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ABSTRACT: The human multidrug transporter P-glycoprotein (Pgp or ABCB1) sets up
pharmacological barriers to many clinically important drugs, a therapeutic remedy for
which has yet to be formulated. For the rational design of mechanism-based inhibitors (or
modulators), it is necessary to map the potential sites for modulator interaction and
understand their modes of communication with the other functional domains of Pgp. In
this study, combining directed mutagenesis with homology modeling, we provide
evidence of two modulator-specific sites at the lipid protein interface of Pgp. Targeting 21
variant positions in the COOH-terminal transmembrane (TM) regions, we find residues
M948 (in TM11) and F983, M986, V988, and Q990 (all four in TM12) critically involved
in substrate-site modulation by a thioxanthene-based allosteric modulator cis-(Z)-
flupentixol. Interestingly, for ATP-site modulation by the same modulator, only two
(M948 and Q990) of those four residues appear indispensable, together with two
additional residues, T837 and I864 in TM9 and TMIO, respectively, suggesting

independent modes of communication linking the allosteric site with the substrate binding and ATPase domains. None of the
seven residues identified prove to be critical for modulation of the substrate or ATP sites by Pgp modulators that are transported
by the pump, such as cyclosporin A or verapamil, indicating their specificity for cis-(Z)-flupentixol. On the other hand, ATP-site
modulation by verapamil proves to be highly sensitive to replacement at positions F716 (in TM7) and 1765 (in TM8), and to a
more moderate extent at 1764 and L772 (both in TM8). Homology modeling based on the known crystal structures of the
bacterial multidrug transporter SAV1866 and the mouse Pgp homologue maps the identified residues primarily at the lipid—
protein interface of Pgp, in two spatially distinct modulator-specific clusters. The two modulatory sites demonstrate negative
synergism in influencing ATP hydrolysis, consolidating their spatial distinctness. Because Pgp is known to recruit drug molecules
directly from the lipid bilayer, identification of modulatory sites at the lipid—protein interface and at the same time outside the
conventional central drug binding cavity is mechanistically revealing.

he human multidrug transporter (Pgp or ABCB1) is an

ATP-driven pump that transports structurally unrelated
hydrophobic compounds, which include many anticancer and
antimicrobial agents."”” It is a 1280-amino acid protein with
40% sequence identity between its NH,- and COOH-terminal
halves that are connected by an 80-amino acid linker region.”
Each half contains a hydrophobic region that folds into six
membrane-spanning a-helices and a hydrophilic cytosolic
domain.*"” The transmembrane (TM) helices from the two
halves closely associate to form a single dug-translocating
pathway.®” Similarly, the two cytosolic regions, also known as
the nucleotide binding domains (NBDs), interact intimately to
form two ATP binding and hydrolysis sites.'” The binding and
hydrolysis of ATP are functionally coupled to outward
translocation of drug substrates."""?

The most intriguing aspect of Pgp function is its ability to
recognize and transport a broad spectrum of structurally
unrelated compounds, which include several anticancer and
antimicrobial agents."” Apart from its transport substrates, Pgp
also interacts with a battery of lipophilic compounds with
modulatory potential, which can be exploited for reversal of
drug resistance and improved bioavailability of therapeutic
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agents.l3 Like substrates, modulators also are of diverse
chemical origin, indicating an equally complex mode of
interaction with Pgp.'*™'¢ Although several Pgp modulators
have been identified, none of the compounds succeed in
overcoming clinical drug resistance, necessitating a mechanism-
based development of new agents with improved efficacy. To
achieve that goal, a detailed mapping of the modulator
interaction sites in Pgp and understanding their modes of
inactivation remain absolutely essential.

Experimental evidence suggests recruitment of drug mole-
cules by Pgp directly from the lipid bilayer'’~>° and an active
involvement of TM regions in the recruitment process.”!
Susceptibility to chemical modification of specifically engi-
neered cysteine residues in a cysteine-less human Pgp and its
protection by transport substrates mapped amino acid residues
in the vicinity of the putative drug interaction sites and
delineated the central drug binding pocket** involved in drug
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recognition and transport. Photoaffinity labeling combined with
directed mutagenesis has identified two symmetrical portals at
the interface of the two transmembrane domains (TMDs),>>**
which could represent a major exit for drug molecules from or
entrance for drug molecules into the central cavity.”® Apart
from these studies, independent efforts, including our own,
demonstrate allosteric modes of action for many Pgp
modulators and the presence of modulatory sites distinct
from the sites of substrate recognition, with a heterotropic
effect on substrate binding.**~*>* However, the identity of those
allosteric sites and their spatial relationship with the central
drug binding cavity are yet to be defined.

In this study, combining directed mutagenesis with molecular
modeling, we identify two modulator-selective sites at the
lipid—protein interface of Pgp, through which essential steps
like ATP hydrolysis and substrate binding are functionally
modulated.

