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Abstract

Many reports have shown that Andrographolide and its derivatives possess notable anti-
cancer activity. In this study, we present the molecular docking studies of some newly synthesized 
C-12 substituted-14-deoxy-andrographolide derivatives. This helped to evaluate the probable 
targets of action responsible for the observed in vitro anti-cancer activity. This work delineates the 
role of the interacting amino acids residues in the active site. Consequently, the structure activity 
relationship (SAR) helps in drug design by demonstrating the effect of the C-12 substituent on the 
target site drug interaction. Finally, the compliance to Lipinski’s parameters demonstrates their 
potential as promising leads in further anti-cancer drug development.

ABBREVIATIONS
EGFR: Epidermal Growth Factor Receptor; CDK: Cyclin-

Dependent Kinase; MOE: Molecular Operating Environment; 
Ala: Alanine; Arg: Arginine; Asn: Asparagine; Asp: Aspartic acid; 
Cys: Cysteine; Gln: Glutamine; Glu: Glutamic acid; Gly: Glycine; 
Ile: Isoleucine; Leu: Leucine; Lys: Lysine; Met: Methionine; Phe: 
Phenylalanine; Pro: Proline; Ser: Serine; Thr: Threonine; Tyr: 
Tyrosine; Val: Valine

INTRODUCTION
Andrographolide, a labdane diterpenoid is the principal 

bioactive component of Andrographis paniculata (Acanthaceae) 
[1], has been reported to exhibit plethora of biological 
properties [2-6]. The promising anti-cancer activity shown by 
andrographolide has received wide attention over the years 
resulting in the synthesis and biological evaluation of a number 
of novel analogues. Studies have shown that andrographolide 
derivatives possess notable anti-cancer activity [7-24]. We 
focused our research efforts in evaluating the effect of introducing 
various substituents (alkyl amines, benzyl amines, phenyl thio 
and substituted aryl amines) at C-12 position of andrographolide 
on the anti-cancer activity. In this regard, we have synthesized 
a library of C-12-substituted-14-deoxy andrographolide 
derivatives (Figure 1) and submitted to National Cancer Institute 
(N.C.I.), U.S.A for the in vitro screening. Twelve of the analogues 

selected by NCI were evaluated against 60 human cancer cell 
line panel across 9 different cancer types at the National Cancer 
Institute (N.C.I.), USA. The results have already been reported by 
our group [25].

Since these analogues showed very good in vitro activity 
across the studied cell lines, we have explored their probable site 
of target binding via in silico simulations in this study. The minimal 
reports on the computational studies on andrographolide and its 
derivatives [26,27], also further encouraged us to pursue this 
study. In this regard, we have docked the synthesized derivatives 
with three different proteins namely Epidermal Growth Factor 
Receptor (EGFR) tyrosine kinase, Lung Cancer-Derived EGFR 
kinase and cyclin-dependent kinase (CDK)-5. 

The EGFR kinases were chosen based on the literature reports 
[28], citing the over expression of EGFR in a significant number 
of human tumors e.g. breast, ovarian, colon, renal and prostate. 
Over-expression of EGFR family receptors has always been 
observed in these tumors (60% approximately) [28]. The cyclin-
dependent kinases (CDK) CDK1, CDK2, CDK4, and CDK6 are 
serine/threonine protein kinases targeted in cancer therapy due 
to their role in cell cycle progression [29]. Also andrographolide 
structure contains a butyrolactone fragment which is a known 
CDK inhibitor [30].

In silico studies of the molecules showed many correlations 
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between the simulated parameters and the observed in vitro anti-
cancer activity. Moreover, the molecular docking methodology 
was used to identify the probable structural features like the 
effect of various substitutents and their positions responsible 
for the anti-cancer activity in C-12 substituted-14-deoxy- 
andrographolide derivatives.

