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ABSTRACT: A series of isopropanol-bridged carbazole azoles as potential antimicrobial agents were designed and synthesized
from commercial carbazoles. Bioassay revealed that 3,6-dichlorocarbazolyl triazole 3f could effectively inhibit the growth of E.
faecalis with minimal inhibitory concentration of 2 pg/mL. The active molecule 3f showed lower propensity to trigger the
development of resistance in bacteria than norfloxacin and exerted rapidly bactericidal ability. Compound 3f also exhibited low
cytotoxicity to normal mammalian RAW264.7 cells. Further mechanism exploration indicated that conjugate 3f was membrane
active against E. faecalis and could form 3f—DNA complex by intercalating into DNA of resistant E. faecalis, which might be
responsible for its antimicrobial action. Molecular docking showed an efficient binding of triazole derivative 3f with DNA gyrase

enzyme through noncovalent interactions.
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he excessive reliance on antibiotics has promoted the

steady emergence of multidrug-resistant bacteria and
concurrently rendered most important weapons against
pathogens ineffective on a worldwide scale." The increasingly
prevalent Enterococcus faecalis (E. faecalis) as a member of
“ESKAPE” in hospitals has become a leading cause of serious
complications in patient treatments, such as urinary tract
infection, abdominal infection, and pelvic infection and could
even result in septicemia and internal carditis.” E. faecalis could
also change the manner of cell growth together with division
and is facile to develop intrinsical resistance to many clinical
antibiotics like vancomycin, linezolid, and daptomycin, ascribed
to the thick cell wall.> The toxicity, resistance, and
dissemination of E. faecalis have continuously necessitated the
pursuit of new curatively effective antibacterial agents with
novel targets to address the growing medical need.

Natural and synthetic congeners of carbazole comprise a
large group of therapeutically useful agents in medicinal areas,”
and especially antimicrobial carbazomycin® and murrayafoline
A° have been marketed successfully.” Mechanism investigation
found that carbazoles with large 7-conjugated backbone could
noncovalently bind with DNA through intercalation with base
pairs, minor groove binding, or electrostatic interactions.®
Carbazoles have also been evidenced to be membrane active by
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disrupting bacterial membrane integrity and mislocalizing
essential membrane-associated protein.” These cases greatly
raise the spirits of exploiting potential antimicrobial carbazoles
with multiple targets, which will provide an important step
forward in the medicinal field. It has been indicated that azole
ring functionalized carbazoles at N-position showed comparable
or even superior inhibition against the tested microbes to the
reference drugs.'”'' Very recently, the modification of the 3-
and 6-positions in carbazole has opened new avenues to exploit
novel effective antimicrobial candidates.'” However, the poor
solubility of carbazole, which is probably resulted from the
rigidly planar structure, has imposed serious restriction on its
further application. It has been reported that the introduction
of a hydroxy group as hydrogen bond donor to carbazole
derivatives could ameliorate physicochemical property and
improve binding affinity with bioactive molecules, thus
enhancing biological activities."”

Alcohols from natural and artificial sources have long been
employed as disinfectants with potent antimicrobial potentiality
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Figure 1. Design of isopropanol-conjugated carbazole azoles as novel potential antimicrobial agents.

Scheme 1. Synthesis of Compounds 3—6
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“Reagents and conditions: (i) KOH, DMF, 4 °C; (ii) potassium carbonate, CH;CH,OH, 80 °C; (iii)) NCS or NBS, DMF, 0—25 °C.

in daily life because of the ubiquity, convenience, and high
efficiency.'* Particularly, aminoalcohols have been announced
to exert prominent antibacterial abilities.'” Currently, azoles
with advantages like high therapeutic index, favorable
pharmacokinetic parameters, and good safety profile have
achieved considerable success in the treatment of infective
diseases by interacting with biomacromolecules in micro-
organisms. '’ Structurally simple metronidazole as a combi-
nation of alcohol and nitroimidazole exerts excellent inhibitory
efficacies against obligate anaerobes, and this remarkable
success quickly diverts continuous efforts toward the develop-
ment of other hydroxyethyl azoles in clinic to treat pathogenic
infections."®'” Some nonclinical hydroxyethyl azoles have also
been developed with superior antibacterial or antifungal
potencies.”””' These researches clearly demonstrated the
enormous potentiality of hydroxyethyl azole in the antimicro-
bial aspect.