B EXPERIMENTAL PROCEDURES

Chemicals and Cell Lines. All chemicals, unless otherwise
mentioned, were purchased from Sigma (St. Louis, MO). cis-
(Z)-Flupentixol was purchased from Research Biochemicals
International or Sigma. ['>T]IAAP (2200 Ci/mmol) was from
NEN PerkinElmer Life and Analytical Sciences (Boston, MA).
The QuickChange Site-Directed Mutagenesis Kit was obtained
from Stratagene (La Jolla, CA), and the oligonucleotides were
custom synthesized by Sigma. The Sf9 insect cells, the MAX
Efficiency DH10Bac Competent Cells, and the Bac-to-Bac
Baculovirus Expression Systems were purchased from Invi-
trogen Life Technologies. The Sf-900 II SEM cell insect cell
culture media and penicillin-streptomycin were purchased from
Invitrogen. Pgp-specific polyclonal antibody 4007 was a
generous gift from M. M. Gottesman of the Laboratory of
Cell Biology, National Cancer Institute, National Institutes of
Health. Nucleotide sequencing of the recombinant cDNA
constructs was conducted in the Uniformed Services University
Bio Instrumentation Core facility.

Directed Mutagenesis. The MDR1 ¢cDNA was amplified
via polymerase chain reaction (PCR) from plasmid pTMI1-
MDRI-(Hg)* with a BamHI site inserted at the $-end using
the oligonucleotide 5-CACGATAATACCGGATCCATG-
GATCTTGAAG-3' and cloned into the BamHI- and Xhol-
cut pFastBac plasmid supplied by Invitrogen, creating plasmid
pKM2-MDRI1-WT, containing the wild-type human MDRI1
cDNA. Single-alanine replacements were introduced into the
wild-type backbone using the QuickChange mutagenesis kit
from Stratagene and appropriate oligonucleotide primers. The
desired nucleotide replacements were confirmed by Big-Dye
version 3.1 (BD Sciences) nucleotide sequencing of the MDR1
open reading frame in recombinant plasmids pKM2-MDRI-
V715A, -F716A, -1719A, -G723A, -1764A, -1765A, -I1768A,
-F770A, -L772A, -T837A, -I840A, -1864A, -I867A, -A871F,
-T945A, -M948A, -F983A, -M986A, -VI988A, -Q9904A, and
-V991A.

Generation of Baculovirus Constructs with Alanine-
Substituted Recombinant Pgps. Recombinant baculovi-
ruses encoding mutant Pgps were generated using the standard
laboratory protocol supplied with the Invitrogen Bac-to-Bac
Baculovirus Expression System. In brief, DH10Bac bacterial
cells harboring a helper virus were cotransformed either with
plasmid pKM2-MDR1-WT (containing wild-type Pgp) or with
each of the 21 plasmids carrying recombinant Pgp with single-
alanine substitutions. The DHI10Bac cells containing the
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recombinant bacmids expressing wild type Pgp or mutant
Pgps were purified by blue-white selection on Blue-gal plates.
The recombinant bacmids were isolated from the positive
clones and checked for the right insertion by PCR amplification
of the inserted fragment using pUC/MI13-specific primers
(forward, $-CCCAGTCACGACGTTGTAAAACG-3’; pUC/
M13 reverse, 5-AGCGGATAACAATTTCACACAGG-3').
Following confirmation, monolayers of Sf9 insect cells were
grown to 75% confluency and transfected with the recombinant
bacmids using Cellfectin reagent according to the recom-
mended protocol of Invitrogen. Transfected cells were allowed
to grow at 27 °C for 72 h, and recombinant viruses secreted
into the medium were collected by separating the cells through
centrifugation at 500g and 4 °C for 10 min. The viral
supernatant was filtered through a nitrocellulose filter with a
pore size of 0.25 ym to remove any residual cells or cell debris.
The viral titer was then amplified through multiple rounds
(four to six) of infection of Sf9 cells grown using a method
similar to that for transfection with bacmids, until a final titer of
~10” pfu/mL was obtained. Amplified viruses were filtered and
stored at 4 °C for future use.

Baculovirus-Mediated Expression of Recombinant
Pgps in Sf9 Insect Cells. Wild-type and recombinant Pgps
were expressed in Sf9 insect cells using the baculoviral
constructs described above. Sf9 cells were cultured at 27 °C
in monolayers to 75% confluency in Sf-900 II SFM medium
supplemented with 0.5% penicillin-streptomycin prior to
infection. Infections with respective recombinant baculoviruses
at 10 pfu/cell were conducted in a minimal volume
(approximately 1 mL/1 million cells) for 2 h with brief and
gentle rocking every 15 min. The infected cells were diluted
with $£-900 II SFM medium and allowed to grow for 72 h at 27
°C, after which cells were harvested by centrifugation at 500g
for 10 min at 4 °C. Harvested cells were washed twice by
centrifugation and resuspension with ice-cold phosphate-
buffered saline (PBS) containing 1% aprotinin. Washed cells
were finally resuspended in homogenization buffer [SO mM
Tris-HCI (pH 7.5), 50 mM mannitol, 2 mM EGTA, 1 mM
DTT, 1 mM AEBSF, and 1% aprotinin] and stored at —80 °C
for future use.

