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Homology modelling was used to generate three-dimensional structures of the nucleotide-binding
domains (NBDs) of human ABCB1 and ABCG2. Interactions between a series of steroidal ligands and
transporter NBDs were investigated using an in silico docking approach. C-terminal ABCB1 NBD (ABCB1
NBD2) was predicted to bind steroids within a cavity formed partly by the P-Loop, Tyr1044 and Ile1050.
The P-Loop within ABCG2 NBD was also predicted to be involved in steroid binding. No overlap between

ATP- and RU-486-binding sites was predicted in either NBD, though overlaps between ATP- and steroid-
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binding sites were predicted in the vicinity of the P-Loop in both nucleotide-binding domains.

© 2009 Elsevier Masson SAS. All rights reserved.

1. Introduction

P-glycoprotein (ABCB1) and breast cancer resistance protein
(ABCG2) limit intracellular drug accumulation by ATP-dependent
extrusion of therapeutic agents out of cells. Both proteins are
members of the ABC superfamily of transporters and recognise
a broad range of drug substrates, including antivirals, antibiotics,
calcium channel blockers, and chemotherapeutic drugs used in the
treatment of cancer [1-5].

ABCB1 and ABCG?2 are expressed at several sites within the body
including intestine, liver, kidney and blood-brain barrier and may
influence the pharmacokinetic characteristics of therapeutic
agents, potentially impacting on treatment efficacy [6-8]. In addi-
tion, over-expression of drug efflux transporters in cancer cells is
associated with multidrug resistance, a process by which cancer
cells acquire resistance to a broad spectrum of structurally and
functionally unrelated drugs which leads to poor treatment
outcome. ABCB1 and ABCG2 are particularly important since they
actively extrude a significant number of therapeutics currently
widely used in cancer chemotherapy, including members of the
anthracycline, epipodophyllotoxin, vinca alkaloid and taxane drug

Abbreviations: ABC, ATP-binding cassette; BCRP, breast cancer resistance
protein; MDR, multidrug resistance; MANT, 2'(3')-N-methylanthraniloyl; NBD,
nucleotide-binding domain; PDB, protein data bank; P-gp, P-glycoprotein; TMD,
transmembrane domain.
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categories [9-11]. Due to such broad substrate recognition, inhibi-
tion of ABCB1 and ABCG2 may potentially improve the treatment
efficacy of a range of disease conditions.

The functional unit of ABCB1 and ABCG2 consists of two trans-
membrane domains (TMDs) and two nucleotide-binding domains
(NBDs) [12]. The NBD is responsible for ATP binding and hydrolysis
and ABCB1- and ABCG2-mediated drug extrusion is dependent
upon two functionally active NBDs. Nucleotide-binding domains
contain a number of conserved regions vital to transporter activity.
The Walker-A (P-loop) motif is involved in the formation of
hydrogen bonds with the inorganic phosphates of ATP and the
Walker-B sequence is postulated to be involved in the coordination
of Mg?* and in orchestrating the nucleophilic attack on ATP via
a water molecule [13]. The role of the Signature sequence remains
unclear but it has been suggested to be critical for ATP hydrolysis as
well as communication between NBDs and TMDs and conforma-
tional change in protein structure associated with substrate trans-
location across the membrane [14]. Despite these sequences being
highly conserved, areas lacking sequence homology are also
present within NBDs. Thus, since ATP binding and hydrolysis within
NBDs are crucial for maintaining ABCB1 and ABCG2-mediated drug
translocation, disruption of these processes is potentially a power-
ful means of inhibiting transporter activity.

Steroids have been reported to influence multidrug resistance
by inhibiting the cellular extrusion of cancer chemotherapeutics
[15-18] and studies have revealed steroids are able to bind to abcb1
in the vicinity of the nucleotide-binding domain [19]. The rela-
tionship between ATP- and steroid-binding sites within the NBD
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has been investigated in in vitro studies in terms of competition
and displacement of ATP from recombinant murine P-glycoprotein
NBD1. These studies provide evidence that the steroid-binding
region in recombinant murine NBD1 appeared to be distinct from
the ATP-binding site, although the steroid-binding region is
postulated to be adjacent to the ATP-binding site [19].

In an attempt to better define putative steroid-binding sites and
understand the mechanisms of steroid interaction with ABCB1 and
ABCG2 transporters, we have generated structurally valid in silico
homology models of ABCB1 NBD2 and ABCG2 NBD and analysed
predicted ligand-NBD interactions. An understanding of the
topology of binding sites within the NBDs and of the mechanisms of
ligand binding may lead to development of inhibitor drugs targeted
to the nucleotide-binding domains of drug efflux transporters.

2. Results
2.1. Selection of templates

A BLAST search revealed that human ABCB1 NBD2 and human
ABCG2 NBD protein sequences showed a high level of homology
with the NBD regions of other ABC transporters for which the
crystal structures were available. ABCB1 NBD2 showed highest
sequence identity (48%) with Escherichia coli haemolysin B (PDB
accession number 1MTO) [20]. The Lactococcus lactis ABC trans-
porter NBD (PDB 1MV5) [21], the Plasmodium yoelii MDR Protein 2
(PDB 2GH) [22], the Tap1 ATPase domain (PDB ID 2IXF) [23] and the
Tap1 C-Terminal domain (PDB 1]J7) [24] showed between 45% and
46% amino acid identity with ABCB1 NBD2.