In view of these, various azoles were incorporated into
carbazole backbone through molecular hybridization®” with an
isopropanol linker, which is usually regarded as a combination
of two hydroxyethyl fragments, to generate a series of potential

245

antimicrobial carbazole compounds, where the nitrogen atom,
hydroxy group, and aromatic heterocycle are able to exert
various interactions with active sites in a biological system and
might simultaneously bind with several targets, thus displaying
multiple action modes (Figure 1). Therefore, this kind of new
compound may be conducive to overcome gradually severe
drug resistance and broaden antimicrobial spectrum. Mean-
while, the modification of carbazole by functional groups with
varying degrees of electronegativities could regulate pharmaco-
logical properties to possibly decrease or eliminate the side
effects.

Target molecules were assessed for antimicrobial activities,
and the structure—activity relationship (SAR) was presented.
Bacterial resistance, bactericidal kinetics, and cytotoxicity of the
active molecule were also evaluated. The further exploration for
possible antibacterial mechanism of active molecule was done
by studying membrane disruption potentiality, interaction with
DNA, and molecular docking with DNA gyrase.

The target isopropanol-conjugated carbazole azoles were
synthesized according to Scheme 1 (see also Supporting
Information).

DOI: 10.1021/acsmedchemlett.7b00514
ACS Med. Chem. Lett. 2018, 9, 244—249


http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00514/suppl_file/ml7b00514_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.7b00514/suppl_file/ml7b00514_si_001.pdf
http://dx.doi.org/10.1021/acsmedchemlett.7b00514

ACS Medicinal Chemistry Letters

It has been verified that in vitro bioactivities and in vivo
pharmacokinetic properties of antimicrobial agents are sensitive
to the pH value of culture medium and human body fluid since
pH values could greatly affect water solubility of compounds
and thus further have an impact on transportation, absorption,
distribution, and metabolism.”* Nitroimidazolyl carbazole 4c
with poor solubility was investigated as a guiding compound to
evaluate its antimicrobial activities under different pH
conditions. Although the water solubility of compound 4c
was slightly improved in strong basic solution, which might
result from the release of a trace amount of H" by the hydroxyl
group, the inhibitory action of compound 4c (Figures S1 and
S2) was not responsive to pH conditions, and no prominent
change in minimal inhibitory concentration (MIC) was
observed. Previous work has also evidenced that antimicrobial
agents with easily ionized groups are more sensitive to the
variation of pH.** Hence, the absence of fragment that is facile
to ionize might account for the insensitivity of compound 4c to
pH, which did not enhance suppressive action against the
tested bacteria and fungi. In view of this, neutral aqueous media
that simulated to the internal environment was chosen as a
measuring condition to evaluate the actual antimicrobial effect.

Table S2 showed that the type of azoles played a significant
role in the biological activity. Triazolyl carabzoles 3a—g had
higher levels of growth inhibition against the tested bacteria
among the final compounds. Among triazole series 3a—g, some
compounds showed moderate to high activities toward Gram-
positive bacteria of E. faecalis and S. aureus ATCC 29213, and
Gram-negative E. coli ATCC 25922 in comparison with
norfloxacin, where the halogenated carbazoles 3b—d and 3f—
g generally revealed higher suppressive capacities than the
unsubstituted one (3a), manifesting that the introduction of
halogen was constructive to the antibacterial activities. Among
monosubstituted series, the monobromocarbazoles 3b—c
revealed stronger inhibitory action against the bacterial strains
than 3-iodocarbazolyl triazole 3d, and the transformation of
bromine at 2-position of triazolyl carbazole 3b to 3-position
produced 3-bromocarbazolyl triazole 3¢ with slightly improved
potency, which indicated that halogen and its position on
carbazole backbone were closely related with the eflicacies.
However, carbazole derivative 3e with two electron-donating
tertiary butyl groups was observed with a significant loss of
activity, even being weaker than the unsubstituted one (3a),
while the bacteriostatic abilities of dibromocarbazole 3g and
dichlorocarbazole 3f were sharply increased in comparison with
3a, manifesting that the functionalization by electron-with-
drawing halogens at 3- and 6-positions of carbazole backbone
was a structural requirement for antibacterial potentialities. The
comparison of activities between compounds 3f and 3g showed
that chlorine with stronger electronegativity was more positive
for activities.

