction of compound 12 with RelMsm
with molecular simulations.
Molecular Dynamics Simulation Reveals Notable

Interactions between Compound 11, 12, and RelMsm.
A systematic, molecular dynamics (MD) simulation study was
undertaken to assess the binding interaction of the isotetrone
derivative 12 and 11 with the RelMsm enzyme, with the
knowledge that vitamin C binds directly to RelMsm enzyme and
inhibits (p)ppGpp biosynthesis. Figure 7 shows the RelMsm−

Figure 5. M. smegmatis delayed addition time-kill kinetics profile. (a)
Reduction in the regrowth of ciprofloxacin (0.75 μg mL−1) treated
tolerant cells in the presence of compounds 11 and 12 (400 μg
mL−1); (b) reduction of resistant mutant generation during
ciprofloxacin (0.75 μg mL−1) treatment in the presence of 11 and
12 (400 μg mL−1). Black arrows depict the time of compound
addition.

Figure 6. Plots of inhibition under long-term starvation of M.
smegmatis in PBS (untreated) and in the presence of compound 12.
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ligand complex at their most energetically preferable binding
sites, found from the docking study. The corresponding
binding affinity is tabulated in Table 1. The structures served

as initial configurations for subsequent MD simulation study.
The protein−ligand complex structures after 10 ns of
simulation are depicted in Figure 8. It should be noted that
we run short 10 ns long MD simulation to get the most
realistic binding site before calculating binding energy. The
binding sites obtained in the docking study are preserved
during the MD simulation. The average binding energies
(ΔHbind) for ppGpp, compound 11, 12, and vitamin C,
obtained from the simulated trajectories, are presented in
Table 1. It is evident that ppGpp binds to RelMsm protein most
strongly, followed by compound 12, vitamin C, and compound
11. In fact, compound 11 detached from the RelMsm at the end
of the simulation (Figure 8d). The binding energy trend is
mostly in agreement with the docking results. Figure 9a
presents the contributions of electrostatic and VdW

Figure 7. 2D interaction plots of various protein−ligand complexes, obtained from docking studies. (a) RelMsm-ppGpp; (b) RelMsm-derivative 12;
(c) RelMsm-vitamin C; and (d) RelMsm-derivative 11 complexes at their lowest energy conformations, predicted by molecular docking.

Table 1. Binding Affinity Obtained from the Docking Study
and Average Binding Energy as Calculated from MD-
Simulated Trajectories Using MM-GBSA

ligand
ΔH (kcal/mol) from

docking
ΔH (kcal/mol) from MM-

GBSA

ppGpp −8.17 ± 0.33 −38.58 ± 8.40
compound 12 −4.66 ± 0.34 −9.74 ± 3.37
vitamin C −3.35 ± 0.33 −4.01 ± 4.04
compound 11 −4.36 ± 0.18 −3.88 ± 4.20

Figure 8. (a) RelMsm-ppGpp, (b) RelMsm-12, (c) RelMsm-vitamin C, and (d) RelMsm-11 complexes after 10 ns simulation. The secondary structure of
the protein has been represented with the color code: yellow: β sheet, pale blue: turns, and white: other residues. The ligands are presented using
“licorice” representation scheme of VMD. Protein residues within a 5 Å distance from the ligands are presented using VdW spheres with a color
code: White: nonpolar residues, blue: basic residues, red: acidic residues, and green: polar residues. Water molecules are removed for clarity.
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components of the binding energy, for all the four ligands. For
ppGpp, it can be easily seen that the protein−ligand binding is
mostly driven by the electrostatic energy, whereas the
contribution from the VdW interaction is not significant
(Figure 9a). This can be attributed to the presence of the
phosphate groups on the ppGpp molecule. In the case of
compound 12 and 11, both the VdW and electrostatic energies
significantly promoted the binding process (Figure 9a). Like
ppGpp, vitamin C also binds to RelMsm through Coulombic
interactions only, although the magnitude of the interaction
was much smaller than the former (Figure 9a) because of the
absence of any charged functional groups. An interesting
observation is that in case of vitamin C, the electrostatic
contribution to ΔH is higher than that of compound 12
(Figure 9a). Despite that, the binding affinity of vitamin C and
RelMsm is weak, probably because of its higher solubility than
compound 12. It is noteworthy that not all the residues of the
Rel protein took part in the ligand binding phenomena. The
per residue decomposition data of ΔGbind are depicted in
Figure 9b−d. In corroboration with the previous observations,
the significant contribution toward RelMsm-ppGpp binding
came from the positively charged residues like Arg and Lys
(Figure 9b). This is another evidence that the binding of
ppGpp with RelMsm is dominated by the electrostatic
interaction among the negatively charged phosphate groups
present in ppGpp and the positively charged residues of the
RelMsm. An interesting observation is that the contribution
from ppGpp do not favor the protein−ligand binding (Figure
9b) due to a high positive change in the polar solvation energy
upon binding (1364.06 ± 140.56 kcal/mol) to Rel, indicating
the presence of an attractive Coulombic interaction between
ppGpp and solvent molecules. For derivative 12 and vitamin
C, no specific protein residues provided a major contribution
toward the binding energy, rather significant contribution came
from the ligands (Figure 9c,d). The absence of a charged group
in 12 and vitamin C can be attributed as the probable reason
behind this striking difference. A similar decomposition study
was not performed on derivative 11, due to very weak binding.

