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Abstract

A three-dimensional model of human ABCBI nucleotide-binding domain (NBD) was developed by homology modelling using the high-
resolution human TAPI transporter structure as template. Interactions between NBD and flavonoids were investigated using in silico docking
studies. Ring-A of unmodified flavonoid was located within the NBD P-loop with the 5-hydroxyl group involved in hydrogen bonding with
Lys1076. Ring-B was stabilised by hydrophobic stacking interactions with Tyr1044. The 3-hydroxyl group and carbonyl oxygen were exten-
sively involved in hydrogen bonding interactions with amino acids within the NBD. Addition of prenyl, benzyl or geranyl moieties to ring-A
(position-6) and hydrocarbon substituents (O-n-butyl to O-n-decyl) to ring-B (position-4) resulted in a size-dependent decrease in predicted
docking energy which reflected the increased binding affinities reported in vitro.

© 2006 Elsevier SAS. All rights reserved.
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1. Introduction

The P-glycoprotein transporter, ABCB1, a member of the
ATP binding cassette (ABC) super-family of transporters, is a
xenobiotic efflux pump that limits intracellular drug accumula-
tion by active extrusion of compounds out of cells. ABCBI
possesses broad substrate specificity and substrates include
members of many clinically important therapeutic drug classes,
including anti-HIV protease inhibitors, calcium channel block-
ers used in the treatment of angina and hypertension, antibio-
tics and cancer chemotherapeutics [1].

The expression of ABCBI in pharmacokinetically important
tissues, particularly the intestine and liver, and in blood-tissue
barriers such as the blood—brain barrier [2], means the transpor-
ter is able to influence drug absorption, tissue distribution,
elimination and excretion and consequently have a major im-

Abbreviations: ABC, ATP binding cassette; CFTR, cystic fibrosis
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pact on the pharmacokinetic profile of many therapeutic
agents.

Although existing cancer chemotherapeutic approaches are
being used more effectively, treatment options for recurrent or
highly drug-resistant tumours are often ineffective [3]. ABCBI
is implicated in tumour multi-drug resistance (MDR), a phe-
nomenon whereby cells become refractory to numerous struc-
turally unrelated chemotherapeutic drugs. ABCB1 is responsi-
ble for the active cellular efflux of drugs within at least four of
the major groups of naturally occurring chemotherapeutics (an-
thracyclines, vinca alkaloids, taxanes and epipodophyllotoxins)
and hence interacts with chemotherapeutics that are used exten-
sively [4-6]. ABCBI1 activity (resulting in reduced absorption
of orally administered drugs, decreased drug penetration into
brain and decreased intracellular accumulation of chemothera-
peutics in tumour cells) has clinical consequences such as re-
duced treatment efficacy and even failure of drug-based treat-
ment regimes. Thus, a means of effectively inhibiting ABCBI
activity in patients receiving therapeutics known to be ABCB1
substrates is an attractive means of potentially enhancing ther-
apeutic efficacy.

Fundamental to ABCBI1-mediated cellular drug efflux is the
ability of the transporter to bind and hydrolyse ATP. ABCBI,
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as with many ABC transporters, possesses an architecture of
intracellular nucleotide-binding domains (NBDs) and trans-
membrane domains. The NBDs contain three distinct motifs,
Walker A, Walker B and the Signature or C motif. The Walker
A motif, also known as the P-loop, interacts with the phos-
phates of nucleotide di- and tri-phosphates. The function of
the Walker B sequence is less clear, but it is thought to be
involved in Mg?" coordination within the transporter and in
polarising water molecules, the activating species for hydroly-
sis [7]. The precise function of the Signature motif is unknown.
However, mutations within this region lead to loss of transport
and it is thought the motif is important in conducting the en-
ergy released from ATP hydrolysis to the transmembrane do-
mains, thereby producing a conformational change leading to
translocation of substrates across the membrane [8]. It has also
been postulated that the Signature motif may function as a y-
phosphate sensor, detecting the presence of the y-phosphate of
ATP in the opposing monomer within a dimeric NBD structure
[9].

Thus, since ATP binding and hydrolysis within NBDs are
crucial for maintaining ABCB1-mediated drug translocation,
disruption of these processes is potentially a powerful means
of inhibiting transporter activity.

