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Biotransformation  of  artemisinin  (1)  with  the  selected  hairy  root clones  of  three  medicinally
important  plants,  i.e.,  Atropa  belladonna,  Hyoscyamus  muticus  and  Ocimum  basilicum,  yielded  two
biotransformed  products,  which  were  identified  as 3-�-hydroxy-1-deoxyartemisinin  (2)  and  4-hydroxy-
9,10-dimethyloctahydrofuro-(3,2-i)-isochromen-11(4H)-one  (3). Their  structures  were  elucidated
through  spectroscopic  analysis  (NMR/MS)  and X-ray  crystallography.  The  relative  transformation
efficiencies  of the tested  hairy  root  clones  differed  concerning  individual  bioconversion  reactions.  Con-
eywords:
iotransformation
rtemisinin
airy root
ioactivity
olecular docking

sequently,  the HR  clones  of  H. muticus  and  A. belladonna  accomplished  the highest  conversion  of  (1)  to  (2)
and (3) respectively,  while  that of O. basilicum  imparted  an  intermediate  response.  In-silico  and  in-vitro
bioactivity  analysis  of  the  derivatives  revealed  promising  anti-plasmodial  activity  profile  in  tandem  with
notable TNF  level  lowering  potential  of compound  (2), indicating  thereby  its  prospective  therapeutic
merit  in  ameliorating  the  severity  of malarial  infection.
. Introduction

Malaria ranks as one of the most alarming infectious parasitic
iseases of the world and is imposing severe threat on approx-

mately half of the global populations as per the existing WHO
urvey [1]. In spite of the tremendous worldwide research efforts
o combat malaria, the global morbidity and mortality rates have
ot been ameliorated significantly over the last 50 years and re-
mergence of malaria in many parts of the world is currently
mposing fresh challenges due to rapid acquirement of drug-

esistance by the parasite [2].

In general, the discovery of artemisinin, a sesquiterpene lactone
ontaining an endoperoxide bridge and/or its analogues become

∗ Corresponding author. Tel.: +91 522 2718628; fax: +91 522 2342666.
E-mail addresses: koteshkumarj@yahoo.com (J.K. Kumar),

uchitrabanerjee07@yahoo.com (S. Banerjee).
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381-1177/© 2015 Elsevier B.V. All rights reserved.
© 2015  Elsevier  B.V.  All  rights  reserved.

increasingly popular as effective candidates of artemisinin-based
combination therapy (ACT) for the treatment of drug-resistant
malaria [3]. Although the ACT treatment regime showed reduc-
tion in the transmissibility of malaria by preventing gametocyte
development [4], but delayed parasite clearance due to rapid emer-
gence of artemisinin resistance [5] necessitated the discovery of
new antimalarials with novel mechanism of actions [6].

Many efforts have been made to prepare simpler antimalarial
molecules based on the trioxane ring of artemisinin or to produce
semisynthetic and synthetic endoperoxides with greater metabolic
and hydrolytic stability than artemisinin itself [7]. However, as
the processes were complicated with low yields and high cost
[8], efforts were diverted towards exploration of new avenues
to produce more efficient artemisinin analogues or even new

sesquiterpenes. Accordingly, the contemporary research findings
corroborated the superior efficacies of artemisinin analogues for
effective cancer chemotherapy (dihydroartemisinin) as well as in
combination therapies for drug resistance malaria [3,9]. Currently

dx.doi.org/10.1016/j.molcatb.2015.01.007
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he WHO  recommended antimalarial formulations that are being
sed as ACT consist of several artemisinin derivatives having

ong half-life than artemisinin, such as artemether-lumefantrine,
rtesunate-mefloquine, artesunate-amodiaquine, artesunate-
ulfadoxine-pyrimethamine, dihydroartemisinin-piperaquine and
rteether-curcumin [10–12].

Diversified efforts have been focused towards generating novel
nalogues either through combinatorial biosynthesis in microbes
8] or through bioconversion of artemisinin or its analogues
artemisinic acid, � and � artemether, arteannuin B) using micro-
ial [13–18] and plant cell/tissue culture systems [16,19–22].