Preparation of the Total Membrane from Sf9 Cells
Expressing Wild-Type and Recombinant Pgps. Crude
membranes were prepared according to the method of Dey et
al.*® Membranes, in 100 L aliquots, were frozen on dry ice and
stored at —70 °C until they were used. Protein concentrations
were measured by a modified Lowry protocol®' using BSA as a
standard.

Sodium Dodecyl Sulfate—Polyacrylamide Gel Electro-
phoresis (SDS—PAGE) and Immunoblot Analysis. Electro-
phoresis and immunoblot analysis were performed as described
previously.>> Immunodetection was conducted using human
Pgp-specific antiserum 4007, originally developed against a
COOH-terminal fragment of the protein.”

Measuring Drug-Stimulated ATP Hydrolysis by Pgp.
ATP hydrolysis by wild-type Pgp and the alanine-substituted
recombinant Pgps in isolated membrane vesicles from insect
cells was assessed by measuring the vanadate-sensitive release of
inorganic phosphate from MgATP in the presence or absence
of 0.3 mM sodium orthovanadate, following a colorimetric
assay originally developed by Sarkadi et al,** with minor
modifications.”® ATP hydrolysis data were expressed as fold
stimulation of the basal activity present in the absence of any
modulators. The kinetic analysis of the data was conducted
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Figure 1. Generation of recombinant Pgps with single-alanine substitutions. (A) Amino acid residues targeted for single-amino acid substitution. The
putative TM regions of the COOH-terminal half of Pgp (eight) are presented as helical wheels, to show the 21 variant residues targeted (in filled
circles) for single-amino acid substitution. Human MDR1 and MDR2, beagle MDR1, mouse MDR1a, MDR1b, and MDR2, Chinese hamster PGP1,
PGP2, and PGP3, and rat MDR1 and MDR2 were aligned as described in Experimental Procedures. If the 14 naturally occurring alanines are
excluded, 37 variant residues were identified, of which six of eight nonconserved, four of six semiconserved, and 10 of 23 conserved changes are
targeted by alanine substitution. Of the 14 alanines in variant positions, only one (A871) was targeted for substitution with phenylalanine. (B)
Expression of recombinant human Pgp in insect cells using the baculovirus-mediated expression system. Isolated membranes (10 ug/well) from
insect cells expressing either wild-type human Pgp or the Pgp alanine mutants were subjected to SDS—PAGE, electro-transferred to a nitrocellulose
membrane, and probed with Pgp-specific antibody 4007.%* Signals were generated using an HRP-conjugated goat anti-rabbit secondary antibody and
ECL reagents and captured on X-ray film. The image is a representative of three individual membrane preparations and subsequent immunoblotting.
(C) Basal ATPase activity of Pgp mutants. The basal rate of ATP hydrolysis of the 21 Pgp mutants in insect cell membrane preparation was
measured using a vanadate-sensitive phosphate release assay as described in Experimental Procedures and compared with that of the insect cell
membranes containing the wild-type Pgp and membranes without Pgp expression. Data are averages of three different experiments and expressed as
nanomoles per milligram of membrane protein per minute.
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Figure 2. Effect of alanine substitutions on cis-(Z)-flupentixol-mediated stimulation of ['**I]JIAAP binding. (A) Stimulation of binding of ['**I]TAAP
to Pgp mutants. Wild-type Pgp and Pgp alanine mutants in isolated membranes (10 pg of total protein) of insect cells were incubated with and
photoaffinity labeled with § nM ['*IJIAAP in the presence or absence of varying concentrations of Pgp modulator cis-(Z)-flupentixol. Labeled
membranes (2.5 ug per lane) were subjected to SDS—PAGE, and radioactivity associated with Pgp was captured on X-ray film. The relevant portion
of the gel showing radioactivity associated with Pgp is included in the figure. There was no other specific radioactive band observed in the gel other
than that corresponding to Pgp. (B) Basal binding of ["**I]IAAP to cis-(Z)-flupentixol-specific Pgp mutants. Wild-type Pgp and the cis-(Z)-
flupentixol-specific Pgp mutants in isolated membranes (10 pg of total protein) were photoaffinity labeled with § nM ['*I]IAAP in the absence of
any modulators. Labeled membranes (2.5 pg per lane) were subjected to SDS—PAGE, and radioactivity associated with Pgp was captured on X-ray
film (left panel image) as well as quantified using a PhosphorImager (left panel graph). Aliquots (1 ug) of the same samples were immunodetected
with Pgp-specific polyclonal antibody 4007 (right panel image), and the amount of Pgp in each band was determined by densitometric analysis (right

panel graph).
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using nonlinear fit V = (V,,..[S])/(K,, + [S]), where Vj, is the
fold stimulation, V,,,, the maximal fold stimulation, [S] the
concentration of modulatory compounds, and K, the
concentration of modulators for half-maximal stimulation.
Data were generated in triplicate, and the averages of all
three data sets were used for analysis. Standard errors are
shown as error bars in the figures.

['">*INIAAP Binding to Wild-Type Pgp and Recombi-
nant Pgps. Photoaffinity labeling of crude membranes with
the Pgp substrate ['*’I]TAAP was conducted according to the
method of Dey et al.*® Radioactivity associated with the Pgp
band was quantified directly by PhosphorImager analysis and
captured on X-ray film for documentation.