Plant polyphenols, specifically flavonoids (Fig. 1), occur in
abundance in many of the foods and drinks that are consumed
on a regular basis.

They are found in high levels in fruits, vegetables, nuts,
wine and tea and intake can be up to several hundred milli-
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Fig. 1. Structure of flavonoids.

grams a day. A number of studies documenting their use have
reported positive effects on human health due to their antiox-
idant, anti-inflammatory, antiviral and anticancer properties
[10]. Flavonoids have been shown to interact with NBDs of
ATPase transporters and inhibit ATPase activity [11-15] and
direct binding of flavonoids to the C-terminal NBD (NBD2) of
murine Abcbl has been demonstrated using saturation transfer
difference-NMR spectroscopy [16]. Thus, NBDs represent po-
tential targets for therapeutic intervention and the use of flavo-
noids as potential modulators of ABCB1-mediated drug efflux
is highly attractive.

In silico screening of chemical entities represents a powerful
and rapid approach for identification and selection of potential
lead compounds prior to in vitro and in vivo studies. However,
at present, the crystal structure of ABCBI is available at a re-
solution of only 8 A [17], which is insufficient to allow ana-
lyses of the mechanism of interaction of flavonoids with
ABCBI1 NBDs. To address this we have generated an in silico
homology model of the C-terminal ABCB1 NBD (NBD2) of
human P-glycoprotein and correlated the docking characteris-
tics of a series of flavonoids and flavonoid-derivatives with the
findings of in vitro functional studies and crystallographic data.

2. Results
2.1. Template identification

A BLAST search filtered for known 3D structures indicated
that, to date, NBD2 of the human ABCBI transporter demon-
strated greatest homology with the C-terminal NBD of the hu-
man TAP1 transporter (PDB code: 1JJ7) [18]. Over the 249
amino acids comprising the NBD there was 46% sequence
identity between ABCBI1 and TAP1 (Fig. 2).

The NBD of E. coli haemolysin B (PDB code: IMTO0) [19],
a protein transporter; the L. lactis MDR ABC transporter NBD
(PDB code: 1MV5) [20]; the S. typhimurium histidine per-
mease transporter NBD (PDB code: 1BOU) [21] and the
M. jannaschii MJ0796 ABC transporter NBD (PDB code:
1L2T) [22] possessed between 25% and 46% homology with
human ABCB1 NBD2 and were employed as templates for
homology modelling since it is generally accepted that a se-
quence identity above 25% leads to reasonable homology mod-
els [23].

2.2. Template sequence homology and model secondary
structure

Multiple sequence alignment revealed a high level of
homology between ABCB1 NBD2 and the NBDs of other
ABC proteins, particularly within the Walker A, Walker B,
Signature sequence and Q-loop regions (Fig. 2). Within all
template sequences Gly1070, Gly1073 and the GKST (1075—
1078) residues of the Walker A sequence were invariant, as
were SGGQ (1177-1180) GIn1182, ARA (1187-1189) within
the Signature sequence and Asp1200, Thr1203, Leul206 and
Asp1207 residues within the Walker B motif.
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Fig. 2. Multiple sequence alignment of the NBD of ABCBI and five homologous sequences from a BLAST search. The NBDs of: the human TAP1 (PDB code:
1J17), the E. coli haemolysin B (PDB code: 1MTO0), an MDR transporter from L. lactis (PDB code: IMVY5), the S. typhimurium histidine permease (PDB code:
1BOU) and the bacterial MJ0796 transporter (PDB code: 1L2T). a-Helices, numbered helices; B-sheets, numbered arrows. Grey shaded alignments represent highly
conserved residues whilst those enclosed in grey boxes signify conserved residues.

Our studies correlate in silico data derived from human
ABCBI1 NBD2 with in vitro experimental data of the interac-
tion between flavonoid and murine Abcbl NBD2. Pair wise
sequence alignment between human (NCBI accession number:

AAA59575) and murine (NCBI accession number: P06795)
NBD2s revealed 92% sequence identity (data not shown).
Moreover, residues within human ABCB1 NBD2 that are pre-
dicted to interact with flavonoids are identical in murine Abcbl
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NBD2 (human Tyr1044, Serl072, Lys1076, Ser1077 and
Thr1078; murine Tyr1042, Ser1070, Lys1074, Ser1075 and
Thr1076). The extremely high homology between the two
NBDs and preservation of key residues that are predicted to
be involved in the interaction of NBD with flavonoids supports
the correlation of our in silico data with available experimental
K data.