Apart from the electrostatic and VdW interactions, protein−
ligand binding can also be mediated by the formation of
hydrogen bonds (H-bonds) between the protein and ligand.
We used a cutoff distance of 0.35 nm between donor−acceptor
and a cutoff angle of 30° to define H-bonds. In the case of
ppGpp and RelMsm, Lys298, Tyr300, and Arg305 residues were
involved in H-bonding. For derivative 12, Glu100, His103,
Arg137residues, and for vitamin C, Leu116, and Arg126
residues were found to form H-bonds with ligands. The
average number of hydrogen bonds formed between ppGpp
and RelMsm was found to be the highest (9.23 ± 1.68),
followed by 12 (1.18 ± 0.85) and vitamin C (1.31 ± 1.24).
This occurred due to the presence of more H-bond forming
acceptors and donors in ppGpp, compared to derivative 12 or
vitamin C. On the other hand, derivative 11 hardly formed any
H-bonds (0.36 ± 0.51) with RelMsm protein. Our simulation
study confirms the experimental observation of the highest
binding affinity of ppGpp, followed by derivative 12 and
vitamin C. The highest binding energy of ppGpp is attributed
to the presence of the phosphate group and also to its ability to
form more hydrogen bonds with RelMsm.
The maximum concentration tested for the isotertrones 10−

12 against M. smegmatis is ∼2 mM in the present work. The
isotetrone derivatives possess an isomeric scaffold of the
tetrone, to which vitamin C belongs to. Vitamin C was
demonstrated to have inhibition efficacy against mycobacteria
at a concentration of 10 mM.58 The MIC values of vitamin C
against M. smegmatis and M. tuberculosis are 8 and 1 mM,
respectively.18 Vitamin C also possesses a bactericidal activity
at 4 mM. Furthermore, the synthetic isotetrones are studied in
the present study as adjuvants in order to enhance the
inhibition efficacies of ciprofloxacin, by preventing the persister
cell regrowth and mutant enrichment. Such an effect would not
arise by monotherapy. In a related study involving acute and
chronic infection models of M. tuberculosis in mice,68 it was
shown that vitamin C at 1 mM concentration, in combination
with rifampicin and isoniazid, potentiates in vivo killing by 1
log and that optimum concentration in serum can be achieved
by i.p. infection.68 It is noted that vitamin C is a part of regular
diet, and high doses of vitamin C stands to be safe69 to achieve
a human plasma concentration of up to 49 mM.70,71

Considering the above aspects on tetrone scaffolds, we adjudge
that the isotetrones studied herein, ∼200 and 400 μg mL−1

concentrations, are relatively lower and better when compared
to vitamin C as inhibitors of not only the planktonic growth
but also stationary phase processes. Combined with lesser
cytotoxicities, these derivatives show a promise as scaffolds for
inhibitor development for mycobacterial persister cells.
The present investigation focuses on advancing the scaffold,

namely, tetrone and isotetrone in mycobacterium growth and
stationary phase processes. The work follows the results on
vitamin C, which was demonstrated earlier to possess
inhibition activities for the above processes. The tetrone
scaffold of vitamin C prompted us to investigate the isomeric
isotetrone scaffold. The synthetic method was thus developed
to prepare a number of isotetrones, each one differing at the
substituent nature at the C-4 carbon of the scaffold. The
variation in the substituent was chosen such that aliphatic and
aromatic substituents were covered. Within these substitutions,
functionalities were varied, so as to present the phenolic
moiety, indole moiety, and phenyl moiety as the substituent in
one series. In another series, methyl, ethyl, and isopropyl
substituents in a quaternary carbon were prepared. The