Judicious exploitation of the biotransformation proficiency of
airy root cultures (HR) is gaining world-wide attention due to
he practical merit of this tool in generating novel products with
idened bioactivities [23]. Besides possessing characteristically
istinctive and coherent growth/enzymatic profiles, long-lasting
perational stability and reduced cost involvement [24], HR cul-
ures also enjoy the added benefits of inter-clonal variations in

etabolic framework through the gainful assimilation of Ri T-DNA
ediated insertional mutagenesis. Such attributes not only broad-

ns the range of substrate adaptability but also modulate the regio
nd stereo-selective reaction specificity and thereby renders this
ystem as a potent biotransformation tool in medicinal and ther-
peutic chemistry [25]. Several reports document the excellent
iotransformation capabilities of hairy roots which consistently
atalyze reactions in a stereospecific manner, resulting in chirally
ure products [23,26]. It is however pertinent to mention that HR
ediated biotransformation of artemisinin is less explored and till

ate only two reports of its conversion to deoxy derivative are avail-
ble through the use of two different plant systems, i.e.,  Cyanotis
rachnoidea [27] and Rheum palmatum L. [28], which leaves ample
cope for further exploration.

The necessity for identification of novel targets through
iversity-based generation of molecules has already been unan-

mously acknowledged which can ideally combat the rapid
mergence of parasite resistance [6]. Accordingly, the structural
odifications of the functional groups of artemisinin holds much

romise in fighting against drug resistance malaria. Under such
ircumstances, the accredited uniqueness of hairy root cultures in
erforming regio-specific modifications [26], which are otherwise
rduous to carry out by microorganisms or synthetic chemi-
al methods, further reiterates the potential of such exploration
nvolving hairy roots of diverse plant systems with regard to
rtemisinin [23].

The present study explores the competence of the pre-
elected elite HR clones of three medicinally important plants,
.e., Atropa belladonna, Hyoscyamus muticus and Ocimum basilicum,
or the biotransformation of artemisinin. This communication
eports the first successful hairy-root mediated biotransforma-
ion of artemisinin (1) to 3-�-hydroxy-1-deoxyartemisinin (2)
nd 4-hydroxy-9,10-dimethyloctahydrofuro-(3,2-i)-isochromen-
1(4H)-one (3), deduced through spectroscopic analysis (NMR/MS)
nd X-ray crystallography. During the present course of study, the
n-silico and in-vitro bioactivity analysis of the derivatives revealed
ncouraging activity profile of compound (2) with respect to anti-
lasmodial activity coupled with notable TNF lowering potency.

. Materials and methods

.1. General experimental procedures
1H, 13C and 2D NMR  spectra were recorded using Bruker Avance
00 MHz  spectrometer and the chemical shifts (ı) were expressed

n ppm with reference to TMS  as internal standard. ESI–MS
ata were obtained on Shimadzu LC–MS system after dissolving
sis B: Enzymatic 113 (2015) 95–103

compound in acetonitrile. IR spectra were measured by Spectrum
BX Perkin Elmer and Spectronic® GenesysTM, respectively.

2.2. Hairy root cultures

Two pre-selected hairy root clones of A. belladonna [29] and H.
muticus [30] were used for the present study, which were main-
tained through sub-culturing in 1/2 strength Murashige and Skoog
medium [31] supplemented with 3% sucrose (pH 5.88) and incu-
bated with continuous shaking on a rotary shaker (80 rpm) at
25 ± 1 ◦C under dark condition. Additionally, one recently estab-
lished hairy root clone of O. basilicum, having rapid growth potential
and rol positive (both B and C) traits (data not presented), had also
been utilized for the present biotransformation study following its
maintenance under the aforesaid conditions.

2.3. Biotransformation procedures and Isolation of transformed
products

The substrate (1), was  dissolved in MeOH (40 mg/mL) and 1.0 mL
of the solution was added to 50 mL  of half-strength MS  (3% sucrose)
liquid media. These feeded media were dispensed in 2 weeks old
hairy root cultures (∼5.0 g FW)  which were subsequently incu-
bated at 25 ± 2 ◦C on rotary shaker (80 rpm) in dark. Two controls
(substrate control and culture control) were also established, using
MeOH instead of DMSO, following our previously reported protocol
[26]. All the experiments were repeated thrice with three replicates
for each category.

After co-incubation with the substrate, the cultures were har-
vested, the hairy root tissues were separated from the media and
each were extracted with ethyl acetate in triplicates as per our
earlier reported protocol [26]. The extracts were subjected to TLC
analysis (silica gel 60 F254 Plate) using the optimized solvent sys-
tems (Diethyl ether: Hexane:: 7:3) followed by the UV detection at
254 nm and after spraying with anisaldehyde solution for visual-
ization of the transformed products.

The time course study was performed in triplicate at weekly
intervals (from 7 to 21 days) and quantification of the biotrans-
formed products in both the media and HR tissues of all the three
plant systems were carried out through HPTLC following our earlier
reported method [29].