Sequence Alignment of the Mammalian Pgps To
Select Target Residues for Alanine Substitution. The
amino acid sequences for human MDRI1 (P08183), mouse
MDRIA (NM 011076.1) and MDRIB (NM_011075.1),
beagle MDRI (AF045016.1), rat MDRI (NM_012623.2),
and hamster MDR1 (P21448) were obtained from GenBank.
The multiple-amino acid sequence alignment was conducted
using the Internet-based general purpose multiple-sequence
alignment program ClustalW2, licensed by the European
Bioinformatics Institute (EBI) of the European Molecular
Biology Laboratory.

Homology Modeling of Human Pgp Based on Crystal
Structures of Sav1866 and Mouse Pgp. For the N-terminal
NBD, Pgp was found to be significantly identical in sequence
with the crystal structure of Sav1866 in the Protein Data Bank
(entry 2HYD). The initial monomeric NBD model was
generated by replacing the residues on the Savl866 model
with those of the aligned Pgp sequence. Structure-based
sequence alignment allows insertions and deletions to be
moved to loop regions without interfering with the modeling of
secondary structure elements.

To model the N-terminal transmembrane domain (TMD),
TM helical segments were first Eredicted with various computer
programs such as SOSUL> PHD,** HMMTOP,*” and
TMHMM,*® from which a consensus of six TM helices
emerged. The boundary of each predicted helix was adjusted to
conform to a set of empirical rules derived from known
membrane protein structures.’**° Adjustments were made to
the model whenever residues in the model had stereochemistry
violations.

The same procedure was used to build the C-terminal half of
Pgp. The dimeric model was then generated by superposition
of the monomers onto the Savl866 dimer in the modeling
program O and subsequently refined in CNS*' to optimize van
der Waals interactions and to conform to the standard
stereochemistry values of bond angles, bond lengths, and
dihedral angles.

Lipophilic Index Calculation. Lipophilic scores (LIPS) for
predicted TM helices were calculated on the basis of the
empirical hydrophobic scales of individual amino acids.*

B RESULTS

Modulation of Pgp—Substrate Interaction Induced by
Allosteric Modulator cis-(2)-Flupentixol Is Sensitive to
Replacement of Specific Variant Residues with Alanine.
Modulators of Pgp either directly compete for the substrate
site(s) or indirectly modulate substrate binding through
allosteric interaction, either of which can be studied using a
radiolabeled photoaffinity compound, ['?°I]-
iodoarylazidoprazosin (['**I]IAAP).”® Unlike most other

2856

modulators, such as cyclosporine A that directly blocks
substrate binding, the thioxanthene-based allosteric modulator
cis-(Z)-flupentixol prevents substrate dissociation, resulting in a
dramatic increase in the level of Pgp—['>’I]IAAP interac-
tion.””* To identify the molecular determinants of this
allosteric effect, we generated single-alanine substitutions at
21 variant positions in the COOH-terminal TM regions
(Figure 1) and studied their impact on the stimulatory potential
of cis-(Z)-flupentixol on ['*I]IAAP binding (Figure 2A).
Multiple-sequence alignment of closely related mammalian
homologues revealed that 60% of the amino acid residues in the
TM regions of Pgp remained strictly conserved during
evolution, suggesting their indispensability in maintaining the
native structure and physiological function of the protein. It is
reasonable to propose that the primary selective force behind
evolution of the invariant residues in human Pgp has been
preservation of transport function, whereas interaction of
modulatory drugs is relatively incidental. Modulators interact
with Pgp either by physically mimicking transport substrates or
through structural complementarity to allosteric sites with
modulatory function. Therefore, it is less likely that the key
components of allosteric modulator interaction, as opposed to
those of substrate recognition, remain confined mainly within
invariant (strictly conserved) residues. To identify residues
selectively involved in allosteric modulation and at the same
time preserve the normal function of the protein, we cautiously
restricted our target residues within amino acid positions that
were not strictly conserved.

Consistent with our previous finding, cis-(Z)-flupentixol
induced a concentration-dependent increase in the level of
binding of ['*I]TAAP to wild-type Pgp, which was progressively
alleviated at concentrations higher than 50 yM. The reduction
in the level of stimulation at higher concentrations can be
attributed to the presence of a secondary site of interaction for
cis-(Z)-flupentixol, with inhibitory potential, or to a nonspecific
membrane effect of high modulator concentrations. This is
reminiscent of the bell-shaped curves observed in the
stimulation of ATP hydrolysis by many Pgp-interacting
drugs.26’44 Most of the Pgp mutants that retained flupentixol-
mediated stimulation of [!*’IJIAAP binding, in our study,
demonstrated a similar decrease in the level of stimulation at
higher concentrations of the modulator. For identifying
residues that allosterically modulate substrate binding, we
exclusively focused on substitutions that affect the stimulatory
component of modulation.

