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Abstract

A series of xanthene derivatives were evaluated for their antitubercular activity against aerobic as well as dormant form of Mycobacterium tuberculosis H37Ra (ATCC
25177). Antitubercular screening was performed using (XTT) and menadione assay. Compound 1 inhibited aerobic M. fuberculosis H37Ra (ATCC 25177) with
MIC of 0.30 ug/ml (IC, =0.118 ug/ml) and interestingly it showed higher percentage inhibition in anaerobic assay compared to Rifampin. It was also explored for
its immunomodulatory potential using iz vifro and in vive techniques. An insight to lead optimization was obtained through docking studies of the synthesized

compounds performed using the crystal structure of TMPKmt.

Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis (MTB)
is a global public health problem [1]. The control of the disease is
often compromised due to serious side effects of currently available
antitubercular drugs and emergence of resistant strains of MTB [2].
Higher potency, efficiency against active as well as dormant forms are
some of the criterions for development of new drugs for tuberculosis
[3]. The enzyme, Mycobacterial thymidine monophosphate kinase
(TMPKmt) is a key enzyme that synthesizes nucleotides using,
adenosine triphosphate (ATP) as a phosphoryl donor. Thus, inhibitors
of TMPKmt are explored as potential anti-TB agents targeting deoxy
nucleic acid (DNA) replication [4].

Various pharmacological activities have been reported for the
heterocyclic scaffold of tricyclic dibenzopyrans, viz., xanthenes [5]. In
an attempt to further explore the tricyclic dibenzopyrans scaffold, we
have previously reported efficient synthesis of few xanthenes derivatives
as shown in Figure 1 and Table 1 [6].

Promising antimycobacterial as well as immunomodulatory
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Figure 1. General structure for previously synthesized xanthenes derivatives.
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activities are reported for xanthenone derivatives [7,8]. Thus, in
continuation of our efforts in antitubercular research [9,10] and having
considered the structural similarity of these two tricyclic dibenzopyrans
viz., xanthene derivatives synthesized by us and the reported
antimycobacterial and immunomodulatory xanthone derivatives,
the synthesized derivatives have been investigated herein, for the
antimycobacterial and immunomodulatory activities. Furthermore, to
gain insight into the probable mechanism of action or binding mode of
these xanthene derivatives, the title compounds have been docked into
the active site of TMPKmt.

Results and discussion
Biological activities

The in vitro antitubercular screening against MTB H37Ra, was
performed using 2, 3-bis [2-methyloxy-4-nitro-5-sulfophenyl]-2H-

Table 1. Xanthene derivatives.

Compound No. R
1 4-Chlorophenyl
2 2-Nitrophenyl
3 4-Nitrophenyl
4 4-Hydroxyphenyl
5 4-Methoxyphenyl
6 -styryl
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tetrazolium-5-carboxanilide (XTT) and menadione (XRMA) assay
using microplate reader [11]. The in vitro immunomodulatory activity
evaluation was performed for the most active antitubercular xanthene
viz. 1 using phagocytic and respiratory burst (RB) assay techniques
[12-15]. The lethal dose (LD,;) value of compound 1 was determined
in albino mice as per organization of economic and co-operation
development (OECD) guidelines [16]. The compound 1 was further
evaluated using in vivo immunomoudulatory assay post its acute
toxicity study as per the reported procedures [17-19]. Further the
compounds have been docked into the active site of TMPKmt [20,21].

In vitro antitubercular evaluation

For the XRMA assay against MTB H37Ra, solutions of the
xanthenes derivatives [1-6; 10 mg/ml in dimethyl sulphoxide (DMSO)]
were aseptically transferred to the individual wells of sterile 96-well
plates at a final concentration of 100 ug/ml for preliminary screening
and a dose response curve of compounds was carried out by making
serial dilutions in DMSO. 250 ul of MTB H37Ra culture containing
approximately 10° cells/ml was aseptically transferred to each well
and the plate was sealed. All the compounds were screened against
active and dormant strains of MTB H37Ra.The MIC and IC, of all the
compounds against active MTB H37Ra and percent inhibition obtained
against anaerobic MTB H37Ra, at 30 pg/ml is given in Table 2. The
substitution of 4-chlorophenyl at 9 position in xanthene derivatives
resulted in most active compound with MIC and IC, of 0.31 ug/ml
and 0.116 pg respectively. The compound 1 has also shown the highest
% inhibition (67%) of dormant MTB H37Ra strain. Rifampin was used
as a standard.

In vitro Inmunomodulatory activity evaluation

The in vitro immunomodulatory activity evaluation was performed
for the most active antitubercular xanthene viz., compound 1,
using phagocytic and respiratory burst (RB) assay techniques [12-
15]. In phagocytic assay, 0.1 ml solution of different concentrations
of compound 1, prepared in DMSO were placed in test tubes and

Table 2. Antitubercular activity against M. tuberculosis H37Ra (aerobic and anaerobic).