Figure 9. (a) Average electrostatic and VdW components of binding
energy. Contribution of different residues in the binding energy for
(b) RelMsm-ppGpp, (c) RelMsm-compound 12, and (d) RelMsm-vitamin
C complexes. Nomenclature: Tyr Lac: compound 12; Vit C: vitamin
C.
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isotetrone further was presented either in a keto or enol or a
hydroxy functionality at the C-3 carbon. These variations are
representatives of different series that are functionalized on the
scaffold. The focus was to identify the functionalities on the
scaffold that would show promise for further involved
biological and computational studies. These studies require
the scaffold functionality that exhibits the most effect. As
detailed above, the present scaffold functionalization search is
covered with complementarity in the nature of functionaliza-
tion. Aryl substituents at C-4 carbon in derivatives 11 and 12
show the most efficacy in both mycobacterial growth, biofilm
inhibition, and inhibition of persister cells in combination
therapy, as observed in this study. Derivatives 13−15 also did
not exhibit effects neither on growth nor biofilm inhibitions.
Results from these sets of derivatives provide a clue for further
advancement, where the direct attachment of the aryl moiety
on the tetrone scaffold would be the focus for further inhibitor
diversification and SAR studies.

■ CONCLUSIONS
The work herein demonstrates (i) chemical synthesis of hither-
to unknown C-4 modified isotetrones from α-amino acids,
through the formation of pyruvic acids, their aldonization, and
lactonization. (ii) Biochemical studies discover the role of
these new isotetrones to interfere the growth of mycobacte-
rium planktonic cells; inhibition of M. smegmatis biofilm
formation is seen in a dose-dependent manner. (iii) Synergistic
inhibitory effects are observed with well-known antibiotic
ciprofloxacin in the presence of the selected isotetronic acids,
wherein the MIC of ciprofloxacin is improved by twofold. (iv)
Specific activities of isotetrones possessing aromatic sub-
stituents at C-4 carbon include the prevention of the regrowth
of antibiotic-tolerant population in M. smegmatis. We observe
that M. smegmatis cells survive without isotetrones, form
nongrowing persisters, and resuscitate in the presence of lower
concentrations of antibiotic ciprofloxacin, presumably due to
enrichment of genetic mutants as it occurs in a clinical
scenario. (v) Systematic MD simulations uncover the stabilities
of RelMsm protein−inhibitor complexes, occurring through
VdW, electrostatic, and hydrogen-bonding interactions. The
study shows that the addition of isotetrones hamper the
regrowth stage of ciprofloxacin-selected persister population.
Recurrent infection is a challenge in current antibiotic
treatment regimens. The present work demonstrates the
complete occlusion of the generation of resistant mutants,
thereby opening up the feasibility to administer fewer
concentrations of antibiotics and minimize associated off-
target effects.

■ EXPERIMENTAL SECTION
General Procedure. Formalin and K2CO3 were sequen-

tially added to the solution of keto acid, derived from L-valine,
L-leucine, L-isoleucine, L-phenylalanine, L-tyrosine, and L-
tryptophan in THF, and stirred at room temperature for 3−15
h. The solution was evaporated in vacuo, and the reaction
mixture was treated with aq. HCl (3 N), extracted with Et2O
(3 × 15 mL), organic portion washed with water (10 mL),
brine (10 mL), and dried over Na2SO4 and concentrated in
vacuo.