The overall fold pattern and topology of the ABCB1 NBD2
resembles those of the TAP1 NDB and the other NBDs tem-
plates used. We observed a total of 10 B-sheets within ABCBI
NBD2. Two anti-parallel B-sheets (B1—2), often termed the
anti-parallel-B-sheet domain, were located at the N-terminal
of the NBD, six B-sheets were within a central domain with a
further two located within the a-helical domain, as illustrated
in Fig. 3a. Similarly the TAP1 NDB contains 10 B-sheets form-
ing similar domains. A total of 10 a-helices were observed in
the model with a-helices a2—a5 making up a discrete domain,
termed the a-helical domain (Fig. 3a) as is observed in TAP1.

The presence of a cavity within ABCB1 NBD2, formed in
part by the P-loop, and predicted to possess Tyr1044 and
His1232 at opposing ends, is shown in Fig. 3b.

2.3. Stereochemical validation of ABCB1 NBD2 model

The bond angle stereochemistry of the ABCB1 NBD2 mod-
el determined using PROCHECK was analysed by Ramachan-
dran plot. The latter revealed approximately 98% of NBD2-
amino acids were within allowed areas (data not shown).

2.4. Prediction of the potential interactions of flavonoids with
ABCBI NBD?2

Although a limited amount of in vitro functional data are
available concerning interaction of flavonoids and flavonoid-
derivatives with recombinant murine NBD?2, little is known
of the actual mechanisms of interaction between flavonoids
and NDBs. To investigate the potential interaction mechanisms
we sought to correlate the binding energies obtained from
docking a series of 24 flavonoids and flavonoid-derivatives
(Table 1) into our ABCB1 NBD2 model with published experi-
mental Ky and crystallographic data. A correlation coefficient
of 0.67 was obtained between predicted final docked energy
and in vitro K4 values.

2.5. The influence of ring-B hydroxylation on flavonoid—NBD?2
interaction

The flavones chrysin and apigenin (Fig. 1) are predicted to
adopt potentially identical orientations within ABCB1 NBD2
and possess similar predicted docking energies (Eq4) (Table 1).
The orientations are such that ring-A is located within the P-
loop (Gly1070-Thr1078) (Fig. 4a) with the 5-hydroxyl group
involved in hydrogen bonding interactions with Lys1076
(Fig. 4b). Ring-B is predicted not to undergo hydrophobic
stacking interactions with Tyr1044. Chrysin is structurally si-
milar to apigenin as is galangin to kaempferol but chrysin and

Fig. 3. (a) Three-dimensional model of the human ABCB1 NBD2 encompass-
ing ATP within the P-loop of the NBD. Residues important for interactions
with flavonoids are shown in red. (b) Three-dimensional surface representation
of ABCB1 NBD2 (upper panel) with detailed surface representation of the P-
loop region (lower panel).

galangin both lack the 4’-hydroxyl group (Fig. 1). Our results
suggest the 4'-hydroxyl group of apigenin and kaempferol po-
tentially does not interact with Tyr1044 and has only a minimal
effect on predicted docking energies (AEy) for chrysin and api-
genin (AE4=0.4 kcal/mol) and galangin and kaempferol
(AE4=0.39 kcal/mol) (Table 1).

2.6. Influence of ring-A alkylation on flavonoid—NBD2
interaction

The addition of prenyl, benzyl or geranyl moieties to posi-
tion 6 of ring-A of the parent flavone was associated with a
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Table 1

Predicted docking energy and experimentally determined dissociation constants for flavonoids and flavonoid-derivatives

Conformations
within cluster

Total Energy range (kcal/mol)
cluster number

Flavonoid group Eq4 (kcal/mol) Kq (uM)
Flavones

Chrysin ~7.58 8.90 +0.30 [30]
Apigenin —7.98 10.10 + 1.90 [30]
6-Geranyl chrysin ~12.00 0.05 = 0.005 [30]
8-Grenyl chrysin ~11.90 0.03 £ 0.005 [30]
6-Prenyl chrysin -8.74 0.30 £ 0.03 [30]
6-Benzyl chrysin -9.93 0.34+ 0.04 [30!
Tectochrysin _7.80 6.30 +4.30 [30]
Flavonols