As one can see in Figure 2A, none of the substitutions in
TM7 (G723A, 17194, F716A, and V715A) or TM8 (L7724,
F770A, I768A, 1765A, and 1764A) was critical for stimulation of
['*T]IAAP binding by cis-(Z)-flupentixol. On the other hand,
replacement of residues M948 (of TM11) and F983, V988,
M986, and Q990 (of TM12) abrogated the stimulatory effect,
suggesting that these residues were crucial in mediating the
modulatory action of cis-(Z)-flupentixol. Although alanine
substitution of T837 (in TM9) and 1864 (in TM10) also had
a recognizable effect, a >2-fold residual stimulation in each case
suggested that the residues were not indispensable for the
stimulatory action. A comparable level of basal binding of
['*T]IAAP to wild-type Pgp and Pgp mutants M948A, F983A,
V988A, M986A, and Q990A (Figure 2B) rules out the
possibility that the reduced level of stimulation in the mutants
is due to loss of ['**I]IAAP binding and not stimulation per se.

To investigate whether M948, Q990, F983, M986, and V988
are part of a general module involved in the regulation of

dx.doi.org/10.1021/bi201479k | Biochemistry 2012, 51, 2852—2866
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Figure 3. Inhibition of binding of ['*I]IAAP to Pgp mutants by cyclosporin A. Wild-type Pgp and Pgp alanine mutants in isolated membranes (10
ug of total protein) of insect cells were photoaffinity labeled with 5 nM ['*I]JIAAP in the presence of absence of varying concentrations of Pgp
modulator cyclosporin A. Labeled membranes (2.5 ug per lane) were subjected to SDS—PAGE, and radioactivity associated with Pgp was quantified
using a PhosphorImager. For wild-type Pgp and for each Pgp alanine mutant, the data were expressed as the percentage of the amount of ['**I]TAAP
bound in the absence of cyclosporin A. The data are averages of two independent experiments.

Table 1. Stimulation of ATP Hydrolysis by cis-(Z)-Flupentixol and Verapamil

maximal stimulation (x-

WT

V715A
V716A
I719A
G723A
1764A
I765A
1768A
F770A
L772A
T837A
I840A
I864A
I867A
A871F
T945A
MO948A
F983A
MOS6A
V988A
QY90A
V991A

“Mutants with <2-fold maximal stimulation (<25% of the wild-type level). “Activity too low to be analyzed.

cis-(Z)-flupentixol-mediated stimulation

fold basal)
7.3 £ 04

62 + 02
5.1 +02
4.6 + 0.08
53+03
45 + 04
496 + 0.2
48 +02
6.6 + 0.6
3.6 +02
1.1 + 0.06
40 +03
0.6 + 0.05
102 + 1.3
ND?

50 +03
ND?

495 + 0.36
3.8+03
3.0 £ 02
1.8 + 04
3.9 +02

stimulation (xM)

6.8 + 1.5

50 + 09
47 + 1.1
47 + 04
1093 + 2.7
41+2

2.3 + 047
12 + 043
109 + 3.9
2.96 + 0.9
ND?

256 + 6.5
ND?

723 + 185
ND?

13.7 £ 3.1
ND?

19.59 + 5.0
26+ 1.5
214 + 7.6
189 + 2.6
211 + 5.0

concentration for half-maximal
remark

verapamil-mediated stimulation

maximal stimulation (x-

fold basal)
5.6 + 0.19

6.4 + 037
ND?

5.8 + 0.26
54+ 0.1
32 + 026
ND?

4.8 +0.19
8.6 + 0.59
32 +0.11
2.6 + 0.1
6.9 + 0.2
41 £ 025
102 + 0.52
ND?

64 + 0.15
68 + 1.5
6.1 + 0.38
7.7 + 0.76
6.5 + 031
7.7 + 0.58
5.9 + 0.59

6.6 + 1.04

163 + 3.3
ND?

6.5 + 1.31
11.6 + 0.88
279 + 84
ND?

8.5 + 1.4
132 + 32
9.5 + 1.6
3.1+ 09
13.5 + 0.5
0.9 + 1.04
30.7 + 3.1
ND?

6.9 + 0.71
444 + 124
6.6 + 1.8
30.0 + 8.6
169 + 2.9
129 + 3.7
219 + 7.2

concentration for half-maximal
stimulation (4M)

remark

substrate binding or are molecular components specific to cis-

(Z)-flupentixol, we studied the effect of a structurally unrelated
Pgp modulator, cyclosporin A, on binding of ['*I]JIAAP to all
21 mutants. Cyclosporin A, a transport substrate for Pgp, is
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known to block ['*I]IAAP binding presumably through direct
competition.” Results showed no comparable effect on the

inhibitory potential of cyclosporin A by any of the substitutions,

with more than 75% inhibition observed in each case at a
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Figure 4. Effect of the single-amino acid substitutions on cis-(Z)-flupentixol-stimulated ATP hydrolysis. The vanadate-sensitive ATP hydrolysis by
the wild type and alanine-substituted Pgps was measured in the presence of varying concentrations (0—100 M) of Pgp modulator cis-(Z)-
flupentixol. For each TM helix, the cis-(Z)-flupentixol-stimulated ATPase activity of Pgp alanine mutants were compared to that of wild-type Pgp.
The data were expressed as fold stimulation of the basal activity as a function of cis-(Z)-flupentixol concentration. Each point represents the mean
value of the data obtained from three independent experiments. Data were analyzed by nonlinear regression using GraphPad PRISM 4.