MATERIALS AND METHODS
The structures of the proteins were obtained from the 

Protein Data Bank (PDB) (www.rcsb.org). The PDB IDs are: 1M17 
(EGFR tyrosine kinase), 2ITW (EGFR kinase from lung cancer), 
1UNL (CDK 5). The C-12 substituted-14-deoxy andrographolide 
derivatives used for the studies (Figure 1), were modelled using 
GaussView (3.09) [31].

The energy optimization of these derivatives was carried 
out using the DFT (631G-B3LYP) theory in Gaussian 03 [32]. 
The proteins were prepared in MOE [33], by removing the 
solvent, heteroatoms and the pre-existing ligand molecules. The 
optimized structures of the andrographolide derivatives were 
consequently docked with the prepared proteins using Autodock-
Vina [34]. The binding interactions in the active sites were then 
viewed using PyMol [35], and MOE [33]. Finally, these derivatives 
were evaluated for their drug likeness by determining their 
Lipinski’s parameters at http://www.scfbioiitd.res.in/software/
drugdesign/lipinski.jsp [36,37].

RESULTS AND DISCUSSION

Docking studies

The binding energies obtained from the docking studies have 

been summarized in Table 1 along with the mean in vitro growth 
inhibition in % obtained from the anti-cancer study across the 60 
cell line panel of NCI [25].

From the docking studies, the molecule IIIr returned the 
highest binding energy values in all cases which concurs with 
its efficacy in vitro, with the maximum  of growth inhibition (%)
demonstrating its potential as a lead [25]. Also the molecule IIIq 
showed significant binding energies correlating with its observed 
in vitro activity. Similarly, molecule IIIf has the lowest binding 
affinities and also has nil growth inhibition (%). This lack of 
activity in IIIf might be due to the long chain octadecyl group. The 
presence of the long chain alkyl group makes the molecule highly 
lipophilic. Additionally, the increased steric hindrance results in 
reduced interaction. Both andrographolide (I) and the triacetyl 
andrographolide (II) showed significant binding energies but 
with poor in vitro efficacy. In fact andrographolide (I) has a very 
low growth inhibition (%). The probable cause for this has been 
attributed to the computed Lipinski’s parameters which have 
been discussed later. Moving forward, we have compared the 
in vitro and in silico results with regression analysis without 
the andrographolide (I) and the triacetyl andrographolide (II) 
molecules in order to obtain a clear in vitro as against the  in silico 
correlation. The R2 values obtained are 1M17 – 0.6839, 1UNl 
– 0.5688 and 2ITW – 0.7291. The aforementioned significant 
correlations confirm our level of computational theory. Molecules 
IIIg, IIIh and IIIi are cycloalkylamines with a cyclopropyl, 
cyclopentyl and cyclohexyl moieties whereas molecule IIIj has 
an unsubstituted benzyl amine at C-12. It can be observed from 
the binding energies and the in vitro efficacy that the increase in 

Figure 1 Structures and the codes assigned for the andrographolide derivatives.

http://www.rcsb.org
http://www.scfbioiitd.res.in/software/drugdesign/lipinski.jsp
http://www.scfbioiitd.res.in/software/drugdesign/lipinski.jsp
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Figure 2 Docked pose of IIIr in 1M17.

Figure 3 Docked pose of IIIr in 2ITW.

Figure 4 Docked pose of IIIr in 1UNL.

Figure 5 Interacting amino acid residues with IIIr in the active site 
of 1M17.

ring size (IIIg to IIIi) and aromaticity (IIIi to IIIj) leads to better 
activity. IIIk, IIIl, IIIm have fluorine substitution at ortho, meta 
and para positions respectively. From the docking results it 
appears that IIIl has higher binding affinities followed by IIIm 
and then IIIk. This highlights the importance of the position of 
the substituent, making it as an important finding in our study. 
Figures 2, 3 and 4 show the best docked poses of IIIr with 1M17, 
1UNL and 2ITW respectively.