Kaempferol ~8.99 6.70 £ 0.03 [27]
Quercetin ~8.50 7.00 £ 0.50 [27]
Galangin _8.60 5.30 £0.10 [27]
Kaempferide -9.11 4.50+0.20 [27'
6-Prenyl galangin ~10.16 0.21£0.06 [27]
8-Prenyl galangin ~10.44 0.22 £0.05 [27]
4-n-CgH,7-galangin ~11.50 0.06 £0.02 [27]
2',4'-Dichloro galangin -9.20 4.00+0.23 [27]
Flavanones

Silybin -8.31 6.80 +0.30 [32]
Dehydrosilybin derivatives

Dehydrosilybin —9.13 2.20+0.10 [32]
Chalcones

Chalcone _8.14 4.60 £ 0.30 [31]
4-Hydroxy-chalcone _8.27 4.80+0.50 [31]
4-O-n-C,H;s chalcone ~8.78 2.10+0.20 [31]

4-0-n-C4Hy chalcone 971 1.00 £0.08 [31]

4-0-n-C¢H 5 chalcone ~10.57 0.27 £0.05 [31]
4-O-n-CgH;7 chalcone ~11.75 0.02+0.04 [31]
4-0-n-C;oH,; chalcone ~12.76 0.06 +0.04 [31]

7 ~7.85 to -7.52 56

~7.98 to -7.78 78
12 ~12.00 to —10.87 22
18 ~11.90 to ~10.70 22
3 —8.74 to -8.61 79
2 ~9.93 t0 -9.71 67
9 ~7.80 to —7.64 19
4 -8.99 to ~8.70 96
26 ~8.50 to —8.36 26
7 -8.60 to ~8.37 73

~9.11 to -8.80 60

~10.16 to —9.99 69

~10.44 to ~10.01 58
22 ~11.50 to —9.95 17
9 -9.20 to -8.70 44
15 ~8.31 to -8.08 20
23 -9.13 to -7.94 14
26 -8.14 to ~7.79 26
14 -8.27 to -7.98 45
30 ~8.74 to ~8.62 30
13 971 to -8.13 54
20 ~10.57 to ~8.81 38
22 ~11.75 to —9.64 22
31 ~12.76 to ~10.25 17

decrease in predicted docking energy. Addition of a prenyl
moiety to chrysin reduced £y as illustrated in Table 1. Asso-
ciated with prenylation was an increase in the extent of hydro-
gen bonding, with the 5-hydroxyl group involved in hydrogen
bonding interactions with both Lys1076 and Ser1077, the 7-
hydroxyl group interacting with Ser1072 and the carbonyl oxy-
gen interacting with Ser1077 and Thr1078 (Fig. 5a). Ring-B of
the alkylated flavone was predicted to be adjacent to Tyr1044
and to undergo hydrophobic interactions with the residue
(Fig. 5b). Addition of a benzyl group to chrysin reduced the
predicted docking energy (AE4=2.35 kcal/mol) whilst the
greatest decrease was observed with the addition of a geranyl
moiety, which substantially reduced the predicted docking en-
ergy (AE4 = 4.42 kcal/mol), see Table 1. Similarly, addition of
a geranyl moiety at position 8 reduced predicted docking en-
ergy (AEq=4.32 kcal/mol). The potential surface binding
modes of chrysin and 6-geranyl chrysin within ABCB1 NBD
are shown in Fig. 5c. Addition of a geranyl substituent to yield
6-geranyl chrysin resulted in a predicted reorientation of the
flavone within the NBD, such that a greater potential exists
for interactions between the carbonyl oxygen and 5-hydroxyl
group of the flavone and residues within the P-loop. The trend
in reduction of predicted docking energy with addition of hy-

drocarbon substituents to ring-A was also observed with the
flavonol galangin (Table 1).