ABCG2 NBD demonstrated the highest degree of identity with
the E. coli Malk protein (31%) (PDB accession number 1Q1B) [25].
The P. yoelii MDR Protein 2 (PDB 2GHI) [22], the E. coli haemolysin B
transporter (PDB 1MTO) [20], the Sulfolobus solfataricus glucose ABC
transporter (PDB 10XX) [26] and the Thermotoga maritima ABC
amino acid transporter (PDB 1VPL) [27] demonstrated between 27%
and 28% identity with ABCG2 NBD.

Template sequence identities higher than 25% are accepted to
yield good homology models, therefore the templates were used to
generate the three-dimensional structures of human ABCB1 NBD2
and human ABCG2 NBD [28].

2.2. Sequence and secondary structure alignments

Multiple sequence alignments of human ABCB1 NBD2 and
ABCG2 NBD with their respective templates demonstrated
conservation of the integrity and positioning of key sequences
associated with ABC-type transporter proteins.

Alignment of ABCB1 NBD2 with template sequences showed
that residues within the Walker-A motif (Gly1075, Lys1076,
Ser1077, Thr1078), the Walker-B motif (Asp1200, Ala1202, Thr1203,
Leu1206, Asp1207) and the Signature sequence Ser1177, Gly1178,
Gly1179 were highly conserved, as were the residues within the H-
loop (His1257) and within the Q-Loop and Phe1042, Tyr1044,
Gly1070, Gly1092, Gly1098, GIn1118, Gly1173, Gly1249 and Gly1255
(Fig. 1). Furthermore, comparison with the template structures
revealed that ABCB1 NBD2 secondary structure was composed of
ten B-sheets and ten a-helices, accurately reflecting the secondary
structures of the template sequences employed (Fig. 1). Alignment
of ABCG2 NBD with template sequences showed that residues
within the Walker-A motif (Gly85 and Lys86) and the Walker-B
motif (Leu210, Asp211) were highly conserved (Fig. 2). Moreover,
secondary structure alignment of ABCG2 NBD with the templates
demonstrated that the overall folding pattern of ten -sheets and
ten a-helices to be similar to that observed within the nucleotide-
binding domain of E. coli Malk (Fig. 2).

2.3. Model building

2.3.1. ABCB1 NBD2 homology model

The secondary and tertiary structures of the ABCB1 NBD2
homology model resembled those of the templates used. ABCB1
NBD2 adopts an L-shaped conformation comprised of a two-
domain structure, as reported for the E. coli haemolysin B trans-
porter [20]. The first domain or Arm I consists of two a-helices and
nine B-sheets (Fig. 3a). The conserved motifs of the P-Loop, Walker-
B and H-Loop, the anti-parallel 1, B2 sheets and Tyr1024 are
located in Arm I, consistent with the structure of Arm I of the E. coli
haemolysin B transporter. The Q-Loop connects Arm [ and Arm II,
the latter containing eight o-helices (21-2.8) and the Signature
motif, again consistent with the secondary and tertiary structures
of the E. coli haemolysin B transporter.

2.3.2. ABCG2 NBD homology model

The homology model of the NBD of ABCG2 consisted of two
domains and adopted a fold pattern similar to that of the E. coli
Malk [25]. Arm [ exhibits two a-helices and nine B-sheets, which
includes the P-Loop, Walker-B, H-Loop, B1, f2, and Phe53. Arm II
displays an all o motif and contains the Signature sequence, again
consistent with the structure of the E. coli Malk (Fig. 3b).

2.4. Stereochemical validation of models

The stereochemical qualities of the protein models were eval-
uated by means of Ramachandran Plot analysis. 99.2% of the resi-
dues of the ABCB1 NBD2 homology model were stereochemically
valid and hence were located within the most favoured regions.
99.6% of the residues were within the allowed regions with Lys1164
being the only outlier amino acid. Analyses of the ABCG2 NBD
model revealed 95.6% of the residues were within the most fav-
oured regions with 99.6% of the residues in allowed regions; Ser176
was the only amino acid located in an outlier region.

2.5. Prediction of the interaction of steroids with ABCB1 NBD2 and
ABCG2 NBD

2.5.1. Identification of ATP-binding sites

To define the ATP-binding sites within human ABCB1 NBD2 and
ABCG2 NBD, ATP was docked into the protein homology models. In
ABCB1 NBD2, ATP was located within the cavity formed by Tyr1044,
the P-Loop and His1232 (Fig. 4a). The «, p and y phosphate groups
of ATP were located within the P-Loop, forming hydrogen bonds
with Gly1073, Cys1074, Gly1075, Ser1077, and Thr1078 (Table 1).
The adenine ring was stabilised by hydrophobic interactions with
Tyr1044 and Gly1073 (Table 1). The predicted docking orientation
of ATP was analysed by superimposing the ABCB1 NBD2 homology
model onto the structure of the L. lactis ABC transporter NBD (PDB
ID 1MV5) co-crystallised with ATP. The superpositioning of the two
structures revealed overlapping locations of the ATP-binding
pockets and confirmed the predicted docking orientation of ATP
coincided with the orientation of ATP within the crystal structure
(data not shown).