The in vitro SAR (structure activity relationship) findings 
demonstrated potent activity for the compounds containing the 

following functionalities at C-12: substituted aryl amino/phenyl 
thio > benzylamino > alkyl amino. Insertion of sulfonamide 
substituent to the aryl moiety significantly improved the 
anti-cancer activity of one of the derivatives (Filed complete 
specification IN-6104/CHE/2014, 3rd December 2015) (25). 
Accordingly, in the docking studies, we noted that the average 
binding affinity values follow the similar trend for 1M17: Aryl 
amino/phenyl thio (-8.3 kcal/mol) > benzyl amino (-8.1 kcal/
mol) > alkyl amino (-7.2 kcal/mol). Therefore as a representative 
example, we pursued the protein-ligand interactions in the 
active site for the derivatives against 1M17. Each ligand and its 
corresponding interacting amino acids have been summarized 
below in Table 2.

It is quite interesting to note that all the molecules in the 
study interact with Val 702, Lys 721, Leu 820 and Asp 831. 
This indicates that andrographolide and its derivatives prefer 
these amino acids for interaction as a class. These set of amino 
acid residues appear to be markers in the active site for the 
andrographolide derivatives. Also in most of the cases Leu 694, 
Phe 699 and Thr 766 are present. Met 769, Gly 772 and Cys 773 
residues are also observed in quite a few cases. Interestingly 
Asp 776 appears in majority of the molecules containing cyclic 
moieties. Figure 5 depicts the amino acid interactions with IIIr as 
observed in MOE.

In case of IIIk, IIIl and IIIm, the position of fluoro substituent 
varies as ortho, meta and para. This change in the position is 
reflected with the amino acid interactions also. IIIk having the 
substitution at ortho position interacts with 14 residues as 
compared to 13 in case of both meta (IIIl) and para (IIIm). Also 
both IIIk and IIIm lack the Ala 719 interaction and similarly 
IIIl and IIIm lack Glu 738 interaction. This indicates that the 
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Table 1: Binding affinities and in vitro activity obtained for the andrographolide derivatives.

Ligand
Binding energy in kcal/mol Mean % growth inhibition

(in vitro)1M17 1UNl 2ITW
Andrographolide(I) -8.0 -6.5 -7.8 17.11
Triacetyl andrographolide(II) -7.6 -6.3 -7.8 58.91
IIIa -7.1 -5.6 -7.0 15.68
IIIb -7.2 -6.4 -6.8 -
IIIc -7.3 -6.4 -7.2 -
IIId -7.2 -6.3 -6.6 -
IIIe -6.7 -6.4 -6.7 33.18
IIIf -6.1 -6.3 -6.1 0.00
IIIg -7.5 -6.1 -6.8 4.45
IIIh -7.6 -6.7 -7.6 31.85
IIIi -8.1 -6.8 -7.8 -
IIIj -8.6 -6.9 -8.0 52.83
IIIk -8.3 -7.0 -7.8 -
IIIl -8.5 -7.1 -8.0 -
IIIm -8.4 -6.7 -7.8 55.55
IIIn -8.1 -6.9 -8.3 -
IIIo -7.8 -7.1 -7.6 47.89
IIIp -7.1 -6.9 -8.3 -
IIIq -8.3 -6.6 -7.7 89.86
IIIr -9.0 -7.7 -8.5 100.00
Note: ‘-‘indicates that the molecules were not tested in vitro

Table 2: Ligands with their respective interacting amino acid residues in the active site of 1M17.
Ligand Interacting amino acids in the active site
Andrographolide(I) Val 702, Ala 719, Ile 720, Lys 721, Glu 738, Met 742, Leu 764, Thr 766, Cys 773, Arg 17, Leu 820, Asp 831
Triacetyl andrographolide 
(II)

Leu 694, Phe 699, Val 702, Ala 719, Lys 721, Thr 766, Gln 767, Leu 768, Met 769, Gly 772, Cys 773, Arg 817, Leu 820, 
Asp 831