2.7. The influence of ring-C hydroxylation on flavonoid—-NBD?2
interaction

Flavonols differ structurally from flavones by virtue of a 3-
hydroxyl group positioned on ring-C (Fig. 1). Our studies pre-
dicted the formation of only a single hydrogen bond when the
flavone chrysin was docked into our model (Fig. 4b). Addition
of a 3-hydroxyl group to chrysin to yield the flavonol galangin
slightly reduced the predicted docking energy (AE4
=1.02 kcal/mol). This 3-hydroxyl group of ring-C was pre-
dicted to be involved in hydrogen bonding, interacting with
the Ser1071, Cys1074 and Glyl075 residues within the NBD
(Fig. 6a). The small contribution of the 3-hydroxyl group to
flavonoid interaction with the NBD is also highlighted when
comparing the predicted docking energies of the flavone api-
genin with the flavonol kaempferol (AE4=1.01 kcal/mol),
where the 3-hydroxyl group is predicted to be involved in hy-
drogen bonding with Cysl1074, Glyl075 and Lysl1076
(Fig. 6b). As with the predicted docking orientations of flavone
(chrysin) and alkylated flavone (6-prenyl chrysin), ring-B of
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Fig. 4. (a) Three-dimensional model of the human ABCB1 NBD2 showing the
docking orientation of chrysin in pink, with Tyr1044 and His1232 illustrated in
red. a-Helices are illustrated by green ribbons and B-sheets are illustrated by
blue arrows. (b) LigPlot interaction map of chrysin with ABCB1 NBD2.
Hydrophobic interactions are illustrated by spokes and hydrogen bonding
interactions by dashed lines.

kaempferol was predicted to be positioned adjacent to Tyr1044
(Fig. 6¢). The reductions in docking energies reported above (A
E4 of approximately 1 kcal/mol) are small but reflect similar
reductions in experimentally determined dissociation constants
[27,30,32], and suggest the 3-hydroxyl substituent is of signif-
icantly lesser importance in the overall affinity for the P-loop
when compared to the effects of ring-A alkylation.

2.8. Predicted interactions of chalcones with ABCBI NBD2

Unlike flavones and flavonols, flavonoids belonging to the
class known as chalcones possess an open ring-C structure
which allows for greater flexibility of the compounds within
the NBD.

Ring-A of chalcone was predicted to be potentially stabi-
lised by hydrophobic interaction with Tyr1044 with the carbo-
nyl oxygen orientated towards the P-loop and predicted to form
hydrogen bonds with Ser1077 and Thr1078 (Fig. 7a).

The carbonyl oxygen of 4-hydroxychalcone was also pre-
dicted to interact with Ser1077 and Thr1078 residues within
the P-loop whereas the carbonyl oxygen of 4-O-n-C,Hs-chal-
cone interacted with Lys1076 (data not shown). The 4-O-n-
C,Hs-moiety was accommodated within a cavity produced by
the P-loop (Gly1070-Thr1078), Walker B (Aspl1200 and
Glul1201) and His1232. Addition of larger hydrocarbon substi-
tuents (O-n-butyl to O-n-decyl) at the 4-position of ring-B re-
sulted in a decrease in predicted docking energy that was de-
pendent upon the size of the alkyl chain attached (Table 1).
Molecules possessing these larger hydrocarbon substituents ex-
hibited similar predicted docking orientations to one another
within the NBD but this orientation was reversed compared
to the docking orientations of chalcone, 4-hydroxychalcone
and 4-O-n-C,H;s-chalcone. In this reversed orientation the alkyl
group was positioned within a cavity formed by Ile1050-
Vall052, Ser1072-Cys1074 and GIn1247-Gly1249. The pre-
dicted surface binding modes of chalcone and 4-O-n-C;oHj;
chalcone within ABCB1 NBD2 are illustrated in Fig. 7b.
Tyr1044 (and other residues dependent on alkyl chain length)
was predicted to stabilise both the alkyl group and ring-B
(Fig. 7c).

3. Discussion

The high degree of sequence identity between the templates
employed in this study has allowed the generation of a stereo-
chemically valid model of ABCB1 NBD2 with 98% of resi-
dues within allowed regions as determined by Ramachandran
plot. This is to be expected since NBDs contain Walkers A and
B sequences and the C-motif, which represent the key domains
of a functional NBD, and are extremely highly conserved with-
in the ABC super-family.

