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A mechanistic understanding of how P-glycoprotein (Pgp) is able to bind and transport its astonishing range of
substrates remains elusive. Pharmacological data demonstrated the presence of at least four distinct binding sites,
but their locations have not been fully elucidated. The combination of biochemical and structural data suggests
that initial binding may occur in the central cavity or at the lipid-protein interface. Our objective was to define
the binding sites for two transported substrates of Pgp; the anticancer drug vinblastine and the fluorescent probe
rhodamine 123. A series of mutations was generated in positions proximal to previously defined drug-interacting
residues on Pgp. The protein was purified and reconstituted into styrene-maleic acid lipid particles (SMALPs) to
measure the apparent drug binding constant or into liposomes for assessment of drug-stimulated ATP hydrolysis.
The biochemical data were reconciled with structural models of Pgp using molecular docking. The data indicated
that the binding of rhodamine 123 occurred predominantly within the central cavity of Pgp. In contrast, the
significantly more hydrophobic vinblastine bound to both the lipid-protein interface and within the central
cavity. The data suggest that the initial interaction of vinca alkaloids with Pgp occurs at the lipid interface
followed by internalisation into the central cavity, which also provides the transport conduit. This model is
supported by recent structural observations with Pgp and early biophysical and cross-linking approaches.
Moreover, the proposed model illustrates that the broad substrate profile for Pgp is underpinned by a combi-
nation of multiple initial interaction sites and an accommodating transport conduit.

1. Introduction An understanding of the precise location of binding sites for drugs on

Pgp will help to define the drug pharmacophore. Numerous research

The ATP Binding Cassette (ABC) transporter P-glycoprotein (Pgp;
ABCB1) is characterised by an astonishing range of substrates; a feature
labelled as poly-specificity. Substrates share little consistent chemical,
pharmacological or structural features and the pharmacophore of
interaction is not completely understood. Attempts to define the phar-
macophore have been restricted to physical features including hydro-
phobicity, planarity and the presence of a cationic nitrogen group [1,2].

P-gp expression in cancer cells is associated with a multidrug resis-
tance phenotype and its impacts on patient survival, the incidence of
remission and contribution to the failure of chemotherapy are compel-
ling. Moreover, Pgp is expressed at numerous barrier or excretory sites
in the body and it contributes significantly to shaping the pharmacoki-
netic profile of many drugs.

teams pursued this information using a broad range of distinct experi-
mental approaches [3-8]. Site directed mutagenesis was the first strat-
egy and identified a large number of potential drug-binding residues
spread throughout the protein sequence [9,10]. Photoaffinity labelling
with drug analogues and subsequent proteolytic cleavage revealed
several regions of the protein involved in drug binding; almost exclu-
sively within the transmembrane domains [5,8,11]. Improvements in
our understanding of Pgp topography and the initial low-resolution,
structural data posited that the binding sites were located within the
central cavity and at the lipid-protein interface [3,12,13]. The presence
of an annular drug binding region seemed appropriate given the hy-
drophobicity of many P-gp substrates and two elegant studies supported
this [14,15].
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During this period there were also a number of alternative sugges-
tions to explain the polyspecificity of Pgp. The most prominent likened
the protein to a hydrophobic vacuum cleaner and suggested that the
binding interaction did not follow classic receptor pharmacology
[15,16]. However, multiple investigations using steady-state transport,
drug stimulated ATPase activity and radioligand binding measures
reaffirmed the classic dogma [17-20]. Moreover, these approaches
revealed that P-gp contained multiple specific binding sites that are
connected by a complex allosteric interaction.

An elegant photo-crosslinking and mass spectrometry-based
approach suggested that some hydrophobic drugs interact with Pgp
via the lipid milieu at the juxtaposition of transmembrane helices TM3/
8 and between TM5/11 [8]. These locations have been likened to gates
that open into the central cavity of Pgp. The central cavity has been
identified by comprehensive mutagenesis analyses to contain the sites
for binding of rhodamine 123 (R-site) and Hoechst 33342 (H-site)
[21-24]. More recently, we have compared the regions involved in the
binding of four compounds with distinct chemical and physical features.
This investigation [7] demonstrated the presence of multiple putative
binding sites and suggested that they were located either within the
central cavity, or at the protein-lipid interface.

The Pgp structure generated by Nosol et al. [25] using cryo-EM
provided further support for the cavity/gate depiction of substrate
binding. This investigation described P-gp structures (occluded with
antibody fragments) with bound inhibitors to provide insight into
binding. Inhibitors were suggested to bind in pairs, one in the central
cavity and the other at a phenylalanine-rich access tunnel between the
cavity and an annular binding site. This intriguing occluded configura-
tion of Pgp may represent a transitional protein state subsequent to the
unbound or basal conformation. It provides the first clue that inhibitors
may transit between the annular and cavity sites.

In the present manuscript we have extended our earlier work to
provide a more detailed map of drug binding to Pgp. Early investigations
by our team established the presence of at least four pharmacologically
distinct binding sites for different drugs on Pgp [19] and defining their
locations remains crucial to understanding the enigmatic property of
polyspecificity in pumps. Over a period of over two decades,
mutagenesis-led investigations identified a large number of amino-acids
potentially involved in substrate binding to Pgp (summarised in [26]).
Structural data posits the central cavity of Pgp as the site for the inter-
action of more hydrophilic compounds [27] such as rhodamine 123, but
this may simply be a transport conduit. Moreover, we have identified
three putative sites [7] that are located on Pgp at the lipid interface. In the
present manuscript, we have focussed primarily on the binding sites for
rhodamine 123 (cavity) and vinblastine (interface). Using structural
data described by the 4MI1M-model of Pgp [28], we have identified
amino-acids proximal to contact residues for the binding of rhodamine
123 and vinblastine to mutate. Experimental parameters were recon-
ciled, using computational methods, with a structural model of P-gp to
assess the contributions of interface and cavity sites to substrate binding.