Nitroimidazolyl carbazole 4b in the imidazole series was the
relatively most active one, and the insertion of methyl to
imidazole gave compound 4c¢ with marginally lower anti-
bacterial potencies, suggesting that the nitro group was pivotal
and that the insertion of methyl group was disadvantageous.
Methylimidazolyl carbazole 4d with obviously decreased
potencies further proved the deduction. The substitution of
the methyl group by a phenyl substituent generated highly
hydrophobic compound 4e with worse repressive activities,
revealing the adverse effect of hydrophobicity for activities. The
anti-P. aeruginosa ATCC 27853 potency of compound 4f was 8-
fold more potent than compound 4c (MIC = 32 ug/mL),
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further indicating that the introduction of electron-withdrawing
bromine was beneficial. Both benzimidazolyl carbazole 5 and
tetrazolyl carbazole 6 displayed weak or no obvious activity in
inhibiting the growth of the tested bacteria, suggesting that
benzimidazole and tetrazole were negative to the antibacterial
potency. Noticeably, triazole derivative 3f was efficient against
E. faecalis at 2 pg/mL, and compound 3g bearing triazole ring
also showed comparable inhibition against Gram-positive S.
aureus 29213 to norfloxacin, while compound 4f possessing 2-
methyl-5-nitroimidazole moiety was more active against Gram-
negative P. aeruginosa 27853 with tough permeable outer
membrane. Nitroimidazoles were known to exert an anti-
bacterial effect through the reduction of nitro group to give
reactive radical species and penetrate cell membrane by passive
diffusion.”> This explained the superiority of compound 4f
toward Gram-negative strain and also implied a possible
membrane associated mechanism.

Some target compounds (Table S4) also revealed antifungal
potentialities. It was noticeable that compound 3f had
comparable anti-C. parapsilosis ATCC 22019 (MIC = 4 pug/
mL) and superior anti-A. fumigatus (MIC = 32 ug/mL) abilities
to clinical fluconazole.

The development of drug resistance in bacteria for
conventional antibiotics has become as a major public health
concern and also an important attribute of antimicrobial agents
for further development as clinical candidates.”® Therefore, the
drug resistance developing ability of E. faecalis against 3,6-
dichlorocarbazolyl triazole 3f was investigated with norfloxacin
as a positive control. Figure 2 showed MIC values ranging from
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Figure 2. Drug resistance test of compound 3f toward E. faecalis.

2 to 8 ug/mL for compound 3f after 11 passages, whereas the
anti-E. faecalis potency for norfloxacin was decreased 16-fold
after just seven passages. This result indicated that compound
3f did not permit the development of drug resistance as easily
as norfloxacin.

The emerging resistance of antibacterial agents could impair
the competence of rapidly killing bacteria.”” Given the excellent
bacteriostatic performance of compound 3f toward E. faecalis,
the bactericidal activity of active molecule 3f was also
investigated to provide more information about the acting
rate of compound against the tested bacteria. Figure S3 revealed
that compound 3f produced more than 3 log (CFU/mL)
reduction of bacteria within an hour at a concentration of 4 X
MIC as compared to positive control with an increasing
tendency, manifesting that compound 3f had a rapid killing
effect toward E. faecalis.
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Bacterial membrane serves as the first barrier that precludes
drug accumulation.”® The inhibition of specific enzymatic
processes in membrane, the decrease of transmembrane
potentiality, and the increase of phospholipid bilayer
permeability are found to be helpful for perturbing bacterial
physiology, facilitating the penetration of free radicals, and thus
enhancing drug uptake.”” These facts adequately illustrate the
significance of membrane active molecules, which are intimately
coupled with the development of drug resistance. Herein,
bacterial membrane disruption ability of compound 3f was
accessed by utilizing propidium iodide (PI) dye, which can pass
through the membrane of compromised cells and emit
fluorescence upon binding to DNA.>* Fluorescence intensity
of the mixtures 3f and PI (Figure S4) exhibited rapid augment
and became steady after 60 min, while the two control groups
showed no variation, indicating that compound 3f was capable
of efficiently increasing membrane permeability of both Gram-
positive (E. faecalis) and Gram-negative (E. coli ATCC 25922)
bacteria.