Consequently, for the isolation of the biotransformed prod-
ucts, the ethyl acetate extracts (250 mg)  were subjected to column
chromatography on silica gel (20 g, 60–120 mesh, 1 × 20 cm glass)
and was  eluted with increasing polarity mixture of ethyl acetate-
hexane. The fractions collected in 5% ethyl acetate in hexane yielded
compound (2) (48 mg), while that collected in 8% ethyl acetate in
hexane gave compound (3) (22 mg). The structure of the isolated
biotransformed products were elucidated by 1D/2D NMR, ESI–MS
and further validated through X-ray crystallography.

2.3.1. 3-˛-Hydroxy-1-deoxyartemisinin (2)
White crystalline solid; 1H NMR  (CDCl3, 300 MHz) and 13C NMR

(CDCl3, 75 MHz) see Table 1. ESI–MS 282.3.

2.3.2. 4-Hydroxy-9,10-dimethyloctahydrofuro-(3,2-i)-
isochromen-11(4H)-one
(3)

White crystalline solid; 1H NMR  (CDCl3, 300 MHz) and 13C NMR
(CDCl3, 75 MHz) see Table 1. ESI–MS 240.3.

2.4. X-ray crystallographic data
Single crystals of (2) were obtained by slow evaporation
from chloroform/methanol mixture. Diffraction data were col-
lected on Bruker AXS SMART APEX diffractometer using Mo
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Table  1
1H (300 MHz) and 13C NMR  (75 MHz) chemical shift data for compounds (2) and (3) in CDCl3.

Assignment Compound 2 Compound 3

1H 13C Nature 1H 13C Nature

1 1.66 (m,  1H) 41.00 CH 1.54 (m, H)  56.52 CH
2  1.65, 2.11 (m,  2H) 30.73 CH2 1.43 and 1.88 (m, 2H) 27.28 CH2

3 3.74 (bs, 1H) 69.48 CH 3.96, 4.15 (dd, 2H) 68.26 CH2

4 – 109.29 Q 5.88 (br,1H) 110.66 CH
5  5.76 (s, 1H) 99.34 CH – 86.88 Q
6  – 83.34 Q 1.95 (br, H) 48.33 CH
7  2.194 (m,  1H) 42.48 CH 1.45 and 2.03 (m,  2H) 26.84 CH2

8 2.06 (m,  2H) 23.92 CH2 1.96 (m, H)  35.37 CH2

9 1.22, 1.95 (m,  2H) 33.80 CH2 1.98 (m, H) 30.97 CH
10  1.434 (m,  1H) 35.53 CH 2.68 (m, H) 40.76 CH
11  3.325 (m,  1H) 33.10 CH – 179.25 Q
12  – 171.72 Q 1.51 (d, 3H) 16.21 CH3
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13 1.322 (d, 3H) 12.96 CH3

14 1.06 (d, 3H) 18.77 CH3

15  1.70 (s, 3H) 20.89 CH3

� radiation (� = 0.7173 Å) in �-scan mode at room tempera-
ure. Crystal data: C15H22O5, M = 282.3, space group monoclinic,
21; unit cell dimensions were determined to be a = 5.464 (1) Å,

 = 13.752 (2) Å, c = 9.845 (2) Å,  ̌ = 101.701 (7)◦, V = 724.4 (2) Å3,
 = 2, Dcalc = 1.294 mg/m3, F(0 0 0) = 304, �(Mo  K�) = 0.096 mm−1;
889 unique reflections were collected, of which 1510 reflections
ere observed on the basis of F2 > 4�(F2). The structure was solved

y direct methods using SHELXS [32] and was refined against F2

ith full-matrix least squares method by using SHELXL [33]. All the
on hydrogen atoms were refined anisotropically. Hydrogen atoms
ere fixed geometrically in idealized positions and were refined

s riding over the atoms to which they were bonded. The final
efinement gave R = 0.0521, Rw = 0.1032, goodness-of-fit, S = 0.943.