2. Materials & methods
2.1. Materials

Insect cells were cultured in Insect-Xpress (Lonza - Gordon, NSW) or
Ex-Cell 405 (Merck - Castle Hill, NSW) supplemented with heat inacti-
vated foetal bovine serum (Bovagen, East Keilor, Vic). For the extraction
and purification of P-glycoprotein, n-Dodecyl-p-D-Maltopyranoside was
obtained from Anatrace (Ohio, USA) and the total E. coli lipids from
Avanti Polar Lipids (Alabama, USA). SMA powder was a kind gift from
Cray Valley (Houston, USA). For chromatography, Ni-NTA His-Bind
resin was purchased from Merck (Bayswater, Vic), gel permeation PD10
columns from VWR (Tingalpa, Qld) and BioBead SM-2 resin from Bio-
Rad (Gladesville, NSW). Cholesterol, disodium adenosine triphosphate,
nicardipine hydrochloride, vinblastine sulphate and rhodaminel23
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were purchased from Merck (Castle Hill, NSW). All general laboratory
chemicals were obtained from standard laboratory suppliers and were of
at least analytical grade.

2.2. Production of mutant P-gp and recombinant baculovirus

Mutations were introduced at 8 positions into a cysteine free, C-
terminally His-tagged version of P-gp [29] encoded in a baculovirus
expression system compatible plasmid (pFastBac_MCHS; [30]) as pre-
viously described [7]. Single cysteine isoforms F72C (TM1), F193C
(TM3), F194C (TM3), A198C (TM3), S344C (TM6), Y950C (TM11),
Y953C (TM11) and 1981C (TM12) were generated and sub-cloned into
pFastBac_MCHS. This enabled the generation of Bacmid DNA in E. coli
DH10Bac competent cells as described [31]. Bacmid DNA was verified
by PCR amplification and confirmed by sequencing bacmid PCR prod-
ucts. High titre recombinant baculoviruses were produced following
transfection of Bacmid DNA into serum free Sf9 cells [31].

The choice of mutations is based on the mouse structure for Pgp (PDB
4M1M) and of the eight residues selected for mutation in human Pgp,
seven of them are conserved with the mouse isoform. The human V981
position is similar to the equivalent residue in the mouse sequence
(1977). The mouse Pgp isoforms (mdri-2) have high sequence conser-
vation with the human isoform, a finding replicated in functional ana-
lyses. Subtle differences from human Pgp in the cellular resistance to
colchicine have been reported for mouse mdrl/mdr3 [32]. However, the
affinity of binding to Pgp for vinca alkaloids and anthracyclines are
similar between mouse and human Pgp [29,33].

2.3. Cell culture and membrane production

Trichoplusia ni (High-Five) cells (1-2 x 10%) were infected with re-
combinant baculovirus at a multiplicity of infection of 2 to express each
mutant version of Pgp. The cells were grown for a period of three days
post-infection and subsequently harvested by centrifugation. Harvested
cells were disrupted by nitrogen cavitation [29] and crude membranes
were prepared using differential ultracentrifugation. Membranes were
stored at —80 °C at a protein concentration of 30-50 mg ml L.

2.4. P-gp purification using SMA extraction

Insect cell membranes were re-suspended in solubilisation buffer (20
mM MOPS, 200 mM NaCl, pH 8.0) containing 0.75 % (w/v) styrene
maleic acid (SMA) at a concentration of 30 mg ml~! wet weight of the
membrane (adapted from [34]). The mixture was spun at 41,200 g (20
min) after an incubation at room temperature for 2 h with constant
stirring. The supernatant was mixed with Ni-NTA His-Bind resin at
volumetric ratio of 1:15 and gently stirred overnight at 4 °C. The protein
was purified with immobilised metal affinity chromatography following
binding in a gravity-based system. The resin was washed to remove
unbound and contaminating proteins with 5 column volumes (CV) of
buffer (20 mM MOPS, 200 mM NaCl, pH 8.0) containing 10 mM or 20
mM imidazole. The protein was eluted from resin in 400 mM imidazole
containing buffer. Following purification, PD10 gel permeation columns
(GE Healthcare) were used to remove imidazole as per the manufac-
turer's instructions. The buffer exchanged protein was concentrated to 1
ml using Amicon ™ Ultracentrifugal filters with a 100 kDa cut-off filter.
The concentrated protein was quantified using densitometric analysis
(Image J) of quantitative SDS-PAGE with known amounts of BSA
(bovine serum albumin) as standard.

2.5. P-gp purification using dodecyl-maltoside extraction

P-gp was purified from crude membranes (30-100 mg) suspended at
5 mg ml~! protein using immobilised metal affinity chromatography
(IMAC), according to previously published methods [7,31]. Solubilisa-
tion was achieved using 2 % (w v'h dodecyl-p-D-maltoside (DDM) in
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buffer supplemented with a 0.4 % (w vh lipid mixture (4:1 ratio of
E. coli extract:cholesterol). The DDM solubilised P-gp was mixed by
stirring for 120 min at 4 °C. Following binding to the Ni-NTA His-Bind
Resin (1 ml per 100 mg starting membrane), protein was eluted with
400 mM imidazole. The chromatography buffers (pH 6.8) were sup-
plemented with 0.1 % (w v 1) DDM and 0.1 % (w v’l) lipid mixture and
reconstitution was achieved using detergent adsorption to SM-2 Bio-
Beads [29].