3-Hydroxy-4-isopropylfuran-2(5H)-one (10). Formalin
(0.38 mL, 4.62 mmol) and K2CO3 (0.66 g, 4.84 mmol) were
sequentially added to a stirred solution of 753 (0.5 g, 3.85

mmol) in THF (5 mL), stirred for 4 h at room temperature,
and worked up as described in the general procedure. The
crude product was purified by column chromatography (SiO2)
(pet. Ether/EtOAc, linear gradient) to afford 10 (0.12 g, 34%)
as a colorless oil. Rf (pet. Ether/EtOAc = 7:3) 0.4. 1H NMR
(CDCl3, 400 MHz): δ 4.68 (s, 2 H, CH2O), 2.89 (m, 1 H,
CH(CH3)2), 1.18 (d, J = 6.8 Hz, 6 H, CH(CH3)2); 13C NMR
(CDCl3, 100 MHz): δ 171.7, 137.5, 135.6, 68.1, 25.5, 20.4.
GCMS: m/z calcd. For C7H10O3: 142 [M+], found 142, with
fragments at m/z at 97, 69 and 41.

3-Hydroxy-4-phenylfuran-2(5H)-one (11). Formalin (0.09
mL, 1.08 mmol) and K2CO3 (0.14 g, 1.14 mmol) were added
sequentially to a solution of 854 (0.15 g, 0.9 mmol) in THF
(2.5 mL), and the reaction mixture was stirred for 4 h at room
temperature and worked up as described in the general
procedure. The residue was purified by column chromatog-
raphy (SiO2) (pet. ether/EtOAc, linear gradient) to afford 11
(0.073 g, 56%) as a white solid. Mp 135.8 °C. Rf (pet. ether/
EtOAc = 9:1) 0.7. 1H NMR (CD3OD, 400 MHz): δ 7.66 (d, J
= 8 Hz, 2 H, C6H5), 7.36 (t, J = 8 Hz, 2 H, C6H5), 7.29−7.26
(m, 1 H, C6H5), 5.03 (s, 2H, CH2O); 13C NMR (CD3OD, 400
MHz): δ 172.3, 138.8, 134.01, 132.2, 130.7, 129.9, 129.7,
129.4, 127.6, 69.2. HRMS: m/z calcd. For C10H8O3: 177.0552
[M + H]+, found 177.0551.

3-Hydroxy-4-(4-hydroxyphenyl)furan-2(5H)-one (12). For-
malin (0.16 mL, 1.94 mmol) and K2CO3 (0.28 g, 2.04 mmol)
were successively added to a solution of 954 (0.35 g, 1.94
mmol) in THF (5 mL), stirred for 4 h at room temperature,
and worked up as described in the general procedure. Column
chromatography (SiO2) (pet. ether/EtOAc, linear gradient) of
the residue afforded 12 (0.127 g, 47%) as a white solid. Mp
144.9 °C. Rf (pet. ether/EtOAc = 3:2) 0.5. 1H NMR (CD3OD,
400 MHz): δ 7.59 (d, J = 8.8 Hz, 2 H, C6H5), 6.83 (d, J = 8.4
Hz, 2 H, C6H5), 5.06 (s, 2 H, CH2O); 13C NMR (CD3OD,
100 MHz): δ 172.8, 159.6, 136.5, 129.3, 128.8, 123.6, 116.6,
69.2. HRMS: m/z calcd. For C10H9O4: 193.0501 [M + H]+,
found 193.0501.

3-Hydroxy-4,4-dimethyldihydrofuran-2-one (13). Formal-
in (1.75 mL, 21.5 mmol) and K2CO3 (1.5 g, 10.75 mmol) were
added successively to a solution of 2-oxoisovaleric acid55 (0.5
g, 4.3 mmol) in THF (5 mL); the reaction was stirred for 15 h
at room temperature and worked up as described in the general
procedure. Vacuum distillation was performed to remove the
unreacted starting material and column chromatography
(SiO2) (pet. ether/EtOAc, linear gradient) of the residue
gave 13 (0.19 g, 34%) as a solid. Mp 84.3 ± 2 °C. Rf (pet.
ether/EtOAc = 9:1) 0.8. 1H NMR (CDCl3, 400 MHz): δ 4.15
(s, 1 H, CHOH), 3.98 (d, J = 9.2 Hz, 1 H, CH2O), 3.92 (d, J =
9.2 Hz, 1 H, CH2O), 1.18 (s, 3 H, CH3), 1.03 (s, 3 H, CH3);
13C NMR (CDCl3, 100 MHz): δ 178.1, 76.4, 75.6, 40.7, 22.6,
18.7. GC−MS: m/z calcd. For C6H10O3: 131 [M + H], found
131, with fragments at m/z at 71, 57, 43 and 41.