Crystals of (3) were obtained by evaporation from methanol.
iffraction data were collected at room temperature (293 K) on

 Bruker Apex-II CCD diffractometer, using Mo  K� radiation
0.71073 Å) in �-scan mode. Crystal data: C13H20O4, M = 240.3,
pace group orthorhombic P212121; unit cell dimensions were
etermined to be a = 6.347 (7) Å, b = 12.002 (12) Å, c = 16.532 (16) Å,

 = 1259 (2) Å3, Z = 4, Dcalc = 1.267 mg/m3, F(0 0 0) = 520, �(Mo
� = 0.093 mm−11; 2736 unique reflections were collected, of
hich 1308 reflections were observed with F2 > 4�(F2). The struc-

ure solution and refinement methods were similar as described for
ompound (2). The final R and Rw values were 0.0725 and 0.1637,
espectively, with goodness-of-fit S = 1.159. Crystallographic data
excluding structure factors) of (2) and (3) have been deposited
ith the Cambridge Crystallographic Data Centre as supplementary
ublication numbers 1015578 and 1015579, respectively. Copies of
he data can be obtained, free of charge, on application to CCDC, 12
nion Road, Cambridge CB2 1EZ, UK, (fax: +44 0 1223 336033 or
eposit@ccdc.cam.ac.uk).

.5. Molecular docking studies

Drawing and geometry cleaning of the studied compounds
as performed through ChemBioDraw-Ultra-v12.0 software

http://www.cambridgesoft.com). The 2D structures has trans-
ormed into 3D structures using converter module of ChemBio-
raw. The 3D structures then subjected to energy minimization.
he docking study of selected target and ligand was done by using
utoDock Vina software (http://vina.scripps.edu/). The crystallo-
raphic structure of antimalarial target Plasmodium falciparum lac-
ate dehydrogenase (pfLDH) (PDB ID: 1LDG) was retrieved through

rookhaven Protein Data Bank (PDB) (http://www.pdb.org). The
alency and hydrogen bonding of the ligand as well as target pro-
ein was subsequently satisfied [34]. Polar Hydrogen atoms were
dded to the protein target to achieve the correct ionization and
1.12 (d, 3H) 20.75 CH3

– – –
– – –

tautomeric states of amino acid residues such as His, Asp, Ser and
Glu. Binding poses with the lowest docked energy belongs to the
top-ranked cluster was  selected as the final model for post-docking
analysis with Discovery Studio v3.5, UCSF Chimera v1.5.3 (Univer-
sity of California, San Francisco) and PyMOL (The PyMOL Molecular
Graphics System, Version 1.5.0.4 Schrodinger, LLC, USA).

2.6. In vitro antimalarial activity

2.6.1. Parasite cultures and treatment
Plasmodium falciparum (NF-54 strain) cultures were maintained

as reported earlier [35]. Compounds (1) and (2) were solubilized
in DMSO and further diluted with culture medium to achieve the
required concentrations (final concentration of DMSO <1%). Par-
asite growth was determined spectrophotometrically in control
and drug-treated cultures using a parasite lactate dehydrogenase
assay (PfLDH). Chloroquine diphosphate salt was used as positive
control. After incubation, plates were subjected to three 20 min
freeze–thaw cycles to release cell content. Parasite culture was
carefully mixed and aliquots of 20 �L were taken and added to
another flat bottom 96-well plate containing 100 �L of Malstat
reagent (0.125% Triton X-100, 130 mM l-lactic acid, 30 mM Tris
buffer and 0.62 �M APAD) and 25 �L of NBT–PES (1.9 �M NBT and
0.24 �M PES) solution/well. The plate was incubated in dark for
30 min  and absorbance was  recorded at 650 nm using a microplate
reader (FLUOStar Omega, BMG  Labtech). All the experiments were
done in triplicates. The antiplasmodial activity of the compound
(2) was expressed as IC50 (mean ± SEM), calculated from dose-
response curve data by nonlinear regression analysis.

2.6.2. Effect on suppression of TNF in murine peritoneal
macrophages

Macrophages were collected from the peritoneum of mice
injected with sterile 1% peptone and cultured as previ-
ously described [36]. The treatments with lipopolysaccharide
(Escherichia coli 050: B5, Sigma, USA) at 1 �g/mL alone and in
combination with compound (2) (1, 10 and 100 �g/mL) were
accomplished for 18 h in triplicate. Tumor necrosis factor-� (TNF-
�) activity in culture supernatants were estimated by Enzyme
Immune Assay (EIA) using commercial kits for mouse TNF (BD Bio-
sciences, USA).

3. Results and discussion
The HR clones of all the three tested plant systems revealed
artemisinin (1) biotransformation competency and two  deriva-
tives, i.e.,  (2) and (3), could be isolated, which were identified by

http://www.cambridgesoft.com/
http://vina.scripps.edu/
http://www.pdb.org/
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ig. 1. Biotransformation of artemisinin (1) to 3-�-hydroxy-1-deoxyartemisinin (2
R  clones of A. belladonna, H. muticus and O. basilicum.

pectroscopy. None of the two controls demonstrated any such con-
ersions of the substrate. The structures of the isolated compounds
re represented in Fig. 1.