2.6. Measurement of drug binding to Pgp — tryptophan quenching assay

Binding of drugs to purified Pgp encapsulated within SMALPs was
measured through the quenching of the fluorescence of endogenous
tryptophan residues [35] using the conditions previously described [7].
The SMALP system was used to measure tryptophan quenching since it
offers considerably improved resolution of fluorescence spectra due to
reduced scattering effects [36].

Tryptophan fluorescence from purified protein (50 pg) was measured
in a total cuvette volume of 1 ml (200 mM NacCl, 20 mM MOPS pH 8.0).
Fluorescence spectra of the intrinsic tryptophan residues were recorded
at Aexcitation = 295 = 5 nm and an emission range from A = 300-500 nm
(emission slit width = 5 nm). All drugs (2-50 pM) were sequentially
added from concentrated stocks in DMSO and the amount of solvent was
maintained at <1 % (v v_l) [18].

For drugs that altered the emission intensity at Apyay, the intensity
was plotted as a function of drug concentration. A secondary hyperbolic
relationship plot was fitted, by non-linear regression with the binding
isotherm; B = (FSyax[D1)/(Kapp + [DI). The change in fluorescence
intensity revealed the extent of drug binding, FSyax is the maximal
change in fluorescence observed, Kap, is the apparent binding affinity
and [D] is the drug concentration.

2.7. Measurement of ATP hydrolysis by Pgp — colorimetric assay

ATP hydrolysis was determined by measurement of the rate of
inorganic phosphate liberation by Pgp containing proteoliposomes
(0.1-0.5 pg protein per point) using a modified colorimetric assay
[7,37]. Analysis used:

(i) varying concentrations of ATP (0-2.5 mM) in the presence (i.e.
stimulated activity) or absence (i.e. basal activity) of 10 pM
nicardipine, or,

(ii) varying drug concentration (10~° to 10™% M) in the presence of
fixed ATP (2 mM).

In both cases incubation was for 40 min, 37 °C prior to termination of
the reaction and addition of colorimetric reagents. The absorbance at A
= 750 nm was measured for all samples using an iMark Microplate
reader and the amount of phosphate liberated was determined from a
standard curve of inorganic phosphate (0-20 nmol P;).

The Michaelis-Menten parameters of ATP affinity (Ky;) and maximal
velocity (Vyax) were derived from plots of activity (v) as a function of
ATP concentration (S) using:

v=(Vaax x [S])/ (Ku +[S]).

Drug ([D]) potency (ECsp) and the extent of ATPase activity stimu-
lation (v) were estimated by non-linear regression of the general dose-
response relationship:

V = Visisiat + (Viinal = Viniriat) / (1 + 10es10UECs0=[P1) ).

where Vinitial is the activity in the absence of drug and Vg, is the
maximal activity observed.

The SMALP system was not used for ATPase assays since magnesium
results in precipitation of styrene maleic acid [36].
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2.8. Molecular drug docking to Pgp

The substrates vinblastine and rhodamine 123 were docked onto the
structure of mouse P-glycoprotein [3] following a number of re-
finements (PDB file 4M1M) [28]. The PDB files for the drugs and the
protein chain A were converted to an AutoDock Vina compatible format
(PDBQT) using MGL Tools (version 1.5.6) as previously described [38].
For the first set of drug docking, the entire transmembrane domain
(TMD) was selected with the dimensions of 38 A x 50 A x 34 A centred
on the middle axis of the protein as the search space for AutoDock Vina.
The second set of docking for vinblastine was restricted to the one-half of
the TMD with the dimensions of 22 A x 26 A x 22 A including the
residues identified through experimental data. The docked binding
modes were visualised and analysed using PyMOL (version 2.3.4) and
VMD [39].

2.9. Statistical and quantitative analyses

Activity and binding data were quantitatively analysed with non-
linear least square regression using GraphPad Prism 5. ANOVA was
used to compare (Dunnett's post-hoc test) different mutant forms of P-
glycoprotein and the differences with P < 0.05 were defined as
significant.

3. Results
3.1. Preparation of purified Pgp

Cysless P-gp extracted from High-5 insect cell membranes with DDM
was purified as shown in Fig. 1a. Analysis of SDS-PAGE using Image J
indicated a purity of 85 + 3 % and the yield of Pgp was 1.2 + 0.2 pg
mg’1 (membrane protein). Fig. 1b shows the extraction and purification
of cysless Pgp using SMA. The final yield of Pgp was 0.68 + 0.19 ug
mg ™! (wet weight membrane) and with a purity of 81 + 1 %.

3.2. Activity of purified Pgp reconstituted into liposomes

The ATPase activity of cysless Pgp is shown under basal conditions
(drug free) and in the presence of 10 pM nicardipine (Fig. 2a). Under
basal conditions, the affinity for ATP was Ky = 1.1 + 0.2 mM and a
maximal velocity of Vyax = 455 + 68 nmol min ! mg’1 (n = 7). In the
presence of nicardipine the affinity for ATP was similar (Ky; = 0.7 £ 0.1
mM), however the maximal velocity was increased to Vyax = 1763 +
304 nmol min~! mg~?, which represents a 3.8 + 0.5-fold stimulation.