The results obtained from our in silico docking studies are
supported by measurements of flavonoid affinity for Abcbl
NBD2 obtained in vitro. When correlating predicted binding
affinity with in vitro Ky data for 24 compounds we obtained
a correlation coefficient of 0.67. This suggests the in silico
ABCB1 NBD2 model is robust and able to predict potential
flavonoid—NBD interactions since a coefficient of 0.6, or great-
er, has been routinely used for homology-based models used in
QSAR studies [24-26]. However, it should be noted that the in
vitro flavonoid-NBD binding studies using recombinant mur-
ine Abcbl NBD2 employed a form of NBD2 (Tyrl1044-
Thr1224) which lacked the initial N-terminal segment within
anti-parallel B-sheetl [27-33]. The lack of N-terminal residues
within anti-parallel B-sheetl may influence dissociation con-
stants determined in vitro as our model suggests the Tyr1044
residue plays an important role in stabilising flavonoids within
the NBD. In addition, correlation between in silico and in vitro
data may be influenced by the fact the in vitro Ky data have, in
some instances, relatively large variability (e.g. K4 of 4-O-n-
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Fig. 5. (a) LigPlot interaction map of 6-prenyl chrysin with ABCB1 NBD2. Hydrophobic interactions are illustrated by spokes and hydrogen bonding interactions by
dashed lines. (b) Three-dimensional model of the human ABCB1 NBD2 showing the docking orientation of 6-prenyl chrysin in pink, with Tyr1044 and His1232
illustrated in red. a-Helices are illustrated by green ribbons and f-sheets are illustrated by blue arrows. (c¢) Three-dimensional model (upper panel) of the human ABCB1
NBD2 showing the docking orientation of chrysin in red and 6-geranyl chrysin in light blue, with Tyr1044 and His1232 illustrated. a-Helices are illustrated by green
ribbons and B-sheets are illustrated by blue arrows. Three-dimensional surface representation (lower panel) with chrysin in red and 6-geranyl chrysin in blue.

CgH,7 chalcone being 0.02 + 0.04; Ky of 4-O-n-C¢H,, chal-
cone 0.06 = 0.04) making it difficult to assign a rigid rank to
the binding affinities.

The flavones chrysin and apigenin exhibit potentially identi-
cal predicted orientations within ABCB1 NBD2 and possess si-
milar predicted docking energies. These findings are consistent
with those of de Wet et al. [29] and Di Pietro et al. [30] who
report only a very small difference in K4 values for apigenin,

10.1+1.9 puM, and chrysin, 8.9+ 0.3 uM using recombinant
murine NBD2. Further studies support this since Bois et al.
[32] report similar dissociation constants for chalcone and 4-hy-
droxychalcone of 4.60 + 0.30 and 4.80 + 0.50 uM, respectively.

Addition of prenyl, benzyl and geranyl moieties at position
6 of chrysin greatly reduced predicted docking energy; substi-
tution at the 8-position also reduced docking energies (Table 1).
These findings suggest substitution at either position may po-
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Fig. 6. (a) LigPlot interaction map of galangin with ABCB1 NBD2. Hydrophobic interactions are illustrated by spokes and hydrogen bonding interactions by dashed
lines. (b) LigPlot interaction map of kaempferol with ABCB1 NBD2. Hydrophobic interactions are illustrated by spokes and hydrogen bonding interactions by
dashed lines. (c) Three-dimensional model of the human ABCB1 NBD2 showing the docking orientations of kaempferol in pink, with Tyr1044 and His1232
illustrated in red. a-Helices are illustrated by green ribbons and fB-sheets are illustrated by blue arrows.

tentially enhance stability within the NBD when compared to
unsubstituted flavonoid. This is supported by the findings of
Comte et al. [31] who report a highly significant increase in
NBD binding affinity for both 6- and 8-geranyl-chrysin,
K4=0.05£0.005 pM (Eq4=-12.0 kcal/mol) and 0.03

+ 0.005 uM (E4=-11.9 kcal/mol), respectively, compared to
unsubstituted flavonoid, K4=8.9+0.3 uM (Ey4=-7.58 kcal/
mol). Similar reductions in predicted docking energy were ob-
served with 6- and 8-substituted galangin (Table 1), which are
also consistent with the increases in binding affinity measured
in vitro using recombinant NBD2 [31].