.1. Identification of the biotransformed products

The structure elucidation of compounds (2) and (3), by various
D and 2D NMR  spectroscopy, revealed to be 3-�-hydroxy-1-
eoxyartemisinin (2) and 4-hydroxy-9,10-dimethyloctahydrofuro-
3,2-i)-isochromen-11(4H)-one (3). Although, compound (2) was
eported earlier in the Artemisia annua plant itself [37] as well as
n various biotransformation studies [38], but compound (3) has
esulted for the first time from the hairy root mediated biotrans-
ormation of artemisinin. The 13C NMR  (75 MHz) spectrum coupled
ith DEPT-135 showed that there are total 13 carbons in compound

3) of which two were quaternary, five tertiary, four secondary and
wo primary carbons (Table 1).

The two quaternary carbons were resonated at ı 179.25 (car-
onyl carbon) and 86.88 ppm, respectively. The presence of a
arbon resonance at ı 86.88 ppm was due to C-5 and this also sug-
ests the absence of a peroxy bond in the structure. Also, presence of

 carbon resonance at 68.26 ppm is attributed to C-3 and its germi-
al protons appearing at ı 3.96 and 4.15 ppm showed a long range
orrelation in HMBC spectrum with C-5 carbon confirms the ether
inkage of the furan moiety in the structure. Presence of a down

eld resonance at ı 110.66 ppm is due to C-4 with a free hydroxyl
ttachment and this further confirms the absence of a seven mem-
ered lactone structure. Rest of the carbons were resonated as per
he presently reported observation (Table 1).
4-hydroxy-9,10-dimethyloctahydrofuro-(3,2-i)-isochromen-11(4H)-one (3) by the

Crystallization, followed by single crystal X-ray diffraction stud-
ies further confirmed the structures of (2) and (3). The crystal
structure of (2) presented here is the same as that previously
reported [38] (Supplementary Fig. S1a and b).

The molecular conformation of (3), obtained through single
crystal X-ray diffraction, is depicted in Fig. 2a. The crystal struc-
ture confirmed the absence of a peroxide linkage and the presence
of a tetrahydrofuran ring, as suggested by NMR  analysis. An enve-
lope conformation for the five-membered tetrahydrofuran ring and
a stable chair conformation for the all-carbon 6-membered ring
are observed in the crystal structure of (3). The other 6-membered
ring containing lactone is flattened at O atom. An intermolecular
hydrogen bond interaction between the O atom of the tetrahy-
drofuran ring and the hydroxyl group stabilize the molecular
assembly in crystals (Fig. 2b; O3. . .O1 = 2.79 Å, H. . .O1 = 1.98 Å,
∠O3–H. . .O1 = 169.9◦). The carbonyl O atom is involved in a weak
C–H. . .O hydrogen bond interaction with the C6 (H) (Fig. 2b;
C6. . .O2 = 3.25 Å, H6.  . .O2 = 2.46 Å, ∠C6–H. . .O2 = 137◦). Notably,
the ring conformations observed for (3) are very similar to that
observed for the O–acetyl derivative reported earlier [38]. How-
ever, the absence of a strong hydrogen bond donor like hydroxyl
group has resulted in a different packing arrangement of the O-
acetyl derivative crystals, in which a weak C–H. . .O hydrogen bond
between the O atom of the five-member ring and the methyl hydro-
gen of acetyl group is observed.
3.2. Time course studies

The HPTLC analysis revealed that all the three tested HR clones
displayed the maximum bioconversion of (1) to (2) on the 14th
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Fig. 2. (a) ORTEP drawing of compound (3) at 50% ellipsoid probab

ay of substrate feeding, although their relative efficiencies differed
Fig. 3a). The H. muticus HR clone performed best amongst the three
Fig. 3a) with regard to the conversion of (1) to (2) and displayed
 maximum of >57% total conversion (i.e., 49% in the medium and
lmost 8% in the hairy root tissue). On the other hand, the HR clones
f O. basilicum and A. belladonna demonstrated comparatively lesser

ig. 3. Time course biotransformation proficiency analysis of the HR clones of different m
2)  and (b) compound (3) respectively, in the media and root tissues. (M-Media; R-Hairy 
b) Intermolecular hydrogen bonds in the crystals of compound (3).

bioconversion potential (∼3.2 and 5.7 times lower respectively).
The HR clone of the former revealed a total of 18% conversion while
that of the later displayed only 10% conversion of (1) to (2) after the

same period of incubation. Microbial bioconversion of artemisinin
to 3-�-hydroxy-1-deoxyartemisinin (2) by Aspergillus niger and
two Cunninghamella species (i.e., C. echinulata, C. elegans) had earlier

edicinal plants with regard to the conversion of artemisinin (1) to: (a) compound
root).
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Table  2
Comparison of binding affinity of artemisinin and its derivatives (2) and (3) in terms of docking energy and binding site residues of anti-malarial target PfLDH (PDB: 1LDG).