4-Ethyl-4-methyl-dihydrofuran-2,3-dione (14). Formalin
(1.9 mL, 23.1 mmol) and K2CO3 (1.6 g, 11.55 mmol) were
added successively to a solution of 3-methyl-2-oxopentanoic
acid57 (0.5 g, 3.85 mmol) in THF (5 mL), stirred for 15 h, and
worked up as described in the general procedure. The residue
was purified by vacuum distillation to afford 14 (0.29 g, 54%)
as a yellow liquid. (Rf) (pet. ether/EtOAc = 9:1) 0.8. 1H NMR
(CDCl3, 400 MHz): δ 4.55 (d, J = 9.6 Hz, 1 H, CH2O), 4.39
(d, J = 9.6 Hz, 1 H, CH2O), 1.78−1.62 (m, 2 H, CH2CH3),
1.26 (s, 3 H, CH3), 0.92 (t, J = 7.2 Hz, 3 H, CH2CH3); 13C
NMR (CDCl3, 100 MHz): δ 198.4, 161, 75.6, 45.4, 29.3, 19.4,
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8.10. GCMS: m/z calcd. For C7H10O3: 142 [M+], found 142,
with fragments at m/z at 85, 71, 69, 55 and 41.

3-Hydroxy-4-(1-hydroxymethyl)-1H-indol-3-yl)furan-
2(5H)-one (15). Formalin (0.22 mL, 2.71 mmol) and K2CO3
(0.38 g, 2.71 mmol) were added successively to a solution of
indole-3-pyruvic acid56 (0.5 g, 2.46 mmol) in THF (5 mL) was
treated with, and the reaction was stirred for 6 h at room
temperature and worked up as described in the general
procedure. The crude product was purified by column
chromatography (SiO2) (pet. ether/EtOAc, linear gradient)
to afford 15 (0.174 g, 33%) as a white solid. Mp 113.4 ± 2 °C.
Rf (pet. ether/EtOAc = 3:1) 0.3. 1H NMR (CD3OD, 400
MHz): δ 7.96 (s, 1 H, CHNH), 7.82 (d, J = 8 Hz, 1 H, C6H5),
7.59 (d, J = 8 Hz, 1 H, C6H5), 7.28 (t, J = 8 Hz, 1 H, C6H5),
7.19 (t, J = 8 Hz, 1 H, C6H5), 5.63 (s, 2 H, CH2O), 5.29 (s, 2
H, CH2O); 13C NMR (CD3OD, 100 MHz): δ 171.2, 136.1,
133.1, 129.2, 126.4, 126.2, 122.3, 120.7, 120.5, 110.1, 107, 69,
68.1. HRMS: m/z calcd. For C13H11NO4: 246.0766 [M + H]+,
found 246.0767.
Bacterial Growth and Culture Conditions. For all the

assays, the M. smegmatis mc2155 strain was grown in MB7H9
media (HiMedia) containing 0.05% Tween-80 and 2%
glucose; agar (1.6%, w/v) (Himedia) was used to make agar
plates. Ciprofloxacin powder was obtained from Sisco Research
Laboratories. Antibiotics were used at variable concentrations.
Unless mentioned otherwise, strains were grown at 37 °C and
150 rpm.
Growth Inhibition Assay. For analyzing the effect of

isotetrones on the growth of the M. smegmatis mc2155 strain,
bacteria were grown till the mid-exponential phase, further
inoculation was done in MB7H9 media containing 0.05%
Tween-80 and 2% glucose to make the final OD ∼ 0.03. Such
culture (3 mL) was taken in a sterile glass tube, and 30 μL of
each of the respective isotetrones with varying final
concentrations (100, 200, 300, and 400 μg mL−1) was added
to the media at 0 h, and OD600 nm was measured. The
bacterial growth was further monitored in equal intervals for 96
h by recording OD600 and plotted using Graph Pad Prism
Software. The tube containing no compounds (only DMSO)
served as the untreated positive control to observe and
compare growth inhibition in the presence and absence of the
compounds. This experiment was performed in a set of two
experimental replicates.
Biofilm Formation Assay. The primary culture for the