Conversion of flavone to flavonol (chrysin to galangin and
apigenin to kaempferol), by introduction of a 3-hydroxyl group
onto ring-C, was associated with a small decrease in predicted
docking energy and an increase in the extent of hydrogen
bonding, suggesting an increase in potential binding affinity
at the NBD. These findings are consistent with those of Bou-

mendjel et al. [28] who report reduced dissociation constants
for flavonols compared to flavones, e.g. apigenin 10.10
+ 1.90 uM; kaempferol 6.70 = 0.30 pM.

Chalcone, 4-hydroxychalcone and O-n-C,Hs chalcone po-
tentially adopt orientations whereby Tyr1044 is involved in
the stabilisation of ring-A. The O-n-C,Hs substituent at posi-
tion 4 of ring-B is positioned within the His1232 containing
cavity and decreases the predicted docking energy. However,
when chain length increases to four carbons or greater the
His1232 containing cavity cannot accommodate the side chain
and the substituted chalcone adopts an alternative orientation
and is accommodated within a cavity formed by Ilel1050-
Val1052, Ser1072-Cys1074 and GIn1247-Gly1249. The parti-
cular residues within this cavity that are predicated to stabilise
the O-alkyl group within the NBD are dependent on chain
length. This alteration in orientation of substituted chalcone
within the NBD is predicted to increase the extent of the hy-
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drogen bonding network between flavonoid and NBD and Hydrophobic substitution of flavonoids led to a reduction in
leads to substantial decreases in predicted docking energy  predicted docking energy, with addition of O-n-C;oH,; and
(Table 1). geranyl moieties producing the greatest decreases. A similar
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trend was observed by Bois et al. [32] and Maitrejean et al.
[33] who reported addition of these moieties to flavonoids pro-
duced significant decreases in dissociation constants, reflecting
significant changes in flavonoid binding affinity for the NBD.

Our studies suggest that flavones and flavonols are poten-
tially orientated within ABCB1 NBD2 such that ring-B is lo-
cated in a similar manner to the adenine base of ATP and is
involved in hydrophobic interactions with Tyr1044. This find-
ing is consistent with numerous studies in which ABC proteins
have been co-crystallised with nucleotide. Hung et al. [21] re-
ported that the adenine base interacted with Tyr16 of the histi-
dine permease NBD, Smith et al. [22] reported the adenine
base interacted with Tyrll of MJ0796 NBD and Gaudet and
Wiley [18] reported the adenine base interacted with Tyr512 of
the human TAP1 NBD. De Azevedo et al. [12] reported that
ring-A and ring-C of the flavonoid-type inhibitor des-chlorofla-
vopiridol L868276 resembled the adenine base of ATP and
underwent hydrophobic stacking interactions with Phe82 of cy-
clin dependant kinase 2. However, cyclin dependant kinase 2
and ABCBI are evolutionarily diverse in terms of both se-
quence and structure, and pairwise alignment between the cy-
clin dependant kinase 2 and ABCBI revealed no significant
homology. Whilst similar bilobal architecture exists within
both structures, the overall domain organisation is starkly dif-
ferent, with a lack of similarity in consensus sequence residues,
such as the P-loop, which interact with the nucleotide. This
may account for the apparent differences in binding modes in
ABCBI and cyclin dependant kinase 2 NBDs.

With many of the flavonoids studied, potential interactions
of the carbonyl oxygen of the flavonoid with residues within
the ABCB1 NBD2 P-loop was evident. The positioning of the
carbonyl oxygen within the P-loop (irrespective of the orienta-
tion of the flavonoid within the NBD) was akin to the position
of the a- and/or B-phosphate oxygen(s) of ATP within the P-
loop, as illustrated by Hung et al. [21]. Docking of an ATP
molecule into our model predicted residues within the P-loop
(Ser1072-Ser1077) undergo hydrogen bonding with the [-
phosphate oxygen of ATP (data not shown). This highlights a
consistency with the amino acids reported to be involved in
interactions with the B-phosphate oxygen atoms of ATP [18,
21,22].