Compound name Binding energy (kcal mol−1) Binding pocket residues (4 Å radius) Key interacting residues and H-bonds

NADPH −11.5 VAL-26, GLY-27, GLY-29, MET-30, ILE-31, PHE-52,
ASP-53, ILE-54, VAL-55, MET-58, TYR-85, THR-97,
ALA-98, GLY-99, PHE-100, THR-101, LEU-112,
ASN-116, ILE-119, GLU-122, VAL-138, THR-139,
ASN-140, VAL-142, LEU-163LEU-167, HIS-195,
PRO-246, PRO-250

MET-30, ILE-31, ASP-53, ILE-54, TYR-85,
ALA-98,GLY-99, PHE-100, VAL-138, ASN-140,
LEU-163

Artemisinin −7.7 PHE-52, ASP-53, ILE-54, TYR-85, ALA-98, GLY-99,
PHE-100, ILE-119, ILE-123

ILE-54 (2 H-bonds 3.0, 3.5), GLY-99 (2 H-bonds
2.8, 2.9)

Compound 2 −6.3 GLY-27, SER-28, GLY-29, ASP-53, ILE-54, VAL-55,
THR-97, GLY-99

ASP-53 (1.9), GLY-29 (3.1), THR-97 (2.9)

Compound 3 −5.6 GLY-29, ASP-53, ILE-54, VAL-55, MET-58, ALA-98, ASP-53 (2.1)
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GLY-99, PHE-100

ote: The underlined residues of NADPH pocket participate in artemisinin and its d

een reported with comparatively reduced conversion frequencies
han that of the present findings [13,14]. On the contrary, none of
he formerly reported plant cell/organ culture mediated biotrans-
ormation attempts of the substrate (1) had ever displayed similar
ioconverted product formation [16,18–22,27,28].

Then again, the A. belladonna HR demonstrated the highest
onversion efficiency with regard to the bioconversion of (1)
o (3) after the same incubation period (14th day) and a max-
mum of >45% total conversion (i.e., 38% in the medium and

bout 7% in the hairy root tissues) could be obtained (Fig. 3b).
ikewise, the HR clones of O. basilicum and H. muticus also exhib-
ted similar biotransformation response with decreased propensity

ig. 4. Docking poses of artemisinin (1) and its derivatives (2) and (3) on PfLDH (PDB
igand NADPH with docking energy −11.5 kcal mol−1, (b) Artemisinin (1) docked on PfLD
inding  energy −6.3 kcal mol−1 and (d) Compound (3) docked on PfLDH with binding ene

nterpretation of the references to color in this figure legend, the reader is referred to the
ives (2) and (3) docking.

as a total of 12% and 6% bioconversion of (1) to (3) were
recorded respectively, which were ∼3.75 and 7.5 times lower
in that order than that with the A. belladonna HR mediated
derivatization (Fig. 3b). To the best of our knowledge, similar con-
version of (1) to (3) through the use of any biological systems
has not been documented earlier and accordingly, the present
observations corroborate special significance because of its exclu-
sivity.

Apart from these two derivatives, (1) had also been converted

by all the three tested HR cultures into a most prevalent derivative,
i.e., deoxyartemisinin at a lower proportion (∼3 to 6%) as deter-
mined through HPTLC (Supplementary Fig. S2). The bioconversion

: 1LDG). (a) Docking procedure standardization by redocking of co-crystallized
H with binding energy −7.7 kcal mol−1, (c) Compound (2) docked on PfLDH with

rgy −5.6 kcal mol−1. Note: “H-bond is represented with magenta dashed line”. (For
 web  version of this article.)
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Table  3
Comparison of binding affinity of artemisinin and its derivatives compound (2) and (3) in terms of docking energy and binding site residues of anti-inflammatory target
TNF-�  (PDB: 2AZ5).