Docking studies with the ABCG2 NBD homology model revealed
that ATP was situated in the cavity formed between Phe52, His243
and the P-Loop (Fig. 4b). The a, B and y phosphate groups of ATP
were situated in the P-Loop, forming hydrogen bonds with Gly83,
Gly84, Gly85, Lys86, Ser87 and Ser88 (Table 1). The adenine ring
was predicted to undergo hydrophobic interactions with Phe52 and
several other residues (Table 1). The predicted docking orientation
of ATP was investigated by superimposing the ABCG2 NBD
homology model onto the E. coli Malk protein co-crystallised with
ATP [29]. These studies confirmed the location and orientation of
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Fig. 1. Multiple sequence alignment of ABCB1 NBD2 and five templates. The nucleotide-binding domains of: E. coli haemolysin B (PDB accession number: 1MTO), the L. lactis ABC
transporter NBD (PDB accession number 1MV5), the P. yoelii MDR Protein 2 (PDB accession number: 2GHI), the Tap1 ATPase domain (PDB accession number: 2IXF) and the Tap1 C-
Terminal domain (PDB accession number: 1]J7). Arrows depict B-sheets and helices represent a-helices. Dots represent gaps within the secondary structure prediction. Black shaded
blocks represent regions with identical amino acids and grey shaded blocks represent regions with similar amino acids.

ATP docked within ABCG2 NBD coincided with that of ATP within
the crystal structure (data not shown).

2.5.2. Identification of putative steroid-binding sites

Previous studies have attempted to characterise the steroid-
binding regions of recombinant NBD1, extended-NBD1 and NBD2
of murine abcb1 by analysing tryptophan intrinsic fluorescence in

competitive binding assays [19,30,31]. These studies utilised ATP,
2/(3’)-N-methylanthraniloyl-ATP (MANT-ATP), the hydrophobic
steroid RU-486 and a series of steroids and flavonoids to identify
steroid-binding regions within the nucleotide-binding domains. In
comparative studies we have employed these agents in in silico
docking studies in an attempt to map nucleotide-binding sites and
steroid-binding sites within human ABCB1 NBD2 and ABCG2 NBD.



3604

S. Mares-Samano et al. / European Journal of Medicinal Chemistry 44 (2009) 3601-3611

B1 B2 B3 ol B4
101B — — — 000000000 —l
2GHI ——p e B 00000000 et
1MTO —— > > 20000000 Ter——
10xX »000 > > 000000000000 —_—
1VPL > > > 00000000 —
59 g0 z0
ABCG2_NBD KSGFLPCRKPVEKETILSNINGIMKPE. LNAT GDVL
1Q01B TRAW - wvaws GEV KD|{INLD[I|HE[gEF VV[F FIGE
2GHI NFSYPKQT.NHR. .TLKSINFFIPSETTCAL KIGG
1MTO RFRYKPDSP.... DNINLSIKOQEEVIGT LIDG
10XX VENVSKVFKKGKV DNVNIN|I|EN[€ERF G|T YFDD
1VPL VEDLRKRTI . .GKKEILLKGISFEIEE[EE I FG|L IfepNfelaldd TVFG
Bs o2 B6 o3 od o5
101B -> Q200 000000000000000 Q00
2GHI ->000 00000  — =»000000 2000000000 20000
1MTO -> 000000 Que—m L0000 LQE0Q0N00000 Q000
10xx — 000 — 000000000 Q0000000000000 200
1VPL -> 00000  — 00000000000...0 000000000000000 Q00
12? 14? 15? 16? 179
ABCG2_NBD ....PANFKCUHN MGTLT[VRENLQ SAALRLATTMNHKNERI RIQE‘. GLIDKV
1Q01B DTP...PAER. .G YPHLIS[VAENMSFGLKL. . . AGAKKEV/I NQRVNQVAE VILLQLAHL
2GHI KYN...RNSIRSI FN.ETIKYNILYGKLD...ATDEEYV KATKSQYDE‘ ERALPK
1MTO LAD...PNWLRRQ LN.RSIIDNISLANPG. . . MSVEKV[IYA AGIAHDF|ISELRE
10XX RLVAISNGKLIVPPEDRK YPNLTAFENIA PLTN...MKMKE IRKRV EAKI DITHHV
1VPL ....PHEVRKL YRNMQGIEYLRFVAGF .. .YAS|SSSEIEEMVERATE IAGLGEK
ob o7 38
101B 000000000000000 LR00000000Q000 —
2GHI Q00 = 000000000000000Q Q0000000000000 —
1MTO 200 00000000000000 L0000000 00000 —
10Xx 200 0000000000000 200000000000000Q00Q
1VPL Q20 Q00 0000000000000 Qeo000000000000Q0 —
18(? 199 22(_)
ABCG2_NBD ADSKVGTQFIRGVEGGERKRTSI TDR FLBYEP TTIGIES S s TAl
1Q01B LD..... RKPKALEGGQRQRVATI AE)Z NpNRIA A LRV
2GHI KWDTIVGNKGMKLEGGERQRIAT K DI ShlslS K TIE|Y,
1MTO GYNTIVGEQGAGLEGGOQRQRIAT NN AN Y E SEH
10XX LN 5w s HF PRE|LEG KD 11pMs]A R MR(D
1VPL ) . A, DRVSTYHKGMVRKLLI \atp GIA]v L NAR
Signature Walker B
o8 B9 p10 o9 ol0
101B Q000000 > > 000000 200000
2GHI 200 > » 0000000 Q000000000
1MTO Q000 > » 00000 Q0000000
10XX 2000000 > > 000000 2000000
1VPL 02000 e »0000000 20000000
259 269 2'7(.) 289 29{?
ABCG2_NBD [RBloPRY[SIFK TLLASERLMFH[Er AQEALGYFESAGYHCEAYNNE
101B D.QVEAMT VIVLDAERVAQVEKP LELYHYPADRFVAGF IGIS|PK
2GHI R..LSTIS ILLNKEK IVEKETHKDLLKLNGE YAEMWNMQ[S|GG
1MTO R..LSTVK IVMEKEKIVEQEKHKELLSEPESLYSYLYQLIQSD
10XX D.PADI|FA GVLVKEKLVQV[EKPEDLYDNPVSIQVASLIGEIN
1VPL N.MLEVIEE AL IHNET IVET[ETVEELKERYKAQNIEEVFEEVY
H-Loop