modulator concentration as low as S uM (Figure 3). Although a
moderate effect was observed in Pgp mutants I1867A, A871F,
and V988A, none of the replacements proved to be absolutely
critical for inhibition by cyclosporin A (Figure 3). These results
established the specificity of the identified residues toward the
allosteric modulator cis-(Z)-flupentixol and ruled out any
nonspecific defect affecting modulator interaction in general.
Allosteric Determinants of ATP-Site Stimulation Are
Nonidentical but Overlapping with Those of Substrate-
Site Modulation. Many transport substrates and modulators
that are transported by P§p stimulate the rate of basal ATP
hydrolysis by the pump.**® Interestingly, cis-(Z)-flupentixol,
although not transported, effectively stimulates hydrolysis of
ATP by Pgp.*”** Although the mechanistic significance of this
futile cycle is yet to be understood, it underscores the allosteric
nature of the modulator. To determine whether ATP-site
modulation by cis-(Z)-flupentixol utilizes the same molecular
mediators required for modulation of substrate binding, we
studied the basal rate of ATP hydrolysis (Figure 1C) by all 21
mutants and its stimulation in the presence of the modulator
(Figure 4). Compared to the membrane vesicles prepared from
cells without Pgp expression, all the mutants showed detectable
levels of basal hydrolysis ranging from 3 to 9 nmol mg of
(membrane protein)™! min™' (Figure 1C), suggesting that
none of the substitutions abrogate ATP-site function. As
expected, cis-(Z)-flupentixol stimulated ATP hydrolysis by wild-
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type Pgp in a concentration-dependent manner, which was
completely inhibited by the transition-state analogue sodium
orthovanadate (data not shown). However, in the mutants, a
wide range of effects varying from no noticeable alteration to
almost complete loss of stimulation was observed (Figure 4).
To recognize residues that were absolutely critical for
stimulation, we focused primarily on those replacements that
mimicked the inhibitory effect of 0.3 mM sodium orthovana-
date (data not shown) and demonstrate <2-fold stimulation
over their basal activity (Tablel).

Similar to our observation for substrate binding, none of the
residues from TM7 (G723, 1719, F716, and V715) or TMS
(L772, F770, 1768, 1765, and 1764) was found to be essential
for stimulation of ATP hydrolysis by cis-(Z)-flupentixol (Figure
4). On the other hand, replacement of T837 (of TM9), 1864
(of TM10), M986 (of TM11), and Q990 (of TM12) severely
affected the stimulatory potential of the modulator. It is worth
mentioning that two of these four residues, M986 and Q990,
were equally critical for stimulation of ['*I]IAAP binding by
cis-(Z)-flupentixol, which suggested a nonidentical but over-
lapping footprint for the two modulatory activities induced by
the same allosteric modulator.

Residues Involved in ATP-Site Stimulation by
Verapamil Are Distinctly Different from Those by
Allosteric Modulator cis-(Z)-Flupentixol. To determine
the specificity of the residues identified as critical components

dx.doi.org/10.1021/bi201479k | Biochemistry 2012, 51, 2852—2866
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the determination of V,,, and K.

of ATP-site modulation by the allosteric modulator cis-(Z)-
flupentixol, we studied the stimulatory potential of a
structurally as well as functionally unrelated Pgp modulator,
verapamil, in all 21 mutants. Verapamil, a calcium channel
blocker that is efficiently transported by Pgp,*”*° is known to
inhibit transport of other substrates. As indicated in Figure S
and Table 1), alanine substitution at only two of 21 positions,
F716 (of TM7) and 1765 (of TMS8), disrupted stimulation by
verapamil. Although a moderate loss of stimulation was
observed in mutants L772A and 1764A, a >2-fold residual
activity in each case suggested that neither of the two residues
was indispensable. Interestingly, none of the replacements
affecting cis-(Z)-flupentixol-mediated stimulation (Figure 4)
had any significant effect on stimulation by verapamil (Figure
S), further suggesting the specificity of the identified residues
toward a particular modulator. This, however, was with the
exception of mutant A871F, which replaced a naturally
occurring alanine with a phenylalanine. The more general
effect evident in A871F most likely represented a local
structural perturbation caused by replacement of the methyl
side chain of alanine with a bulkier benzyl functional group of
phenylalanine. It was also noticeable that alanine replacement
at position T837, which incurred a complete loss of stimulation
by cis-(Z)-flupentixol, had a moderate effect on stimulation by
verapamil too, which was marginally 2-fold of the basal activity.
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Known Crystal Structures of Closely Related ABC
Transporters Allow Homology Modeling of Human Pgp.
To visualize where the mutated residues are located in the
three-dimensional environment of the protein, we performed a
molecular modeling study of human Pgp. We used the structure
of ABC exporter Sav1866 (Protein Data Bank entry 2HYD)
from the bacterium Staphylococcus aureus’' as a template to
model Pgp in a nucleotide-bound state. Sav1866 is 27%
identical and 42% similar to Pgp in overall sequence, based on
an optimal alignment of the two sequences. The degree of
sequence identity or similarity in the NBD regions is
considerably greater than in the TMD, and this degree of
sequence similarity permits homology models of both NH,-
and COOH-terminal NBDs to be built directly on the basis of
the Sav1866 crystal structure, which was crystallized in an
NBD-closed conformation in the presence of ADP (ADP-
bound model). Molecular modeling is the process of
integration of existing knowledge and therefore represents a
powerful tool for generating hypotheses for further exper-
imental verification. However, atomic models generated by this
process are not crystal structures and thus contain errors. The
accuracy of a model is largely dependent on sequence similarity
and the quality of the template. Although the human Pgp
model for the ADP-bound form is based on the high-resolution
crystal structure of bacterial transporter Sav1866, its accuracy in
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Figure 6. Spatial distribution of targeted residues and residues critical for modulation of human Pgp in the nucleotide-free and ADP-bound
conformations. The transmembrane regions of the ADP-bound (A—C) and nucleotide-free (D—F) Pgp models are depicted in isolation from the
nucleotide binding domains. (A and D) The amino acid residues subjected to alanine substitution are colored purple and viewed parallel to the plane
of the lipid bilayer. (B, C, E, and F) Amino acid residues with a modulator-specific contribution are colored different shades of green [for cis-(Z)-
flupentixol] and red or pink (for verapamil), for both ADP-bound (B and C) and nucleotide-free (E and F) conformations, viewed parallel (B and E)
and perpendicular (C and F) to the plane of the lipid bilayer from the extracellular side. The NH,-terminal TM helices are colored orange (surface
contour), while the COOH-terminal helices are colored blue (ribbon). The lipid-embedded portion of Pgp is highlighted in panels A and D with