Compound name Binding energy (kcal mol−1) Chain ID (dimer form) Binding pocket residues (4 Å radius) Interacting residues
and length (Å)

Re-docking of bound
inhibitor-307* in TNF-�
dimer complex form

−9.6 Chain A LEU-57, TYR-59, SER-60, TYR-119, LEU-120, GLY-121,
GLY-122, TYR-151

–

Chain B LEU-57, TYR-59, SER-60, TYR-119, LEU-102,
GLY-121TYR-151

Artemisinin −8.2 Chain A TYR-59, TYR-119, LEU-120, GLY-121, TYR-151 –
Chain B TYR-59, TYR-119

Compound 2 −7.9 Chain A SER-60, TYR-119, LEU-120, GLY-121 GLY-121 (2.7), TYR-151
(3.0)

Chain B TYR-59, TYR-119, TYR-151 –
Compound 3 −7.5 Chain A TYR-119, LEU-120, GLY-121, GLY-122 –

Chain B LEU-57, TYR-59, SER-60, TYR-119, TYR-151

N ed as 

y

o
t
s
t
t
(
w
b

F
l
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i
l

ote: “–” represent no H-bond and * refer TNF-� dimer inhibitor-307 nam
l}methyl)amino]ethyl}amino)methyl]-4H-chromen-4-one).

f artemisinin to deoxyartemisinin have been well documented
hrough the utilization of diverse biological systems, such as cell
uspension [20,21] HR [27,28] and microbial cultures [15]. In all
he three tested plant systems, the maximum recovery of the bio-
ransformed products could be made from the media component

∼5–15 times higher than that in the HR tissues) and ethyl acetate
as found to be the best solvent for the maximum recovery of the

ioconverted products.

ig. 5. Docking pose of artemisinin (1) and compound (2) and (3) on target TNF-� (PDB:
igand 307* on 2AZ5 with docking binding energy −9.6 kcal mol−1, (b) artemisinin (1) do
NF-�  with binding energy −7.9 kcal mol−1, (d) compound (3) docked on TNF-� with bind
s  highlighted in cyan color, target chain B is highlighted in yellow color and H-bond high
egend,  the reader is referred to the web version of this article.)
(6,7-dimethyl-3-[(methyl{2-[methyl({1-[3-(trifluoromethyl)phenyl]-1H-indol-3-

3.3. Molecular docking analysis

The docking of artemisinin (1) and its derivatives (2 and 3) was
performed on PfLDH target enzyme (PDB: 1LDG), which demon-
strated efficient binding to the NADPH binding site pocket (Table 2).

The molecular docking prediction was evaluated by redocking of
co-crystallized ligand NADPH on PfLDH, which showed high bind-
ing affinity docking energy i.e.,  −11.5 kcal mol−1. Results showed

 2AZ5). (a) Docking software standardization by redocking study of co-crystallized
cked on TNF-� with binding energy −8.2 kcal mol−1,  (c) compound (2) docked on
ing energy −7.5 kcal mol−1. Note: Ligand is highlighted in pink color, target chain A

lighted in magenta color. (For interpretation of the references to color in this figure



102 P. Pandey et al. / Journal of Molecular Catalysis B: Enzymatic 113 (2015) 95–103

F ltured
l d in D
l

t
e
a
r
5
a
a
p
S
H
T
b
5
r
5

f
S
e
a
i
I
c
p
t
t
a
a
c
l
i
R
e
c
T
t
G
h
6

3

t

ig. 6. Tumor necrosis factor-� (TNF-�)  from the supernatant of macrophages cu
ipopolysaccharide (LPS) to produce TNF and treated with compound (2), solubilize
ower  the level of TNF. MØ–Macrophages. *** = p < 0.001.

hat the (1) docked well on pfLDH with high binding affinity docking
nergy of −7.7 kcal mol−1, than the compound (2) (−6.3 kcal mol−1)
nd compound (3) (−5.6 kcal mol−1). The docked binding site
esidues of PfLDH for (1) within 4 Å region were PHE-52, ASP-
3, ILE-54, TYR-85, ALA-98, GLY-99, PHE-100, ILE-119, ILE-123
nd the H-bonds forming residues were ILE-54 (H-bond of 3.0 Å
nd 3.5 Å), GLY-99 (H-bond of 2.8 Å and 2.9 Å). Similarly, for com-
ound (2), the docked binding site residues of PfLDH were GLY-27,
ER-28, GLY-29, ASP-53, ILE-54, VAL-55, THR-97, GLY-99 and the
-bonds forming residues were ASP-53 (1.9 Å), GLY-29 (3.1 Å),
HR-97 (2.9 Å) (Table 2). Likewise for compound (3), the docked
inding site residues of PfLDH were GLY-29, ASP-53, ILE-54, VAL-
5, MET-58, ALA-98, GLY-99, PHE-100 and the H-bond forming
esidue was ASP-53 (2.1 Å) (Fig. 4). The conserved residue was  ASP-
3, forming H-bonds in both binding sites.