Fig. 2. Multiple sequence alignment of ABCG2 NBD and five templates. The nucleotid

e-binding domains of: E. coli Malk protein (PDB accession number 1Q1B), the P. yoelii MDR

Protein 2 (PDB accession number 2GHI), the E. coli haemolysin B transporter (PDB accession number 1MTO), the S. solfataricus glucose ABC transporter (PDB accession number
10XX) and the T. maritima ABC amino acid transporter (PDB accession number 1VPL). Arrows depict B-sheets and helices represent a-helices. Dots represent gaps within the
secondary structure prediction. Black shaded blocks represent regions with identical amino acids and grey shaded blocks represent regions with similar amino acids.

Docking of ATP and MANT-ATP into the homology model of
ABCB1 NBD2 predicted the molecules to occupy similar spatial
locations within the NBD. The adenine rings of ATP and MANT-ATP
were both predicted to interact with Tyr1044, whilst the o, § and y
phosphate groups of both molecules were predicted to form

hydrogen bonds with several common amino acids (Table 1). The
hydrophobic MANT moiety, however, was predicted to lie
perpendicular to the plane of ATP and project into a hydrophobic
cleft interacting with Ile1050 and Val1052 (Fig. 4a). Similar docking
orientations of both ATP and MANT-ATP were also observed in the
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Signature

Fig. 3. (a) Homology model of ABCB1 NBD2, (b) homology model of ABCG2 NBD. a-Helices are illustrated in red and B-sheets in blue. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)

@ ATP/MANT-ATP b ATP/MANT-ATP

C ATP/RU-486

Fig. 4. Three-dimensional model of human ABCB1 NBD2 (a) and ABCG2 NBD (b) showing the docking orientation of ATP (red) and MANT-ATP (blue). Three-dimensional model of
human ABCB1 NBD2 (c) and ABCG2 NBD (d) showing the docking orientation of ATP (red) and RU-486 (yellow). Docking orientation of MANT-ATP (blue) and RU-486 (yellow) in
ABCB1 NBD2 (e) and ABCG2 NBD (f).
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Table 1
Amino acids of ABCB1 NBD2 and ABCG2 NBD predicted to interact with steroids.
Compound ABCB1 NBD2 ABCG2 NBD
Hydrophobic interaction Hydrophilic interaction Hydrophobic interaction Hydrophilic interaction
Progesterone Tyr1044, 1le1050, Val1052, Gly1073, Gly1075, Arg1047, GIn1085 Phe52, Lys61, Ile63, Gly83, Glu62, Ser87
Ser1077 Gly85
Dexamethasone Tyr1044, 1le1050, Val1052, Gly1073, Gly1075, Lys1076 Phe52, Cys55, I1le63, Gly83, Lys61, Gly83, Ser87
Ser1077 Gly85, Ser87
Testosterone Tyr1044, 11e1050, Val1052, Gly1075 Arg1047, Ser1077 Phe52, Cys55, Lys61, Glu62, None predicted
1le63, Ser261, Gly262
Estradiol Tyr1044, Val1052, Gly1075, Ser1077 Arg1047, Ser1077 Phe52, Cys55, 1le63, Gly83, Lys61, Lys86, Ser87
Gly85
Cortisol Val1052, Cys1074, Gly1075, Lys1076, Ser1077 Arg1047, Gly1073 Phe52, 1le63, Gly83, Gly85 Gly83, Ser87
Corticosterone Tyr1044, 11e1050, Val1052, Gly1075 Arg1047, Ser1077 Phe52, Lys61, lle63, Gly85 Gly83, Ser87
Dihydrotes Tyr1044, 11le1050, Val1052, Gly1075 Arg1047, Ser1077 Phe52, Cys55, Lys61, Glu62, None predicted
tosterone Ile63, Ser261, Gly262
Lanosterol Tyr1044, 1le1050, Val1052, Gly1073, Gly1075, Pro1051 Phe52, Cys55, 1le63, Gly83, Lys22