Compound No.

DR W N =

6
Rifampin

The % inhibition against MTB H37Ra
(anaerobic) at 30 pg/ml

leucocytes suspension (5 x 10°/ml) was aseptically transferred to each
of the test tube. It was covered with MTB H37 Ry strain (6 x 10®bacteria/
ml) and incubated further for 2 hours at room temperature. The smear
was prepared on glass slide, allowed to dry at room temperature and
fixed by methanol. It was then stained with Ziel-Nelson stain and
observed under the microscope. The same procedure was followed
for the control except in place of test solutions, the volume was made
with MEM solution. A minimum of 100 WBC’s were counted and the
number of mycobacteria engulfed by each of them was recorded. The
result is expressed as mean of these engulfed mycobacteria viz., mean
particle number (MPN). The mean numbers of mycobacterial cells-
phagocytosyzed, by WBC were found to be comparable to the control
(Table 3).

In the RB assay, phosphate buffer saline solution (PBS) served
as a negative control and endotoxin-activated plasma solution
represented the positive control for the test. The solutions of different
concentrations of compound 1 prepared in DMSO were taken, the
leucocytes suspension (5 x 10%ml) was aseptically transferred to
each of the test tube followed by addition of Nitroblue tetrazolium
(NBT) solution (0.1 ml, 0.1% solution) and incubated at 37°C for 20
min. Smears were then prepared on glass slide and 4 ml of counting
fluid was added. It was dried, fixed by heating and counterstained
with Jenner-Giemsa and observed under oil immersion. Around
100 neutrophils were counted for percentage of NBT positive cells,
which were identified as cells containing blue granules/lumps. The
compound 1 showed about 49% stimulation of phagocytic activity at
a concentration of 6.25 ug/ml, compared to the positive control (42%)
(Table 3) at a similar concentration.

Determination of lethal dose (LD, )

The lethal dose (LD,;) value of compound 1 was determined
in albino mice as per Organization of Economic and Co-operation
Development guidelines [16]. Oral administration of compound 1 did
not produce any toxic effects in mice. The data was analyzed with the
help of AOT425 Software. As there were no signs of mortality or any

MTB H37Ra (aerobic)

Table 3. Percentage of Reduced Lymphocytes Particle number of killed MTB H37 Ry after treatment with compound! in Phagocytic and RB assay.

Sample

100
Phosphate Buffer Saline Solution 29.04 +0.39
(Normal control)
E. coli endotoxin activated plasma 45.12+0.86

(Positive Control)
Compound 1 (@) 67.01 & 0.14%**
Suspension A (control) 5-6

Compound 1(b) 5

MIC (pg/ml) IC,, (ng/ml)
66.86 0.31 0.116
48.00 2.7 0.57
45.47 2.1 0.67
32.42 30.45 2.35
32.42 2.66 0.71
35.75 6.78 2.8
50.00 0.012 0.020
Concentrations (ng/ml) of 1
50 25 12.5 6.25
28.10 +0.35 28.00 +0.04 26.45+0.05 25.20 +0.08
45.05+0.17 4430+ 0.04 43.02+0.2 42.21+0.22
61.00 + 0.62%** 58.05 + 0.04%** 53.23 +£0.09%* 49.34 + 0.04**
5 4 3 2
5 4-5 4 3

a. The data is expressed as mean percentage reduced neutrophils + standard error of mean. Significant difference from positive control (Std.) by one way ANOVA followed by Dunnet’s

test (n = 3) **%p<0.0001 and) **p<0.001

b. The data is expressed as mean particle number phagocytosyzed.
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clinical abnormality, the test compound was found to be safe up to
2000 mg/kg (Table 4).

In vivo immunomoudulatory activity evaluation

The compound 1 was further evaluated using in vivo
immunomoudulatory assay post its acute toxicity study as per the
reported procedure [17-19]. 24 mice (20-30 gm) were divided into
4 groups of 6 animals each. Group I (control group) and group II
(Cyclophosphamide treated control) received the vehicle for a period
of 13 days. Groups III-IV were given compound 1 (10 mg/kg and 20
mg/kg, p.o. respectively) daily for 13 days. The animals of groups II-
IV were injected with cyclophosphamide (30 mg/kg, i.p.) on the 11%,
12" and 13" day, 1 hour after the administration of the respective
treatment. Blood samples were collected on the day before (day 0) and
on the 14" day of the experiment and the total white blood cell (WBC)
count was determined. Cyclophosphamide treatment for the period
of 03 days showed significant reduction (p<0.001) in WBC count and
thereby exerted immunosuppressant effect. This effect was significantly
prevented by pretreatment with compound 1 at two different doses, 10
mg/kg and 20 mg/kg. The results are depicted in Figure 2.