Fig. 2b shows the maximal velocity obtained for the entire series of
mutations in Pgp in the absence or presence of nicardipine (10 pM),
which is known to stimulate ATPase activity. All mutant forms of Pgp
used in this investigation displayed basal and drug stimulated ATPase
activity that was broadly similar to the control cysless form. Both the
basal and stimulated activities of mutants A198C and S344C were
significantly higher (P < 0.05) than cysless Pgp; whilst the degree of
stimulation remained unchanged. The effects of F72C, Y950C and 1981C
mutations on ATP hydrolysis did not reach statistical significance. The
key observation is that all mutant forms of P-gp were functionally viable
and thus enabled further characterisation of drug-protein interaction.

This investigation is focussed on binding sites for two transported
substrates on Pgp, one of which is thought to be located within the
central cavity and the site for rhodamine 123 interaction [7,22,40]. The
second site is believed to interact with the significantly more hydro-
phobic compound vinblastine and is likely to be located at the protein-
lipid interface [7,15]. To measure drug interaction with P-gp, the
strategy employs two primary assays. The ATPase assay reveals the
extent to which a drug may stimulate hydrolysis and the potency of this
effect. The second measures the quenching of intrinsic tryptophan
fluorescence in the presence of bound drug. Not all tryptophan residues
are proximal to bound drug and the assay thereby provides a measure of
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Fig. 1. Purification of Pgp following extraction by dodecyl-maltoside or
styrene-maleic acid.

Analyses of cysless Pgp purified from High-5 cell membranes following
extraction by (a) dodecyl-B-maltoside, or (b) styrene maleic acid. Aliquots (4 %
of total volume) from the loading (Ft), wash and elution fractions were loaded
onto 8 % SDS-PAGE gels and proteins detected with Instant Blue stain. The lane
marked Mw contains pre-stained protein molecular weight markers.

apparent binding affinity and it has been widely used to characterise
binding to Pgp [35,41]. Data from the two substrates was also compared
to that of the inhibitor nicardipine which is known to interact at a
pharmacologically distinct site to vinblastine and rhodamine 123, based
on the presence of allosteric interactions [19]. Furthermore, our recent
publication suggests that nicardipine interacts at an interfacial site, but
one that is distinct from the proposed vinblastine site [7].

Fig. 3 illustrates the type of primary data obtained from the ATPase
activity assay in the presence of either vinblastine or rhodamine 123,
with Table 1 (and Figs. S1, S2) encompassing fitted data for all mutants
with both substrates. Where stimulation occurs, the data was fitted using
non-linear regression of the general dose-response relationship. The
ATPase activity of cysless Pgp was stimulated 1.94 + 0.09-fold by
vinblastine (n = 8), with a potency of 2.69 + 0.52 pM (Fig. 3a-b,
Table 1). The data shown (Fig. 3a) for the F193C mutation highlights a
situation wherein the extent of stimulation by vinblastine was reduced
to 1.3 £+ 0.08-fold (P < 0.05). In contrast, the A198C mutation (Fig. 3b)
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Fig. 2. Michaelis-Menten parameters for ATPase activity of Pgp.

The ATPase activity of purified Pgp reconstituted into liposomes was measured
at a range of ATP concentrations in the presence or absence of nicardipine.
(a) Basal and nicardipine (10 pM) stimulated activities were plotted as a
function of ATP concentration for cysless Pgp and fitted by the hyperbolic
Michaelis-Menten equation. Values represent the mean + SEM from n = 7 in-
dependent observations.

(b) The Vyax obtained for basal and stimulated activity is shown for cysless and
mutated P-gp. The blue and red dashed lines represent Vyax for basal and
stimulated activity respectively. Values represent the mean + SEM from n =
3-8 independent observations.

altered the potency of vinblastine to stimulate ATP hydrolysis, with a
5.1-fold reduction in potency to ECso = 13.7 &+ 0.3 pM. Consequently,
we would define both mutations as affecting the interaction of
vinblastine with Pgp.

In the presence of rhodamine 123, the ATPase activity of cysless Pgp
was stimulated 2.41 + 0.23-fold and with a potency of 54 + 6 pM
(Fig. 3c—d, Table 1). The Y953C mutation abrogated the ability of
rhodamine to stimulate ATPase activity (Fig. 3c) and this effect is
referred to as a “no response” (N.R) in Table 1. Many mutations do not
cause any effect on the potency or ability of drugs to stimulate ATP
hydrolysis, as shown for the interaction of rhodamine 123 with the
A198C P-gp (Fig. 3d).

Fig. 4 provides representative data to illustrate the tryptophan
quenching fluorescence assay used to investigate drug binding to Pgp,
with the complete analysed data presented in Table 2 (and Figs. S3, S4).
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Fig. 3. Drug stimulated ATPase activity of Pgp mutants.
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ATPase activity was measured as a function of either vinblastine or rhodamine 123 concentration. Activity of the (a) F193C, (b) A198C, (c) Y953C and (d) A198C
mutants was compared to that observed with cysless Pgp. The dose-response relationship was fitted to the data using non-linear regression and the ATPase activity of
each mutant in the absence of drug (basal) was assigned a value of 1.0. Data correspond to the mean + SEM from n = 3-8 independent observations. CL refers to the

cysteine-less control protein.