parallel lines.

the TMD may suffer because of the low level of sequence
similarity. The accuracy of the Pgp model in the nucleotide-free
state may also be compromised because of the low-resolution
template. Nevertheless, these models can still provide a three-
dimensional context for our biochemical results and provide
guidance for new experiments.

Because the degrees of sequence similarity for the TMD
regions between Pgp and Sav1866 are considerably lower and a
correct homology model is largely dependent on a correct
sequence alignment, the TMD models constructed on the basis
of the initial sequence alignment required incorporation of
structural knowledge known to integral membrane proteins and
knowledge-based modeling, making the modeling process for
the two TMD:s an iterative one. A survey of known membrane
protein structures that were determined at high resolution
showed that lipid-facing residues of a TM helix are very
hydrophobic and often nonconserved.* Thus, the approach we
employed in aligning Pgp sequence in the TM helices with the
sequence of those of Sav1866 was to calculate the LIPS score,
which is a product of lipophilicity and Shannon sequence
entropy, for each position on a TM helix to ascertain the
correct assignment of residues to transmembrane helices.* For
each alignment, residues mapped to a TM helix were grouped
into three categories: lipid-facing, interior cavity-facing, and
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hydrophobic core. The LIPS score for each residue was
calculated. These scores were combined for each category of
residues. The highest combined score for lipid-facing residues
often indicates an optimal sequence alignment for the TM
helix. The final Pgp model with ADP bound in a NBD-closed
state was built by combining the two halves together based on
the dimeric Savl866 structure.’’ A representation of the
resulting Pgp model is given in Figure 6A—C. The model lacks
the 32 NH,-terminal residues and four COOH-terminal
residues; it also is missing the entire linker region of 61
residues between G632 and 1692. The model is considered to
be in a conformation with the substrate binding pocket of the
TMDs accessible to extracellular space and the NBDs tightly
associated with bound ADP molecules. Additionally, the
structure of mouse ng6 gave us the opportunity to construct
a human Pgp model in an NBD-open state (also termed the
nucleotide-free conformation) (Figure 6D—F). Because the
sequences from the two species are 87% identical, it permitted
direct homology modeling for both NBDs and TMDs.
Residues Critical for the Functional Modulation of
Pgp Form Modulator-Specific Clusters at the Lipid—
Protein Interface. When the mutated residues in TM7 (V715,
F716, 1719, and G723) and TMS (1764, 1765, 1768, F770, and
L772) were mapped onto the three-dimensional ADP-bound
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Figure 7. Surface contour diagram depicting the portal and the lipid-facing side pocket in relation to the modulator-specific residues. (A) Close-up
view from parallel to the plane of the lipid bilayer of the TM regions, in the nucleotide-free state of Pgp, depicting the portal formed by a split
between TM12 and TMI10 and -11. (B) Same as panel A, except in the ADP-bound conformation showing formation of a side pocket with
modulator-specific residues located inside it. (C) ADP-bound conformation with an ~15° clockwise rotation around the axis perpendicular to the
plane of the lipid bilayer. The model shows part of TM10 removed to better visualize the modulator-specific residues located inside the side pocket.
(D) View of panel B from the extracellular side of the membrane perpendicular to the plane of the lipid bilayer. The amino acid residues critical for
cis-(Z)-flupentixol interaction (T837, 1864, M948, F983, V988, M986, and Q990) are colored different shades of green and for verapamil red (F716

and 1765) or pink (1764 and L772).