Similarly, the docking of compounds (1), (2) and (3) was also per-
ormed on anti-inflammatory target-TNF-� (PDB: 2AZ5) (Table 3).
evere malaria has been associated with high TNF-� plasma lev-
ls, increased production of other cytokines (IFN-� and IL-1�)
nd decreased production of anti-inflammatory cytokines. Pro-
nflammatory Th1-type cytokines (e.g., TNF-�, IFN-�, interleukin
L-1�, and IL-6) are found critical for the control of exoerythro-
ytic and erythrocytic Plasmodium infection, but their increased
roduction may  also contribute to organ damage, particularly in
he brain [39]. The clinical studies also demonstrated TNF to cause
oxic side effects such as headache, nausea, vomiting, fever, chills
nd myalgia [40], which justifies for the selection of this cytokine
s the target of the present docking studies. The docking proto-
ol standardization was done by redocking study of co-crystallized
igand 307 (PDB: 2AZ5) on TNF-� dimer, which showed high bind-
ng affinity to the receptor with binding energy of −9.6 kcal mol−1.
esults showed that (1) docked well on TNF-� with docking binding
nergy −8.2 kcal mol−1, consecutively followed by its derivatives:
ompound 2 (−7.9 kcal mol−1) and compound 3 (−7.5 kcal mol−1).
he chemical nature of binding site residues of TNF-� dimer struc-
ural unit (Chain A and B) were aliphatic due to LEU-57, LEU-120,
LY-121, GLY-122 and aromatic due to TYR-59 and TYR-119. The
ydroxyl group containing residue within the binding site was SER-
0 (Fig. 5).
.4. Biological activity evaluation

The in-vitro bioactivity analysis against P. falciparum revealed
hat the biotransformed compound (2) holds prospective
 in the presence of compound (2). Peritoneal macrophages were stimulated with
MSO in a dose dependent manner, which at 10 and 100 �g/mL could significantly

anti-plasmodial activity of 31.88 ± 2.59 �M,  corroborating the
aforesaid in-silico predictions, wherein the docking energy is com-
parable to that of the parent compound (1). Moreover, the IC50 value
of this compound (2) is comparable to that of our earlier reported
natural molecule—glabridin [35], which has demonstrated anti-
plasmodial activity having the IC50 value of 23.9 ± 0.43 �M with
respect to the positive control—artemisinin (0.007 ± 0.004 �M).

Additionally, in agreement to the in-silico forecasting, the com-
pound (2) has also been observed to significantly lower the levels
of tumor necrosis factor, as determined through the in-vitro bioac-
tivity analysis (Fig. 6). It has already been established that TNF
and related cytokines initiate events that cause pathology, as
well as parasite death within red cells in such infectious diseases
[41]. Furthermore, TNF level has been clinically proven to rise in
patients infected with Plasmodium falciparum [42]. TNF also acti-
vates a broad array of intracellular signal mechanisms triggering
the inflammatory machinery within the host, through the NFK�
pathway [43]. Artemisinin derivatives, like artesunate have been
reported to decrease the TNF levels, which in turn do not allow
triggering the release of other pro-inflammatory cytokines, thus
retarding the deterioration of body conditions [44]. The increase in
TNF levels in malaria infected patients might also lead to secondary
complications, like hypoglycaemia, which eventually deteriorates
the prognosis of the disease [44]. In the background of such infor-
mation, the presently observed credentials of the biotransformed
compound (2) in terms of its anti-plasmodial activity coupled with
significant TNF lowering competence, highlight the therapeutic
potential of this biotransformed product in ameliorating the sever-
ity of malarial infection.

4. Conclusions

The present findings evidently elucidated that the unanimously
recognized goal of generating novel target- based functional deriva-
tives of artemisinin can be effectively achieved through such
HR mediated derivatization of the parent molecule to cope with
the impending emergence of drug resistance malaria. As per
our knowledge, the present investigation records the first suc-
cessful utilization of the HR clones of three different medicinal
plants (A. belladonna,  H. muticus and O. basilicum) to biocatalyze

artemisinin into two atypical derivatives other than the most
recurrently observed one (deoxyartemisinin). Rational exploita-
tion of the biochemical machinery of hairy root clones to carry
out such biotransformation reactions leading to the production of
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