IIIa Leu 694, Phe 699, Val 702, Ala 719, Lys 721, Thr 766, Met 769, Pro 770, Gly 772, Cys 773, Arg 817, Leu 820, Asp 831

IIIb Gly 695, Gly 697, Phe 699, Val 702, Ala 719, Lys 721, Met 742, Thr 766, Gln 767, Leu 768, Met 769, Cys 773, Arg 817, Leu 
820, Thr 830, Asp 831

IIIc Leu 694, Gly 695, Phe 699, Val 702, Lys 721, Thr 766, Met 769, Gly 772, Cys 773, Asp 776, Leu 820, Asp 831
IIId Leu 694, Phe 699, Val 702, Ala 719, Lys 721, Thr 766, Met 769, Gly 772, Cys 773, Arg 817, Leu 820, Thr 830, Asp 831

IIIe Leu 694, Gly 695, Phe 699, Val 702, Ala 719, Lys 721, Glu 738, Met 742, Leu 764, Thr 766, Met 769, Gly 772, Cys 773, Arg 
817, Leu 820, Thr 830, Asp 831

IIIf Leu 694, Gly 695, Phe 699, Val 702, Ala 719, Lys 721, Thr 766, Met 769, Gly 772, Arg 817, Asn 818, Leu 820, Asp 831

IIIg Leu 694, Gly 695, Ser 696, Gly 697, Phe 699, Val 702, Ala 719, Lys 721, Thr 766, Met 769, Cys 773, Asp 776, Arg 817, Leu 
820, Thr 830, Asp 831

IIIh Leu 694, Gly 695, Phe 699, Val 702, Lys 721, Met 769, Gly 772, Cys 773, Asp 776, Leu 820, Asp 831

IIIi Leu 694, Gly 695, Ser 696, Gly 697, Phe 699, Val 702, Ala 719, Lys 721, Glu 738, Thr 766, Gln 767, Leu 768, Met 769, 
Gly772, Cys 773, Leu 820, Thr 830, Asp 831

IIIj Leu 694, Gly 695, Phe 699, Val 702, Ala 719, Lys 721, Thr 766, Met 769, Gly772, Cys 773, Asp 776, Leu 820, Thr 830, 
Asp 831

IIIk Leu 694, Gly 695, Phe 699, Val 702, Lys 721, Glu 738, Thr 766, Met 769, Gly772, Cys 773, Asp 776, Leu 820, Thr 830, 
Asp 831

IIIl Leu 694, Gly 695, Phe 699, Val 702, Ala 719, Lys 721, Thr 766, Met 769, Gly772, Cys 773, Asp 776, Leu 820, Asp 831
IIIm Leu 694, Gly 695, Phe 699, Val 702, Lys 721, Thr 766, Met 769, Gly772, Cys 773, Asp 776, Leu 820, Thr 830, Asp 831

IIIn Leu 694, Gly 695, Ser 696, Gly 697, Phe 699, Val 702, Ala719, Lys 721, Thr 766, Leu 768, Met 769, Pro 770, Gly772, Asp 
776, Leu 820, Asp 831

IIIo Leu 694, Gly 695, Ser 696, Gly 697, Phe 699, Val 702, Lys 721, Thr 766, Gly772, Cys 773, Leu 820, Asp 831
IIIp Leu 694, Phe 699, Val 702, Lys 721, Thr 766, Asp 813, Arg 817, Asn 818, Leu 820, Asp 831

IIIq Leu 694, Gly 695, Ser 696, Gly 697, Phe 699, Val 702, Ala 719, Lys 721, Glu 738, Met 742, Leu 764, Thr 766, Gln 767, Met 
769, Leu 820, Asp 831

IIIr Phe 699, Val 702, Ala 719, Lys 721, Glu 738, Met 742, Leu 764, Thr 766, Gly 772, Cys 773, Asp 776, Asp 813, Arg 817, Asn 
818, Leu 820, Asp 831, Leu 834
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Table 3: Computed Lipinski’s parameters for the andrographolide derivatives.