Ser1077, Asn1248, Gly1248
Tyr1044, 1le1050, Val1052, Gly1075,
11e1050, Val1052, Gly1073, Gly1075, Ser1077

Pregnanedione
Triamcinolone

Ser1077, Thr1078, Tyr1087

acetonide
ATP Tyr1044, Gly1073
Thr1078
MANT-ATP Tyr1044, 11e1050, Val1052
RU-486 1le1050, Pro1051, Val1052, GIn1054, Asn1248 None predicted

Kaempferide Tyr1044, Val1052, Gly1073, Gly1075

Lys1076, Ser1077, His1232
Arg1047, Lys1076, Ser1077

Gly1073, Cys1074, Gly1075, Ser1077,

Gly1073, Cys1074, Gly1075, Lys1076,

Arg1047, Ser1077, Thr1078

Gly85, Ser87, Ser88

Phe52, 1le63, Gly83, Gly85 Lys86, Ser87
1le63, Thr82, Gly83, Gly84, Ser87
Gly85, Lys86
Phe52, Cys55, 1le63 Gly83, Gly84, Gly85,
Lys86, Ser87, Ser88
Gly83, Gly85, Lys86,
Ser87, Ser88

Arg263

Phe52, Cys55, Lys61, lle63

Glu60, Lys61, Glu62, Ile63,
Ser65, Ser261

Phe52, 1le63, Thr82, Gly85 Gly83, Lys86, Ser87, Ser88

ABCG2 NBD homology model. The adenine rings of both ATP and
MANT-ATP were predicted to interact with Phe52, Cys55 and Ile63,
whilst the phosphate groups of both molecules were predicted to
undergo hydrogen bonding with several common amino acids
(Table 1). As was predicted with ABCB1 NBD2, the MANT moiety
was perpendicular to the plane of ATP and projected into a hydro-
phobic region defined by Lys61 and Ile63 residues (Fig. 4b).

The highly hydrophobic steroid RU-486 has been reported to
bind within the steroid-binding regions of abcb1 NBD1 [19] and
abcb1 NBD2 [30]. Our docking studies show that, in the homology
model of ABCB1, RU-486 was predicted to locate within the
hydrophobic cleft defined by the Ile1050, Pro1051, Val1052 and
GIn1054 residues (Fig. 4c). Moreover, RU-486 and ATP were pre-
dicted to interact with the NBD in such a manner that no significant
overlap in binding sites was observed (Table 1). Similar results were
obtained for ABCG2 NBD, whereby RU-486 was located within the
hydrophobic region containing Lys61, 1le63 and Ser261 residues,
with no significant overlap in ATP- and RU-486-binding sites pre-
dicted (Fig. 4d).

The MANT moiety of MANT-ATP and RU-486 are both hydro-
phobic in nature. Our simulations predicted both the MANT moiety
and RU-486 to be located within the hydrophobic cleft composed of
[le1050 and Val1052 (Fig. 4e), indicating an overlap of MANT-ATP-
and RU-486-binding sites within ABCB1 NBD2. Studies with ABCG2
NBD revealed similar findings whereby both the MANT moiety and
RU-486 were predicted to be associated with a hydrophobic region
of the protein containing Lys61 and Ile63 (Fig. 4f).

Several steroids (Fig. 5) have been reported to interact with the
nucleotide-binding domain of abcb1, competing with, or displac-
ing, ATP [19]. However, the precise locations and mechanisms of
steroid interactions within nucleotide-binding domains have not
been defined. To investigate the potential mechanisms of steroid-
NBD interaction and identify putative steroid-binding sites, steroid-
docking studies were performed with homology models of ABCB1
NBD2 and ABCG2 NBD.

In ABCB1 NBD2, the overall predicted docking orientations of all
steroids (progesterone, dexamethasone, testosterone, estradiol,
cortisol, corticosterone, dihydrotestosterone, lanosterol,

pregnanedione and triamcinolone acetonide) were practically
identical. Steroids were predicted to bind within a cavity formed
partly by the P-Loop, with Tyr1044 and Ile1050 at opposite ends of
the cavity (Fig. 6a and b).

Rings A and B of steroids were located in the environs of the P-
Loop and were predicted to undergo hydrophobic interactions with
Gly1075 located within the P-loop and with Tyr1044. Rings C and D
were involved in hydrophobic interactions with Val1052 and
1le1050. Keto and hydroxyl groups associated with side chains at
position 17 of ring D were predicted to interact with Arg1047
forming a hydrogen bond. Additional predicted hydrophobic and
hydrophilic interactions are listed in Table 1.

The ATP- and steroid-binding sites within ABCB1 NBD2 are
predicted to overlap in the vicinity of the P-Loop where both ATP
and steroids interact with Val1052, Gly1075 and Ser1077. Both ATP
and steroids are also predicted to interact with Tyr1044. The pre-
dicted free energy of docking of all steroids (between —5.96 and
—7.06 kcal/mol) did not differ significantly from that of ATP,
—5.88 kcal/mol (Table 2).

The predicted docking orientations of all steroids within the
ABCG2 NBD homology model were almost invariant. All steroids
were predicted to bind in the vicinity of the P-Loop (Fig. 6¢c and d).
Rings C and D were predicted to undergo hydrophobic interactions
with Phe52, Gly83 and Gly85. In addition, hydrophobic interactions
were observed between rings A and B and Ile63. Although hydro-
philic interactions were predicted between Ser87 and the keto and
hydroxyl moieties at position 3 of ring A, such interactions were not
predicted to occur with testosterone, dihydrotestosterone and
lanosterol (Table 1).