Docking studies

Further the synthesized compounds have been docked into the
active site of TMPKmt [20,21]. To ensure that the ligand orientation
obtained from the docking experiment were likely to represent
valid and reasonable binding modes of the inhibitors, the docking
parameters had to be first validated for the crystal structure. The
most appropriate method for evaluating the accuracy of a docking
protocol is to determine how closely the lowest energy pose predicted
by docking resembles the experimentally determined binding mode by

Table 4. Acute toxicity assessment.

Test Seq. Dose(mg/kg) Result
1 175 O
2 550 (0]
3 2000 (0]

*(X=Died, O=Survived); Dose recommendation: The main test is complete; stopping
criterion met: 3 at limit dose).
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Cyclophosphamide (30 mg/kg, I.P.)
Test 1 (10mg/kg, P.O.)
Test1(20mg/kg,P.0O.)

Figure 2. Evaluation of in vivo immunomodulatory activity. (# Data is shown as Mean +

S.E.M. (n = 6); One way ANOVA Followed by Dunnett’s Test, *** Significantly different
as compared to Cyclophosphamide alone group.* p < 0.001).

Glob Drugs Therap, 2017 doi: 10.15761/GDT.1000129

X-ray crystallography. In the present study, the docking protocol was
validated by extracting the native ligand from the crystal structure of
Thymidylate kinase and re-docking back into its active site. Results of
control docking showed a very low RMS deviation of 0.22 A between
the docked conformation and the original orientation found in the
X-ray crystal structure. Thus, the reliability of the Glide docking
protocol for predicting binding modes of Xanthene derivatives in the
dataset was confirmed. The best scoring pose for the native ligand-
Deoxythymidine obtained by docking has been compared against the
crystal structure in Figure 3.

Results

Results of the docking study have been analyzed based on three
main parameters — Glide score, Glide energy and non-bonded
interactions (van der Waals and Coulombic) (Table 5). Considering
these parameters the binding affinity of the xanthene derivatives
towards thymidylate kinase enzyme has been discussed. From the
ensuing docked structures, it is clear that all the six xanthene derivatives
(1-6) snugly fit into the active site of the enzyme, in positions very close
to that of the native ligand- Deoxythymidine in the crystal structure.
Their docking scores varied from -6.15 to -11.85 with a average score
of -8.38 while the docking score for the native ligand was found to be
-8.31. A correlation plots for the % inhibition observed against MTB
H37RA by XRMA (aerobic) at 1 ug/ml versus the Glide docking score
of the xanthenes derivatives is shown in Figure 4. A very significant
correlation was observed between the experimentally observed
antitubercular activity and the theoretical predictions from molecular
docking with the active compounds having scored high while those with
relatively low inhibition are also predicted to have lower docking score.
A detailed per-residue interaction analysis between the thymidylate

j

Figure 3. Overlay of the X-ray conformation of native ligand- Deoxythymidine over its
best docked conformation.
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Figure 4. The correlation plots of the % inhibition observed against MTB H37Ra by
XRMA (aerobic) at 1 pg/ml versus the Glide docking score of the xanthenes derivatives.
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Table 5. Quantitative analysis of the molecular docking study— Glide score, Glide energy and non-bonded interactions (van der Waals ;(vdw) and electrostatic) along with the experimental

antitubercular data.

Compound ile The % inhibition against
Number (ug/ml) against MTB H37Ra by XRMA
MTB H37Ra by XRMA (aerobic) (aerobic) at 1 pg/ml

1 0.31 99.01

2 2.70 72.17

3 2.10 66.04

4 30.45 41.37

5 2.66 62.19

6 6.78 39.94

Figure 5. Binding mode of the most active compound 1 into the active site of thymidylate
kinase.

kinase enzyme and the six xanthene derivatives was carried out which
could provide an explanation for the factors governing the variation
observed in the experimental antitubercular activity. However, for the
sake of brevity we have compared the per-residue interactions analysis
in detailed only for the most active compound 1 and the least active
compound 6.