Ligand Molecular mass 
(Daltons)

No. of hydrogen bond 
donor(s)

No. of hydrogen bond 
acceptor(s) Log P Molar refractivity

Andrographolide(I) 312 5 6 -0.053 77.15

Triacetyl andrographolide(II) 458 0 8 2.642 104.49

IIIa 467 0 6 2.826 115.39

IIIb 479 0 6 2.171 119.52

IIIc 491 0 6 2.646 120.25

IIId 505 0 6 2.987 125.64

IIIe 517 0 6 3.381 130.05

IIIf 647 0 6 5.640 174.72

IIIg 453 0 6 2.128 108.05

IIIh 477 0 6 1.983 113.74

IIIi 489 0 6 2.415 115.82

IIIj 501 0 6 2.744 121.46

IIIk 519 0 6 3.161 121.66

IIIl 521 0 6 3.250 123.78

IIIm 521 0 6 3.212 124.45

IIIn 517 0 6 3.303 129.43

IIIo 517 0 6 3.341 128.77

IIIp 531 0 7 2.808 127.48

IIIq 506 0 6 2.770 120.00

IIIr 610 0 9 2.203 139.72

position of the substituent indeed affects the interactions. The 
effect of type of substituent also is seen when we compare IIIl 
(meta fluoro) and IIIo (meta chloro) where a few interactions 
differ. Similarly IIIk (ortho fluoro) and IIIp (ortho methoxy), IIIm 
(para fluoro) and IIIn ( para methyl) also have shown different 
interactions with different substitutions at the same position.

Lipinski’s parameters
The synthesized andrographolide derivatives were also 

evaluated for Lipinski’s parameters (logP (partition coefficient), 
molecular mass (daltons), number of hydrogen donor(s), 
number of hydrogen acceptor(s) and molar refractivity) using 
the online tool available in http://www.scfbioiitd.res.in/
software/drugdesign/lipinski.jsp. The likeness score of the 
andrographolide derivatives are tabulated in Table 3.

Many of the andrographolide derivatives complied with the 
Lipinski’s parameters further emphasizing the fact that these 
C-12 substituted andrographolide derivatives can be explored as 
potential anti-cancer drugs. This is reflected in the computed logP 
values and the number of hydrogen bond donor(s)/acceptor(s). 
LogP (partition coefficient) values of many of these derivatives 
fall in the range of 2 - 3 signifying a good balance between 
their lipophilicity and hydrophilicity. The number of hydrogen 
bond donors (below 5) and acceptors (below 10)fall within 
the expected range [36,37], indicating a significant number of 
interactions between the drug and the active site in the protein.

Significant difference in the molar refractivity and the logP 
values were observed between andrographolide (I) and the 
triacetyl andrographolide (II). Further, there are 8 hydrogen bond 
acceptors in the triacetyl andrographolide molecule as compared 

to 6 in the andrographolide molecule. These two factors probably 
explain the better in vitro efficacy of triacetyl andrographolide 
(II) as against andrographolide (I).

CONCLUSION
In this in silico study, we modeled C-12 substituted-14-deoxy-

andrographolide derivatives which have been evaluated for their 
in vitro anti-cancer activity. We observed the conformity of the 
in silico results in resonance with the in vitro results. This study 
provided the probable targets for the site of anti-cancer action 
of these derivatives. We have further established the interacting 
amino acids residues in the active site of the EGFR tyrosine 
kinase protein (1M17). The docking studies and the interacting 
amino acids thus helped visualize the effect of substituents and 
their position on the anti-cancer efficacy. Finally, the compliance 
to Lipinski’s parameters demonstrated that many of these 
C-12 substituted-14-deoxy andrographolide derivatives can be 
explored as potential leads in further drug discovery.
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