The predicted docking orientation of progesterone within
ABCB1 NBD2 is such that rings A and B of the steroid were situated
in the vicinity of the P-Loop (Fig. 6a), undergoing hydrophobic
interactions with Gly1073, Gly1075 and Ser1077 and also with
Tyr1044. Rings C and D underwent hydrophobic interactions with
1le1050 and Val1052. Moreover, hydrophilic interactions were
identified between the keto group at position 3 of ring A and
GIn1081 of the P-Loop and between the keto group of the side chain
at position 17 of ring D with Arg1047 (Table 1). The predicted free
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Re

i R4
H
Rz Rs
i Double
Compounds Substituents bond
R Rz R3 Re Rs Rs R7 Rs

Progesterone =0 H H H COCH3 H H 4
Dexamethasone =0 H CHs OH COCH20H OH H 14
Testosterone =0 H H H OH H H 4
Estradiol CH H H H OH H H 135
Cortisol =0 H H OH COCHz0H OH H 4
Corticosterone = H H H COCH20H OH H 4
Dihydrotestosterone =0 H H H H OH H H
Lanosterol CH CHs CHs H H CHCH3(CHz)2-CHC(CHsz H H 8
Pregnanedione =0 H H H H CH2CH3 H =0
Triamcinclone Acetonide =0 H OH OH 0O-C(CHs)2-O OH H 14
RU-486 =0 H H -C=C-CHs OH Ph-N(CHs)z H 49

Fig. 5. Chemical structures of steroids docked into homology models of ABCB1 and ABCG2 nucleotide-binding domains.
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Fig. 6. Three-dimensional model of human ABCB1 NBD2 showing the docking orientation of (a) progesterone (purple), dexamethasone (grey), testosterone (light green), estradiol
(dark pink), corticosterone (light blue) and (b) orientations of cortisol (light blue), dihydrotestosterone (orange), lanosterol (brown), pregnanedione (dark green) and triamcinolone
(dark blue). Three-dimensional model of human ABCG2 NBD showing the docking orientation of (c) progesterone (purple), dexamethasone (grey), testosterone (light green),
estradiol (dark pink), corticosterone (light blue) and (d) orientations of cortisol (light blue), dihydrotestosterone (orange), lanosterol (brown), pregnanedione (dark green) and
triamcinolone (dark blue). ATP is shown in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 2
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Predicted free energy of binding for compounds within ABCB1 and ABCG2 nucleotide-binding domains.

Compounds Eg Total cluster Energy range (kcal/mol) Conformations Ep Total cluster Energy range Conformations
(kcal/mol) number within cluster (kcal/mol) number (kcal/mol) within cluster

Lanosterol —7.06 13 —7.06 to —6.01 48 —6.98 17 —6.98 to —6.22 41

Pregnanedione —6.7 6 —6.70 to —6.44 80 —6.31 2 —6.31 to —6.24 54

Cortisol —6.57 11 —6.57 to —5.93 35 —6.02 20 —6.02 to —4.67 20

Triamcinolone —6.47 12 —6.47 to —5.59 69 -5.39 8 —5.39 to —4.75 53

acetonide

Progesterone —6.42 4 —6.42 to —6.02 36 —6.7 1 —6.70 to —6.30 100

Corticosterone —6.21 14 —6.21 to —6.03 24 —5.81 13 —5.81 to —5.04 28

Dihydrotestosterone —6.12 4 —6.12 to —5.96 60 —5.64 2 —5.64 to —5.53 99

Testosterone —6.07 5 —6.07 to —5.92 71 —5.64 3 —5.64 to —5.57 68

Dexamethasone —5.96 20 —5.96 to —5.11 66 —5.21 16 —5.21 to —4.96 66

Estradiol —5.54 10 —5.54 to 5.49 67 -5.59 2 —5.59 to —5.18 74

ATP -5.88 6 —5.88 to —4.54 73 -9.24 2 -9.24 to -8.94 99

MANT-ATP -7.85 9 —7.85to —7.77 52 —743 5 —743 to —7.15 48

RU-486 -5.39 6 -5.39 to —5.13 15 —6.2 8 —6.2 to —6.03 26

Kaempferide -5.28 20 —5.28 to —4.91 19 -5.09 12 —5.09 to —4.91 30

Eg: predicted free energy of binding.

energy of binding of progesterone to ABCB1 NBD2 was
—6.42 kcal/mol.

Progesterone was predicted to interact with ABCG2 NBD at
a binding pocket comprised of the P-Loop, Phe52 and Lys61
(Fig. 6¢). Rings A, B and C were predicted to undergo hydrophobic
interactions and Lys61 and Ile63. Rings C and D were located in the
vicinity of the P-Loop and were predicted to undergo hydrophobic
interactions with Phe52, Gly83 and Gly85. Furthermore, hydrogen
bonding was predicted between the keto group of ring A at position
3 and Glu62 and between the keto group of the side chain at
position 17 of ring D with Ser87 (Table 1). The predicted
free energy of binding of progesterone to ABCG2 NBD was
—6.7 kcal/mol (Table 1).