Table 1
The effects of mutations in the putative interface and cavity binding sites on drug stimulated ATPase activity.
Mutant Vinblastine Rhodamine 123 Nicardipine
ECso Stimulation ECso Stimulation ECso Stimulation
(pM) (fold-basal) (M) (fold-basal) (M) (fold-basal)
CL 2.69 £+ 0.52 1.94 + 0.09 54+6 2.41 +£0.23 0.74 +£0.11 3.19 £ 0.28
Interfacial site F193C 0.82 £ 0.46 1.30 + 0.08* 26.4 + 5.6* 1.96 + 0.12 1.42 + 0.46 2.58 +0.26
F194C 2.75 £ 0.67 1.53 £ 0.13* 40.1 + 4.9 1.51 £ 0.15* 0.73 £ 0.10 2.83 +£0.30
A198C 13.7 + 3.0* 1.80 +0.10 41.8 £11.7 2.60 +£0.21 2.37 £ 0.87* 3.10 £ 0.37
S344C 7.21 +4.28 1.40 + 0.08* 35.0 £ 4.9 1.94 £0.17 1.04 £ 0.22 293 £0.15
Cavity site F72C 2.60 = 0.70 1.45 + 0.12* NR* NR* 1.38 +£0.28 3.88 + 0.44
Y950C 3.67 £0.79 1.61 £0.17 NR* NR* 1.02 £ 0.12 4.10 £ 0.82
Y953C NR* NR* NR* NR* 2.32 £1.08 3.41 £ 0.09
1981C NR* NR* NR* NR* 1.28 +£0.28 2.31 £0.41

Drug stimulated ATPase activity was measured for each mutant in the presence of varying concentrations of vinblastine, rhodamine 123 or nicardipine. The general
dose response relationship was fitted to the data and the potency (ECso) and extent of stimulation (fold basal) were derived. The ATPase activity in the absence of drug
was assigned a value of 1.0. All values represent the mean + SEM from n = 3-8 independent observations and * next to italicised font indicates a statistically significant
(P < 0.05) difference from cysless (CL) P-gp. NR indicates that the drug did not alter the basal ATPase activity of the mutant.

Panel (a) contrasts the binding isotherms derived for vinblastine and
rhodamine 123 with cysless P-gp. Vinblastine displayed an apparent
binding affinity of Kapp = 16.4 + 1.4 pM and increased the fluorescence
intensity by 27.6 + 2.5 r.f.u, a parameter that resembles the binding
capacity (Byax). Rhodamine 123 displayed an apparent affinity of Kapp
= 6.6 + 0.8 pM and a change in fluorescence intensity of 49.3 + 3.8 r.f.
u. Fig. 4b demonstrates the effect of a Y950C mutation on the binding of
rhodamine 123. The apparent affinity was unchanged (Table 2); how-
ever, the binding capacity was reduced by approximately 25 %.

The following two sections refer to data produced by these assays
and the main parameters are provided in Tables 1 and 2. All data sets

(with average values) for the two assays with three marker drugs are
provided in Supplementary Figs. S1-S4.

3.3. Mutation of the putative interfacial site on drug binding to Pgp

In an earlier investigation we identified that residue M197 in Pgp
was involved in the binding of vinblastine [7]. M197 is situated in
transmembrane helix 3 (TM3) and according to the 4M1M structural
model, it faces the lipid milieu. Based on the size of vinblastine, it is
likely that multiple residues are involved in its binding. Consequently, a
further four residues (F193, F194, A198, S344) located proximal to
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Fig. 4. Drug binding to Pgp — tryptophan quenching analysis.

Quenching of the intrinsic tryptophan fluorescence of Pgp was done in the
presence of increasing drug concentration. The change in fluorescence intensity
was plotted as a function of drug concentration and the Langmuir Adsorption
isotherm was fitted using non-linear regression. (a) Fluorescence quenching
was measured in the presence of either vinblastine or rhodamine 123 for cysless
Pgp. (b) The extent of fluorescence quenching by rhodamine 123 was measured
for the cysless and Y950C mutant of Pgp. All values represent the mean + SEM
from n = 4 independent observations.

M197 were also proposed (according to predictions from the 4M1M
structural model) to contribute to the binding interaction between Pgp
and vinblastine. Moreover, the residues are predicted to lie at the
protein-lipid interface and three (F193, F194, A198) are located in TM3,
which has been proposed to act as a gate to the central cavity. This re-
gion encompassing these residues will be referred to as the interfacial
binding site for the anticancer drug, and Pgp substrate, vinblastine.

In agreement with our predictions, all four residues at the lipid-
protein interface affected the interaction of vinblastine with Pgp, Spe-
cifically, mutations F193C, F194C and S344C caused significant re-
ductions in the ability of vinblastine to stimulate ATP hydrolysis
(Table 1, Fig. S1) and A198C reduced the potency to stimulate. F193C,
F194C and A198C mutations caused small alterations in the apparent
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binding affinity of vinblastine (Table 2) and S344C produced a statisti-
cally significant (P < 0.05) reduction in Kapp.

Based on the structural models we would predict that mutations to
the interfacial residues should not perturb the interaction of rhodamine
123 with Pgp. Compared to the widespread effects on vinblastine
interaction the prediction is upheld since only the F194C mutation
affected the interaction of rhodamine 123, leading to a reduction in the
stimulation of ATP hydrolysis (Table 1, Fig. S1).

Similarly, we would predict that mutations at the interfacial site for
vinblastine should not markedly affect the interaction of nicardipine
with Pgp. This is based on previous data from Mittra et al. [7] that
implicated residue T769 (TM8) in the binding of nicardipine to Pgp.
Residue T769 is found at an interfacial location on P-gp, although it is
located on TM8 and thus distal to the vinblastine interfacial site. This
prediction was also supported by the fact that only mutation A198C
altered the interaction of nicardipine, by reducing its potency to stim-
ulate ATP hydrolysis (Table 1, Fig. S1).