Analysis of the docking poses of compound 1 (Figure 5) and
compound 6 (Figure 6) shows that both the ligands occupy the
binding site of thymidylate kinase in the coordinates very close to that
of native ligand in the crystal structure. Though the p-chlorophenyl
and styryl side chain of compound 1 and 6 respectively protrude in
the same direction in the active site, their backbone nuclease did not
overlap which could be one reason for the variation observed in their
binding affinities and the associated thermodynamic interactions
(Figure 7). Inspection of the non-bonded interaction energies shows
that for both compounds 1 and 6, the van der Waals interaction energy
component dominated over the coulombic component in the overall
binding energy. The overall binding energy of compound 1 was also
found to be significantly higher (-75.81 kcal/mol) than compound 6
(-44.04 kcal/mol). These numbers rationalizes the tighter binding of
compound 1 into the active site of thymidylate kinase than that of
lesser active compound 6. This difference in binding affinity can be
further explained in terms of the specific bonded and non-bonded
per residue interactions observed with the residues in the active site.
Analysis of the docking pose of compound 6 showed that it formed an
extensive chain of favorable van der Waals interactions with Asp163
(-2.04 kcal/mol), Asn100 (-1.60 kcal/mol), Ser99 (-1.97 kcal/mol),
Asp94 (-1.03 kcal/mol), Phe70 (-3.87 kcal/mol), Tyr39 (-1.19 kcal/mol)
and Phe36 (-1.88 kcal/mol) residues in the active site. Compound 6 is
also stabilized within the active site through favorable van der Waals
contacts with Aspl63 (-1.90 kcal/mol), Asnl00 (-1.02 kcal/mol),
Ser99(-1.21 kcal/mol), Phe70 (-1.60 kcal/mol), Tyr39 (-1.03 kcal/mol)
and Phe36 (-1.00 kcal/mol). However, no van der Waals interaction
was observed with Asp94 as seen in compound 1. Also, the strength
of per-residue interaction was found to be weaker for compound
6 compared to compound 1. A similar observation was noticed in

Glob Drugs Therap, 2017 doi: 10.15761/GDT.1000129

Glide score Glide Energy vdW energy Coulombic energy
-11.85 -75.81 -44.87 -30.93
-9.36 -70.29 -44.85 -25.44
-8.36 -65.32 -44.14 -21.18
-6.39 -46.41 -30.34 -16.07
-8.19 -59.45 -42.16 -17.29
-6.15 -44.04 -29.55 -14.48

Figure 6. Binding mode of the least active compound 6 into the active site of thymidylate
kinase.

Figure 7. Overlay of the docking pose of the most active compound 1 versus the least
active compound 6.

terms of electrostatic interactions. Compound 1 was found to be
involved in a series of favorable coulombic interactions with GIn172
(-3.29 kcal/mol), Arg95 (-2.49 kcal/mol), Asp94 (-3.51 kcal/mol) and
Arg74 (-1.20 kcal/mol) while compound 6 showed weaker interactions
with these residues: GIn(172 (-1.29 kcal/mol), Arg95(-1.02 kcal/mol),
Asp94 (-1.75 kcal/mol) and Arg74 (-1.05 kcal/mol). The enzyme-
inhibitor complex of both compounds, 1 and 6 was found to be further
stabilized by a hydrogen bonding interactions observed with Asp94.
Compound 1 also showed an additional hydrogen bonding interaction
with GIn172 which was not observed for compound 6. The hydrogen
bonding interaction serve as an “anchor”, determining the 3D position
of a molecule in the active site, thereby facilitating the steric and
electrostatic interactions.

Conclusion

Amongst all the derivatives, 1, 9-(4-Chlorophenyl)-9H-xanthene-
3,6-diol has shown highest percentage inhibition viz, 95.24 of
replicating MTB H37Ra, at a concentration of 0.39 ug/ml. The
standard used was Rifampicin, which showed MIC of 0.012 pg/ml. The
compound 1 has also shown better inhibition (67%) of dormant MTB
H37Ra, compared to Rifampicin (50%) at a concentration of 30 ug/ml.
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For efficient phagocytosis and intracellular killing of MTB, production
of reactive oxygen species (ROT’s) is required. NBT dye reduction test
gives information about phagocytic activity and intracellular killing
function of neutrophils. In phagocytic assay as well as in NBT dye test
(RB assay) our compound 1 has significantly increased the phagocytic
function of human neutrophils. It has shown 49% upregulation of
NBT dye reduction, by the neutrophils at a concentration of 6.25 pg/
ml, compared to the positive control viz., E. coli endotoxin activated
plasma, which showed 42% activity at similar concentration. The mean
particle number of killed MTB H37Ry after treatment with compound
1 was found comparable (MPN=3) with the control (MPN=2) at a
concentration of 6.25 pg/ml. The acute toxicity studies of compound 1
showed that it is safe up to 2000 mg/kg. The compound 1 was further
explored for its immunostimulant activity using in vivo model, viz.,
cyclophophamide induced myelosupression in mice. The results
showed that there is a marked decrease in the WBC count, in control
versus the induction group. The compound 1 at a concentration of
10 mg/kg and 20 mg/kg have significantly (*p<0.001) increased the
WBCs count, and restored the myelosuppressive effects induced by
cyclophosphamide.

We have thus shown here that the xanthene derivative 1 increases
the phagocytic activity of macrophages in a dose-dependent manner.
The xanthene derivative 1 has shown antitubercular activity not only
against the replicating MTB but also against the dormant form of the
disease. Most importantly, the results of molecular docking study
revealed the possible binding interactions with the enzyme TMPKmt,
which could help in future lead optimization for this target.
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