In ABCG2 NBD, an overlap in the predicted binding sites of ATP
and steroids was observed. This overlap was evident in the vicinity of
the P-Loop, where residues predicted to stabilise ATP, namely Phe52,
lle63 and Ser87, were also predicted to undergo hydrophobic and
hydrophilic interactions with steroids (Table 1). The predicted free
energy of binding of steroids to ABCG2 NBD ranges from —5.39 to
—6.70 kcal/mol whilst that of ATP is —9.24 kcal/mol (Table 2).

Flavonoids possess structural similarities to both ATP and
steroids and bind at the nucleotide-binding domain of abcb1. The
binding sites of the flavone kaempferide and ATP were predicted to
overlap, both compounds undergoing hydrophobic interactions
with Tyr1044 and Gly1073 and forming hydrogen bonds with
Ser1077 and Thr1078 in ABCB1 NBD2 (Fig. 7a, Table 1). In addition,
the binding sites of kaempferide and MANT-ATP were predicted to
overlap (Fig. 7b, Table 1) as were the binding sites of kaempferide
and RU-486 (Fig. 7c, Table 1).

In ABCG2 NBD, kaempferide and ATP-binding sites were pre-
dicted to overlap, with both compounds undergoing hydrophobic
interactions with Phe52 and Ile63 and hydrogen bond formation
with Gly83, Lys86, Ser87 (Fig. 7d, Table 1). In addition, as observed
with ABCB1 NBD2, the binding sites of kaempferide and MANT-ATP
(Fig. 7e, Table 1) and of kaempferide and RU-486 (Fig. 7f, Table 1)
were predicted to overlap.

3. Discussion

The homology-modelled nucleotide-binding domains of ABCB1
and ABCG2 exhibited high levels of sequence homology and
possessed the same overall secondary structure topology as their
respective crystal structure templates. The finding that 99.6% of
ABCB1 NBD1 residues and 99.6% of ABCG2 NBD residues lie within
allowed areas of Ramachandran plots suggest excellent structural

similarities between homology models and crystal structure
templates. Superimposing homology models of ATP-docked ABCB1
NBD2 and ABCG2 NBD on their respective templates co-crystallised
with ATP revealed the orientation of the nucleotide within the
homology models to be consistent with those within the crystal
structures. These findings suggest the homology models are ster-
eochemically robust and ligand docking reliable. A similar approach
has been used to analyse potential mechanisms of interactions
between flavonoids and recombinant abcb1 NBD and to correlate
relative predicted docking energy with in vitro determined affinity
[32].

Interaction of steroids with ABC transporter nucleotide-binding
domain has been reported previously and may be rationalised by
the fact that steroids possess structural similarities to the endog-
enous high affinity substrate, ATP. Moreover, these studies propose
tentative relative locations of ATP- and steroid-binding sites within
the nucleotide-binding domain. In an attempt to identify ATP- and
potential steroid-binding sites within the NBDs of both ABCB1 and
ABCG2, and establish the relative proximities of the sites, in silico
docking of a series of steroids was carried out.

Many of the steroids (progesterone, dexamethasone, testos-
terone, cortisol, corticosterone, dihydrotestosterone, triamcinolone
acetonide and RU-486) utilised in in silico docking studies have
been shown to bind to recombinant murine abcb1 NBD1 [19]. RU-
486, a highly hydrophobic steroid, was predicted to bind in
a hydrophobic cleft in ABCB1 with no hydrophilic interactions
observed. Similarly, RU-486 was predicted to undergo extensive
hydrophobic interactions within a protein cleft within ABCG2, with
only extremely limited hydrophilic interactions predicted. The
hydrophobic protein domains in which RU-486 was predicted to
bind appear to be distinct from the ATP-binding sites within both
ABCB1 and ABCG2 since no overlap between binding sites was
predicted. These findings are consistent with those of Dayan et al.
[19] who report the interaction of RU-486 with recombinant
nucleotide-binding domain was neither prevented nor reversed by
high ATP concentrations. Despite no overlap in ATP- and RU-486-
binding sites being predicted, we observed an overlap in MANT-
ATP- and RU-486-binding sites in both ABCB1 NBD2 and ABCG2
NBD. This overlap between binding sites is also substantiated by
Dayan et al. [19], who report the hydrophobic MANT moiety of the
nucleotide analogue overlaps the proposed adjacent steroid-
binding region at which RU-486 binds.

In both ABCB1 NBD2 and ABCG2 NBD, steroids other than RU-
486 were also predicted to interact with amino acids within the
vicinity of the hydrophobic clefts where RU-486 binds. In addition,
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Fig. 7. Three-dimensional model of human ABCB1 NBD2 (a) and ABCG2 NBD (b) showing the docking orientation of ATP (red) and kaempferide (black). Three-dimensional model of
human ABCB1 NBD2 (c) and ABCG2 NBD (d) showing the docking orientation of MANT-ATP (blue) and kaempferide (black). Docking orientation of RU-486 (yellow) and
kaempferide (black) in ABCB1 NBD2 (e) and ABCG2 NBD (f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

these steroids were predicted to project towards the ATP-binding
site. A direct comparison of binding sites of ATP and steroids other
than RU-486 is not possible since Dayan et al. [19] did not inves-
tigate the effect of ATP on steroid-induced quenching for steroids
other than RU-486. However, the study reports RU-486 binding to
abcb1 NBD1 was substantially higher than the binding of all other
steroids studied. A possible explanation for this may relate to
different mechanisms of binding and/or different sites of interac-
tion which are likely influenced by the physicochemical charac-
teristics of the steroids.