The functional data reveal that the interfacial site can mediate the
interaction of vinblastine with Pgp. Importantly, this site is relatively
specific to vinblastine given that mutations within it did not have pro-
nounced, or widespread, effects on the binding of another substrate
(rhodamine 123) or an allosteric inhibitor (nicardipine).

3.4. Mutation of the putative cavity site on drug binding to Pgp

Our earlier investigation identified four residues (L65, F336, F978,
V982) that contributed to the binding of rhodamine 123 and based on
the 4M1M model, these residues are predicted to reside in the central
cavity of Pgp. Using this structural model, a further four residues (F72,
Y950, Y953, 1981) were selected for analysis to assess their possible
contribution to rhodamine 123 binding by Pgp. The region encom-
passing these residues will be referred to as the cavity binding site for the
transport substrate rhodamine 123.

The effects of these four mutations on the interaction of rhodamine
123 with Pgp are summarised in Table 2 and Figs. S2 and S4. Specif-
ically, the 2.4-fold stimulation of ATP hydrolysis observed with cysless
Pgp, was abrogated by each of the cavity site mutations; indicating a
major impact on rhodamine 123 interaction. The mutations were asso-
ciated with minor effects on the quenching of tryptophan fluorescence.
Potentially, this suggests that the assay is less susceptible to perturbation
by a point mutation; presumably due to the involvement of multiple
residues and bonds in the binding of drugs such as vinblastine, rhoda-
mine 123 and nicardipine. The data provide further confirmation of the
region in the central cavity of Pgp that mediates the interaction of
rhodamine 123.

Thus far, the data support our initial hypothesis that interaction with
Pgp occurs at the central cavity for rhodamine 123 and at the interfacial
site for vinblastine. However, further analysis of the cavity site mutations
demonstrated that they also affected the interaction of vinblastine with
P-gp (Table 1, Fig. S2). For example, the F72C mutation caused a sig-
nificant (P < 0.05) reduction in the ability of vinblastine to stimulate
ATP hydrolysis. Furthermore, vinblastine failed to generate any stimu-
lation of ATP hydrolysis for Pgp containing the Y953C and [981C mu-
tations. In addition, the Y953C and 1981C mutations altered the extent
to which the endogenous tryptophan fluorescence was quenched. The
extent of quenching was increased compared to cysless Pgp, which may
be interpreted as an increase in the binding capacity to vinblastine
(Table 2, Fig. S4). It is important to note that altered tryptophan fluo-
rescence can occur via direct collisional quenching or long-range effects;
consequently, the latter represents an allosteric effect rather than direct
binding. Alternatively, there may be a paucity of Trp residues in the
region of the mutation, thereby displaying less potential to impact the
local environment of a tryptophan. These considerations reflect our use
of the term Kapp to represent an apparent binding affinity.

Overall, the cavity site mutations confirm this region as the location
for rhodamine 123 binding and reveal that vinblastine may also interact
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Table 2
The effects of mutations in the putative interface and cavity binding sites on apparent drug binding.
Mutant Vinblastine Rhodamine 123 Nicardipine
Bmax Kapp Bmax Kapp Bmax Kapp
(ARFU) (uM) (ARFU) (uM) (ARFU) (uM)
CL 27.6 £ 2.5 16.4 £ 1.4 49.3 + 3.8 6.6 + 0.8 49.7 + 2.6 4.6 + 0.6
Interfacial site F193C 28.1 £0.8 21.0 £3.1 442 +£ 2.2 6.7 £ 1.1 41.9 £+ 3.0 4.7 £0.1
F194C 26.6 £ 0.9 20.2+ 1.4 42.4 £ 2.1 8.2+0.5 38.7 £ 1.2 4.4+ 0.6
A198C 29.0 £1.8 219+ 1.8 50.8 + 5.6 6.6 + 0.4 52.9 + 35 5.3+ 0.2
S344C 32.0+19 27.0 £ 2.3% 46.5 + 1.4 8.7+0.8 45.8 £ 2.5 5.0 £ 0.6
Cavity site F72C 47.7 + 6.8* 219+ 1.4 54.0 + 8.8 6.8+ 0.8 66.8 + 1.6 4.8 +0.2
Y950C 43.1 £9.9 21.8 £ 0.7 38.7 + 3.4 5.7 +£ 0.6 35.4 +£ 5.0 3.9+0.3
Y953C 48.5 £ 4.4* 17.3 £ 0.9 54.1 £ 4.0 71+08 49.6 + 5.4 4.4 +0.2
1981C 49.3 £10.2 144 £ 4.1 59.1 +£3.3 84+08 57.9 £ 0.5 6.0 £ 0.3

The quenching of intrinsic tryptophan fluorescence was measured for each Pgp mutant in the presence of varying concentrations of vinblastine, rhodamine 123 or
nicardipine. The Langmuir Adsorption Isotherm was fitted to the data and the apparent binding affinity (Kapp) and maximal change in tryptophan fluorescence (Byax)
were derived. All values represent the mean + SEM from n = 3-6 independent observations and * next to italicised font indicates a statistically significant (P < 0.05)

difference from cysless (CL) P-gp.

at the site. It is unlikely to represent a non-specific interaction since none
of the mutations affected the interaction of nicardipine with P-gp as
assessed by both ATPase activity and quenching of endogenous trypto-
phan residues.