The absence of cytotoxicity is one of the essential criteria to
estimate the potential of the membrane active agent.’"*” The in
vitro cytotoxicity of bioactive molecule 3f was determined
toward normal mammalian cells (RAW264.7) via MTT assay.
Cytotoxicity results (Figure 3) showed that the cell viability of
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Figure 3. Cytotoxic assay of compound 3f on mouse macrophages
cells tested by MTT methodology. Each data bar represents an average
of three parallels, and error bars indicate one standard deviation from
the mean.

compound 3f remained greater than 80% even if incubated at a
concentration of 128 ug/mL for 24 h. It indicated that
RAW264.7 cells possessed good tolerance to dichlorocarbazole
3f at high concentration, thus revealing the therapeutic
potentiality of 3f.

DNA is a potential drug target due to the presence of
multiple sites for drug interaction and usually employed in the
design of newly promising antimicrobial drugs.”> Carbazole
derivatives were reported to be able to efficiently interact with
DNA.** Herein, DNA isolated from resistant E. faecalis strains
was investigated for its interaction with compound 3f in vitro by
UV—vis spectroscopic and fluorescence methods (Supporting
Information). Final results demonstrated that compound 3f
could bind with DNA in an intercalative type and form
compound 3f—-DNA complex, which might block DNA
replication and thus reveal antibacterial activities. Herein,
triazolyl carbazole 3f might be a promising DNA-targeting
candidate for the administration of bacterial infection.
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DNA gyrase (PDB ID: 1Zi0) as an attractive target to
investigate the antibacterial mechanism was subjected into
ligand—receptor docking to rationalize the observed anti-
bacterial activity and understand the possible mechanism.”
Docking results (Figure S11) demonstrated that active
molecule 3f could bind with amino acid residues in the active
pocket of the enzyme with binding energy of —6.82 kcal/mol
(S-enantiomer) and —10.13 kcal/mol (R-enantiomer), indicat-
ing that the R-enantiomer of 3f was likely to be a more
favorable stereoisomer in inhibiting the function of DNA
gyrase. Noticeably, the hydroxy group of compound 3f was
adjacent to VAL68S (S-enantiomer) and TYR-64 (R-
enantiomer) by forming hydrogen bonds, suggesting the
significance of the hydroxy moiety on the antimicrobial ability.
Additional hydrophobic interactions existed between both
stereoisomers of 3f and DNA gyrase. van der Waals force
also made contribution to the binding of S-enantiomer with
enzyme. These noncovalent bonds might be helpful for the
structural stability of compound 3f—DNA gyrase complex,
which further accounted for the strong inhibitory efficacy of
compound 3f.

This work developed isopropanol-conjugated carbazole
azoles by a convenient and efficient procedure to combat the
clinically infectious pathogens. Predominantly, compound 3f
could effectively inhibit the growth of E. faecalis, S. aureus
ATCC 29213, and C. parapsilosis ATCC 22019 with MIC
values of 2, 4, and 4 ug/mlL, respectively. SAR suggested that
both triazole ring and substituents on carbazole scaffold were
important influence factors on antimicrobial potency, and the
introduction of halogen with strong electronegativity to the 3,6-
positions of carbazole ring was helpful for inhibitory activities.
Conjugate 3f displayed lower tendency to trigger resistance in
bacteria than norfloxacin, killed bacteria in short time, and
exerted low toxicity against RAW264.7 cells. Triazolyl carbazole
3f was also membrane active and could interact with E. faecalis
DNA through intercalation, which might account for its
antibacterial potentiality. Further molecular docking indicated
that compound 3f could form supramolecular complex with
DNA gyrase through noncovalent interactions. Therefore, this
work discovered a potential candidate with potential dual
targets, which might be an encouraging starting point in the
discovery of novel antibacterial agents to overcome drug
resistance.
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