The precise mechanisms of interaction between flavonoid
and ABCB1 NBD2 are unknown. A molecular model of the
human ABCB1 NBD2 has been generated, using the X-ray
crystallographic structures of ABC protein NBDs as structural
templates, and the potential binding modes of flavonoids with-
in the ABCB1 NBD2 are illustrated for the first time using a
Lamarckian Genetic Algorithm and molecular docking studies.
The results obtained from our studies illustrate a good correla-
tion between predicted docking energy and in vitro interaction
kinetics, despite the lack of N-terminal amino acids within the
recombinant murine Abcbl NBD2 construct. Our docking stu-
dies have highlighted the importance of Tyr1044 in NBD—fla-
vonoid interaction, and alkylation at position 6 of ring-A (fla-
vones and flavonols) and position 4 of ring-B (chalcones) in
potentially providing positive stabilisation effects for binding.
Thus, a homology model of ABCB1 NBD2 has proved useful

in increasing our understanding on the potential mechanisms of
interaction between flavonoids and NBD.

4. Conclusion

An ability to undertake in silico analyses of molecular inter-
actions at the level of the NBD is extremely useful for under-
standing ligand—protein interactions and has obvious applica-
tion to structure-based drug design. Indeed, this technique has
recently been employed to identify and characterise the loca-
tion of the binding sites of CFTR activators and to examine
NBD-activators (including some flavonoids) at the NBD [34].

The human ABCBI transporter is able to influence the phar-
macokinetic characteristics of therapeutic drugs and contributes
to the phenomenon of MDR in cancer cells. As such, this trans-
porter represents a potentially important therapeutic target in
disease treatment. A better understanding of the mechanism
of interaction of flavonoids with ABCB1 NBD2 may allow
the rational development of compounds that would target
ABCBI1 NBD2 in an intervention strategy to increase the effi-
cacy of drug-based treatments.

5. Experimental protocols
5.1. Model design

Templates for modelling were obtained from a BLAST [35]
search and crystallographic structures obtained from the Pro-
tein Data Bank [36]. Multiple sequence alignments for homol-
ogy modelling were generated using ClustalW [37]. The
homology modelling software Modeller 6 (Version 2) [38]
was used to generate a structure of the human ABCB1 NBD2
homologous to crystallographic structures of NBDs of ABC
proteins. The loop-optimisation module within Modeller was
used to refine loop-segments within ABCB1 NBD2. The opti-
mal model was selected based on bond angle stereochemistry
using PROCHECK [39] and subjected to 1000 steps of energy
minimisation using Gromacs (Version 3.0) [40].

5.2. Docking simulation

Flavonoids were docked into ABCB1 NBD2 to determine
the degree of correlation between predicted docking energy
and published dissociation constants for flavonoids interacting
at the NBD and to provide mechanistic information of flavo-
noid-NBD?2 interaction. Docking of flavonoids was carried out
using the Autodock 3.0.5 software [41]. Polar hydrogen atoms
and partial atomic charges were assigned using the Amber
force field, and atomic solvation and fragmental volumes as-
signed using the Addsol package. Flexible ligand torsions were
assigned using Autotors, with the protein remaining rigid dur-
ing the simulation. For each atom within the ligands grid-maps
of NBD2 were generated using Autogrid, with a grid-spacing
interval of 0.375 A centred upon the Walker A site with dimen-
sions of 50 x50 x50 A. An adaptive global-local search
method, based upon the Lamarckian Genetic Algorithm, was
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used for the scoring algorithm in docking studies due to its
general robustness at reproducing crystallographic ligand pla-
cement [41]. Default docking parameters were employed
throughout the study with the exception of: 100 runs per ligand
with 2,000,000 energy evaluations per run. Ligand orientations
were clustered into groups with a 0.5 A cut-off. For flavonoids
with larger substituent groups (butyl or greater) a 2 A cut-off
was selected.

A final docked representation of the potential binding mode
of flavonoids was chosen based on the selection of the com-
pound possessing the lowest docked energy within the most
populated cluster of lowest possible energy.

Hydrogen bonding and hydrophobic interactions between
docked flavonoids and amino acid residues within the ABCB1
NBD2 model were analysed using LigPlot (Version 1.0) [42].
Molecular surface representations were generated with Visual
Molecular Dynamics [43]. The final docked energy value for
each flavonoid examined is reported in the study.
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