3.5. Molecular docking analysis of drug binding to Pgp

Molecular docking was undertaken for vinblastine at both the
interfacial and cavity sites, in addition to rhodamine 123 at the central

aqueous cavity. The use of a human Pgp structure as a template might
result in subtle change(s) in the docking of vinblastine or rhodamine
123. Analysis provided nine poses for each drug at the sites. The ener-
getics of binding for the poses were broadly similar (Table S2) and
therefore, we decided to classify poses within a “coarse binding site”.
Residues in proximity to the “coarse binding site” were identified and
the distance from that residue to the specific drug were determined.
These residues were categorised by the number of poses in which a
particular residue is within 5 A distance to the drug. This scoring system

&

(a)

Fig. 5. Docking of vinblastine and rhodamine 123 to
the binding sites on Pgp.

Location of the cavity and interfacial binding sites for
vinblastine and rhodamine as identified by docking
analysis. Pgp is shown as cartoon representation in
grey and helices TM3 and TM6 are shown in orange
and yellow respectively. The cavity and interfacial
binding sites are shown as surface representations in
pale blue and grey, respectively. The surface com-
prises all residues predicted to be involved in binding
based on docking analysis. Panel (a) shows vinblas-
tine at the surface site, whilst (b) depicts vinblastine
at both the surface and cavity sites. Panel (c) shows
rhodamine 123 in the cavity site. Panel (d) depicts
vinblastine (blue) at the surface or within the cavity
(cyan), in addition to rhodamine 123 in the cavity.

(d)
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helped generate a heat map to indicate how likely the individual resi-
dues are involved in the interaction with vinblastine or rhodamine 123.
The scoring and cut-off values are documented in Fig. S5 and Table S2.
The representation for vinblastine binding in Fig. S5 demonstrates a
considerable contrast between the cavity and interfacial sites. The cavity
site contains 49 residues arranged to encase the vinblastine molecule.
The interfacial residues of Pgp involved with vinblastine binding did not
encase the drug, instead providing a surface for interaction formed by 18
residues.

The binding site residues identified from the docking analysis were
used to visualise the surface areas these cavity and interfacial drug
binding sites occupy on the protein (Fig. 5). For vinblastine, this rep-
resentation clearly shows how the interfacial and cavity binding sites are
contiguous and TM3/TM6 provide a gate between the two sites
(Fig. 5a-b). As indicated above, the site at the protein-lipid interface
provides an interaction surface to facilitate vinblastine binding that in-
cludes the hydrophobic F193, F194 and A198 residues mutated in the
present investigation. The cavity site includes residues F72, Y953 and
1981 that were identified in this investigation with an involvement in
vinblastine binding. Both experimental and docking data demonstrate a
partial overlap of residues between the central cavity localised binding
sites for rhodamine123 and vinblastine (Fig. 5d). The cavity binding site
for vinblastine also includes several of the residues we have previously
identified in the interaction with Pgp — these residues are listed and
summarised in Table S1. Moreover, the residues listed in Table S1 are
not involved in the interaction with rhodamine 123 and suggest that the
central cavity of Pgp has multiple, partly overlapping, drug interaction
sites (Fig. 5d).

In general, resolution and organism are only one of many consider-
ations for choosing a structure to undertake docking or modelling ana-
lyses. Provided the sequence identity is high between the protein from
different organisms and that the structure/mechanisms of transport are
similar, the important point is to have a structure of the protein that is in
the conformation to which the drug is known to bind to. The latter is the
focus of our project. Many of the more recent human structural models
obtained using cryo-EM involved Pgp constrained by the incorporation
of one (or more) antibody fragments [25,27]. This strategy produced
intermediate protein conformations that are difficult to relate to the
more established alternating conformations of high and low substrate
affinity — a situation we hoped to avoid.

4. Discussion

Identifying the location and chemical properties of substrate binding
sites remains at the forefront of efforts to understand the basis of mo-
lecular recognition by Pgp. This will finally reveal the pharmacophore
and facilitate the development of potent, specific inhibitors. This her-
culean task remains unresolved despite its origins with early photo-
affinity labelling strategies [5,15,42], through to contemporary
computational [43-45] and structural approaches [27,46].

Recent progress has been made with allosteric inhibitors [25];
however, investigations in this manuscript have focussed on two trans-
ported substrates. The site for rhodamine 123 interaction within the
central cavity of Pgp has been further refined with the inclusion of newly
identified residues involved in binding. Similarly, several residues
within the central cavity, to complement those previously identified,
have been found to interact with vinblastine. There is some overlap, but
not complete, in the residues that form interaction sites for vinblastine
and rhodamine 123. Contributing residues are located on multiple
transmembrane helices (TM) that line the cavity, with myriad contri-
butions from TM6 and TM12. Furthermore, additional residues inter-
acting with vinblastine have been observed in a distinct location; namely
at the lipid-protein interface, clustered on TM3. This suggests the pres-
ence of two distinct binding sites for a single transported substrate,
vinblastine. Does Pgp mediate transport using two distinct routes? One
via a central conduit is intuitive and supported by a wealth of data
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[6,9,10,22,25,46,47]. The interfacial site may operate along the outer
(or lipid facing) surface of Pgp, but this non-traditional route is poten-
tially akin to the proposed mechanism of a phospholipid flippase. We
suggest a more conventional alternative involving a processive transport
mechanism for hydrophobic substrates involving entrapment from the
lipid milieu, transfer to the central conduit and subsequent translocation
across the membrane.