In order to address the potential of compounds to interact at
the ATP-binding site within an ABC transporter protein, the steroid-
like flavone kaempferide was docked into NBD2 of the human
ABCB1 transporter. In silico studies predicted a large overlap
between ATP- and kaempferide-binding sites. In addition, overlaps
between kaempferide-RU-486-binding sites and kaempferide-

MANT-ATP-binding sites were predicted. These findings are
consistent with those of Conseil et al. [30] who demonstrated
kaempferide bound with relatively high affinity to hexahistidine-
tagged murine NBD2 with binding being partially prevented by
preincubation with ATP, or partly displaced following addition of
ATP. In addition, these studies report kaempferide partially pre-
vented the binding of RU-486 to a hydrophobic region located
close to the ATP site and that MANT-ATP binding was completely
prevented or displaced by kaempferide.

The findings of in silico docking studies aimed at better defining
ATP- and steroid-binding sites within the NBDs of human ABC
transporters are consistent with independent in vitro studies
employing recombinant abcb1l NBD1, extended-NBD1 and NBD2
[19,30,31]. These studies have contributed to defining the potential
mechanisms of steroid-protein interaction and identifying putative
steroid-binding sites within ABCB1 NBD2 and ABCG2 NBD.
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4. Conclusion

Inhibition of ABC transporter-mediated drug efflux has the
potential to impact on the success of many disease treatments.
Transporter inhibition can result in more efficient absorption of
orally administered drugs, increased delivery of therapeutics to the
central nervous system and increased intracellular drug accumu-
lation in multidrug resistant malignant cells over-expressing drug
efflux transporters. Consequently, there is an undisputed require-
ment to develop new agents that block ABC transporter-mediated
drug efflux. Factors including the substrate-induced fit model
reflecting plasticity of drug-binding sites and the potential for
simultaneous binding of more than one substrate molecule mean
design of transporter modulators directed to the transmembrane
domains is extremely challenging. Since NBD function is critical for
substrate transport, targeting these domains is an extremely
attractive strategy for potentially counteracting drug efflux. Despite
there being conserved motifs within the nucleotide-binding
domains, regions of sequence diversity are also apparent and
represent potential targets for de novo drug design. Therefore,
understanding the structural requirements for, and mechanistics of
interaction of compounds with NBDs may prove useful in devel-
oping more effective modulators targeted to ABC transporter
proteins.

5. Experimental protocols
5.1. Model building

Suitable template proteins for the modelling of ABCB1 NBD2 and
ABCG2 NBD were identified by means of a BLAST search [33]. The
search was filtered for known 3D structures and five templates
selected. Crystallographic structures of templates were obtained
from the Protein Data Bank [34]. Multiple amino acid sequence
alignments of target and template proteins were generated using
ClustalW maintaining the default parameters [35]. Alignments
were inspected and adjusted manually to minimise the number of
gaps and insertions and to conserve the secondary structure of the
templates. The secondary structures of the templates were desig-
nated using the ESPRIPT programme [36]. Homology models were
generated using Modeller 9 Version 1 software [37]. Refinement of
models was carried out using loop optimisation within Modeller
9.1. Optimal models were selected based on bond angle stereo-
chemistry by means of the analysis of Ramachandran plots, which
were obtained by submitting homology models to the Molprobity
server [38].

5.2. Docking simulation studies

The binding orientations of ATP and steroids in homology
models were analysed using AutoDock 4.0.1 [39,40] and the
graphical interface AutoDock Tools 1.4.5 [41]. Two-dimensional
steroid structures were generated using ChemDraw Ultra Version
10.0 (CambridgeSoft 2005). Structures were submitted to the
Dundee PRODRG2 server [42] to obtain three-dimensional coordi-
nates (PDB format), to assign partial charges and to perform energy
minimisations. Polar hydrogens and non-polar hydrogens were
added and Gasteiger charges computed using AutoDock Tools.

The grid volume was set up to cover a three-dimensional anal-
ysis region of 76 A x 56 A x 42 A with a grid spacing of 0.375 A. The
three-dimensional region was centred on the P-Loop. The grid
volume was large enough to allow the ligand to rotate freely, even
when the ligand was in its most fully-extended conformation.
Docking was carried out using the hybrid Lamarckian Genetic
Algorithm with 100 runs per ligand and 2,500,000 energy

evaluations. All other parameters were maintained at their default
settings. Cluster analysis was performed on the docked results
using a root mean square deviation (RMSD) tolerance of 0.5 A.
Hydrogen bonding and hydrophobic interactions between
docked molecules and amino acid residues within ABCB1 NBD2 and
ABCG2 NBD models were determined using LIGPLOT v.4.0 [43].
Molecular surface representations were generated using Visual
Molecular Dynamics [44] and SwissPdb Viewer v3.7 [45].
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