wild-type strain M. smegmatis mc2 155 was grown in MB7H9
medium at 37 °C, 150 rpm shaking. The cells were harvested
at the stationary phase and washed with Sauton’s media
(Himedia) twice, the cell pellet was resuspended in the
Sauton’s media containing 2% glucose, and the final OD was
adjusted to 0.05. Subsequently, 200 μL of culture was poured
into a well of sterile 96-well microtiter plates supplemented
with 2 μL respective isotetrones having a final concentration of
100, 200, 300, and 400 μg mL−1. The control wells included in
the same plate were untreated control (only cells, no
compounds to monitor uninhibited biofilm formation) and
media control (only media, no cells to monitor contami-
nation). The inoculated plates were sealed and kept in a 37 °C
humidified incubator to avoid drying of media and incubated
for a minimum of 72−96 h without external disturbance. The
images were captured under white light at different time
points. The experiment was performed in a set of three
biological replicates.

MIC Determination. For analyzing if the isotetrones could
increase the susceptibility to ciprofloxacin, we performed an
MIC assay using the ciprofloxacin in combination with
compounds (200 μg mL−1 f.c.) by broth microdilution assay
using resazurin dye. Ciprofloxacin was 2-fold diluted in the 96-
well microplate to achieve a broad range of final concentrations
ranging from 16 to 0.03 μg mL−1. M. smegmatis cultures were
grown till mid-exponential phase (OD600 of 0.6−1), diluted to
OD600 of 0.01 in fresh MB7H9 medium, and 196 μL was
added in each well of the 96-well plate containing 4 μL of
different concentrations of ciprofloxacin. Depending on the
series, cells were premixed with different isotetrones (200 μg
mL−1 f.c.); in the no-compound series, an equal amount of
sterile miliQ was added. Following the incubation of 36 h
standing at 37 °C, 30 μL of 0.1 mg mL−1 of resazurin was
added to each of the wells and again incubated for 6−8 h at 37
°C, and the dye reduction value was recorded.
Time-Kill Kinetics Assay. M. smegmatis cultures were

grown till the late exponential/stationary phase (OD600 of 1.5−
2.5), diluted 1:100 to start a secondary culture and grown till
the mid-exponential phase (OD600 of 0.6−1), and further
diluted to adjust to OD600 of 0.2 corresponding to ∼2 × 107

CFU mL−1 (CFU = colony-forming unit) in the fresh MB7H9
medium. The culture (3 mL) was added to a tube and 2.5 μg
mL−1 (f.c.) ciprofloxacin (10X MIC) was added with or
without isotetrones (400 μg mL−1) at T-0, and CFU mL−1 was
estimated by spreading into the MB7H9 agar plate. Tubes
were incubated at 37 °C in a shaker, and CFU estimations
(plating) were done every 24 h up to 96 h. Plates were further
incubated at 37 °C for 3−4 days for colony growth and
subsequently counted. In order to measure the killing
efficiency of the compounds alone (without ciprofloxacin), a
similar kill kinetics assay was set up in parallel. All kill kinetics
assays were performed with at least 3 biological replicates.
Delayed Addition of Isotetrones in Time-Kill Kinetics.

M. smegmatis. Secondary culture was prepared as mentioned
above, and then, 0.75 μg mL−1 of ciprofloxacin (3X MIC) was
added to the media. After 24 h of incubation, the culture was
divided into separate tubes and different isotetrones were
added (400 μg mL−1 f.c.). CFU estimations (plating) were
performed every 24 h up to 96 h. The tube containing no
compounds (only DMSO) served as the untreated control to
compare regrowth in the absence of the compounds. This
experiment was performed in a set of three replicates.
Mutant Enrichment Determination. In parallel to the

CFU estimation in kill kinetics, spotting/spreading was
conducted in ciprofloxacin (1.25 μg mL−1) plates to enumerate
resistant mutant population enrichment over time.
Kill Kinetics under Nutrient Starvation. M. smegmatis

cultures were grown till the late exponential/stationary phase
(OD600 of 1.5−2.5), diluted 1:100 to start a secondary culture,
and grown till the mid-exponential phase (OD600 of 0.6−1).
After that, the cells were washed twice with PBS and
resuspended in an equal volume of PBS. T-0 CFU mL−1

estimation was done immediately, and the culture was divided
into equal volumes in several glass tubes followed by the
addition of selective isotetrones (400 μg mL−1 f.c.). In the
untreated control tube, an equal volume of sterile MilliQ water
was added. CFU estimation was done every 72 h for ∼3 weeks.
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