Several lines of data suggested that the initial interaction with
numerous Pgp substrates occurs from the non-aqueous environment of
biological membranes [14,15]. This led to dubbing Pgp as a “hydro-
phobic vacuum cleaner” for drugs within the bilayer [15,16]. Selective
extraction of hydrophobic substrates, such as vinblastine (logP = 3.056),
from the vast sea of lipids in biological membranes would be enhanced
by a mechanism of entrapment. Previous work from our team also
identified distinct entrapment sites for the hydrophobic compounds
nicardipine and paclitaxel; with the amino-acids involved referred to as
contact residues [7]. The concept of entrapment has precedent within the
ABC transporter family. For example, the pyrophosphate moiety of lipid-
linked oligosaccharide interacts with a sequence of positively charged
residues on the Pglk transporter from Campylobacter jejuni [48]. In
addition, the phosphorylated isoprenoid moiety of the polysaccharide O-
antigen is selectively bound by a gate on the Wzm/Wzt transporter at the
cytosolic hemileaflet of Gram negative bacteria [49]. In both examples,
the entrapment site serves a dual purpose; to extract substrates from the
lipid milieu and to orientate them for the subsequent translocation event
through a central cavity.

This idea is also borne out by the structural data of Nosol et al. [25]
suggesting that potent hydrophobic inhibitors of Pgp bind in pairs, with
one of the pair found at the lipid-protein interface proximal to TM4 and
TM10. The interaction between inhibitors and Pgp is reliant on the
presence of hydrophobic residues, with phenylalanine predominant. An
analogous strategy can be seen with the multidrug efflux pump AcrB
from the resistance nodulation division (RND) protein family — despite
the dissimilarity in translocation mechanism [50]. Structural data for
AcrB demonstrated the presence of a phenylalanine rich “pit” near the
protein surface to ensnare hydrophobic compounds. The entrapment site
for vinblastine is not simply a non-specific “pit” given that another hy-
drophobic drug, nicardipine (logP = 3.535), did not interact at this site.
Furthermore, previous work by our team [19] demonstrated that bind-
ing sites for nicardipine and vinblastine share a negative allosteric
interaction and that the location of nicardipine (entrapment) site is
proximal to T769 on TMS8 [7].

Ultimately, it appears that drug translocation by Pgp occurs through
an alternating access mechanism involving the distinguishing central
cavity that was first identified by Rosenberg et al. [12]. The dimensions
of this central cavity are considerably greater than most Pgp substrates,
which provides multiple individual sites for binding and may even
support the simultaneous binding of more than one compound. Site-
directed mutagenesis approaches identified a substantial number of
amino-acids in Pgp that are likely to contribute to substrate binding
[9,10,22,30,51-53] and the advent of structural data for the protein
confirmed their location within this central cavity [27,46]. Molecular
docking approaches have combined these two streams of research to
provide detailed mapping of drug binding in the cavity [43,44,54,55].
The residues we have identified for rhodamine 123 binding agree with
these studies and confirm the location of the R-site predicted by in silico
approaches. It is clear from the experimental and in silico approaches
that defined regions of the cavity interact with specific drugs - i.e. a
binding site. However, different binding sites display partial overlap in
their constituent amino-acids — as demonstrated here for cavity site
residues that interact with both vinblastine and rhodamine 123. It is fair
to say that the central cavity has a degree of wiggle room to accom-
modate the sheer number of possible substrates, which is implicit in
conferring poly-specificity.

Our suggestion is that the hydrophobic compound vinblastine is
entrapped at the interfacial site (includes residues F193, F194, M197,
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A198) and subsequently transferred to a central cavity location that has
some overlap (F72, Y950, Y953, 1981) with the R-site. In contrast,
neither activity assays nor docking approaches were able to demonstrate
an interaction site for rhodamine 123 (logP = 2.256) at the Pgp-lipid
interface. This is in agreement with a transport kinetic investigation
[40] demonstrating that rhodamine 123 does not appear to be extracted
from the plasma membrane by Pgp and it may directly enter the central
cavity.

Previous investigations by our team has identified that the stretch of
residues on TM6 (F343 to S349) also plays a crucial role in the inter-
action with vinblastine [7,56]. How does the transfer from the interfa-
cial to the cavity site occur? Several groups propose the involvement of
gates formed by pairs of TM-helices [8,23,25] and we extend this to
suggest that residues S344 and F343 constitute the latch. S344 and F343
reside between TM6 and TM3 and mutations markedly affect the
interaction between vinblastine and Pgp. Moreover, using fluorescent
[53] and paramagnetic probes [57], we have demonstrated that residue
343 in TM6 is highly mobile during transition of Pgp between
nucleotide-free, nucleotide-bound and post-hydrolytic conformations.
Structural data [25] posits that residue F343 is located in what the au-
thors refer to as the access tunnel that forms in the transition state of Pgp
locked by the presence of antibody fragments.

4.1. Conclusion

We have provided evidence that Pgp has an entrapment site for
vinblastine that facilitates its extraction from the lipid milieu and pro-
pose that this may occur for other hydrophobic drugs such as nicardi-
pine. These entrapment sites are aligned with gates that enable access of
bound substrates (e.g. vinblastine) into the central cavity as Pgp tran-
sitions through intermediate conformations. Translocation of substrate
across the membrane occurs as this central cavity undergoes a switch
from inward to outward facing. Finally, we speculate that inhibitors
bound at entrapment sites may perturb conformational transitions and
are thus unable to fully enter the central cavity.
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