model, it became clear that they were located in the membrane-
buried region of the structure near the inner leaflet of the
bilayer (Figure 6A,D). However, the residues with a critical role
in verapamil-mediated stimulation of ATP hydrolysis, F716 and
1765, both faced the lipid bilayer (Figures 6B,C and 7B,C),
suggesting that verapamil might interact with these residues on
the outer surface of Pgp to stimulate ATPase activity.
Consistent with that, residues L772 and 1764 (of TMS),
which when replaced with alanines had a moderate but
recognizable effect on stimulation by verapamil (Figure $),
were found to be located in the vicinity of the F716—1765 pair,
with a similar lipid-facing orientation (Figures 6B,C and 7B,C).
The nucleotide-free model of Pgp displayed the same lipid-
facing distribution for all four residues (Figures 6E,F and 7A).
It is worth mentioning that residue F716 was positioned in the
ADP-bound structure at the split of the two bundles of TM
helices, which might be part of a substrate exit or entry pathway
(Figure 7B,C). Because verapamil is a transport substrate of
Pgp, this transition of F716 to a spatial orientation closer to the
split could be related to its subsequent transfer to the central

drug binding cavity.
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Mutations in TM10 (1864, 1867, and A871), TM11 (T945
and M948), and TM12 (F983, M986, V988, Q990, and V991)
were similarly mapped to the three-dimensional models and
found to be located also in the membrane-buried portion of
Pgp, but relatively more toward the outer leaflet of the bilayer
(Figure 6B). In that ADP-bound form, TM10, TM11, and
TM12 grouped together, creating a side pocket (Figure 7B,C)
that was in direct contact with the membrane lipid bilayer. Four
of the seven residues essential for interaction with cis-(Z)-
flupentixol, 1864, M948, M986, and V988, were found to be
located within this lipid-facing side pocket (Figure 7C),
whereas the other three, Q990, F983, and T837, although
part of the same cluster, were oriented toward the central cavity
(Figure 7D). In the nucleotide-free model, TM10 and TM11
remained separated from TM12, turning that side pocket into a
portal (Figure 7A), through which substrates could gain access
to the central cavity of Pgp. The formation of the portal splits
the flupentixol-specific cluster, distancing the 1864—M948 pair
from residues M986 and V988 in TMI12 (Figure 6B,E).
Reorientation of TM12 associated with the phenomenon leaves

dx.doi.org/10.1021/bi201479k | Biochemistry 2012, 51, 2852—2866
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Figure 8. Negative synergism between the stimulatory effects of cis-(Z)-flupentixol and verapamil on ATP hydrolysis. ATP hydrolysis by the wild
type and Pgp mutants I864A, Q990A, and I765A, in isolated membrane vesicles, was conducted either after preincubation with S0 M verapamil
(top) or with S0 uM cis-(Z)-flupentixol (bottom) followed by incubation with increasing concentrations of cis-(Z)-flupentixol (top) or verapamil
(bottom), using the vanadate-sensitive phosphate release assay. Data are expressed as fold stimulation of the basal ATPase activity observed for
respective Pgp mutants or the wild type. Each set represents averages of three independent experiments.

all cis-(Z)-flupentixol-specific residues in a lipid-facing
orientation except for residues M986 and T837 (Figure 7A).
The Modulator-Specific Sites Demonstrate Negative
Synergism in ATP-Site Stimulation. It became apparent
after mapping the modulator-specific residues in the three-
dimensional model of Pgp that the interaction sites for cis-(Z)-
flupentixol and verapamil were spatially distinct from each
other. To understand the interrelationship between these two
sites, we studied the combined effect of both modulators on
activation of the ATP site. As one can see in Figure 8 (top left),
although both modulators stimulated ATP hydrolysis in-
dependently, the verapamil-stimulated ATP hydrolysis in
wild-type Pgp was effectively antagonized by cis-(Z)-flupentixol
in a concentration-dependent manner, with a 50% reduction of
the level of stimulation observed at a cis-(Z)-flupentixol
concentration of SO yM. On the other hand, 50 uM cis-(Z)-
flupentixol, by itself, had a stimulatory effect on the basal
ATPase activity, which was similarly blocked by increasing the
concentration of verapamil (Figure 8). This suggested a
negative synergism between the stimulatory signals generated
by the two modulators. To positively establish that the
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observed synergism is an outcome of specific interactions of
the modulators at their respective sites identified in our study,
the effects of both cis-(Z)-flupentixol-specific and verapamil-
specific mutants on the phenomenon were tested. As one can
see in the top panels (middle and right) of Figure 8, the
negative synergistic effect of cis-(Z)-flupentixol on verapamil-
stimulated ATP hydrolysis was considerably compromised in
I864A and Q990A, Pgp mutants defective with respect to ATP-
site stimulation by cis-(Z)-flupentixol. Reciprocally, the
inhibitory effect of verapamil on cis-(Z)-flupentixol-mediated
stimulation of the ATP site was obliterated in the verapamil-
specific Pgp mutant I765A (Figure 8, bottom right). The data
suggest that although the two sites are spatially distinct, their
communication with the ATP sites cannot process in parallel to
generate an additive effect.

B DISCUSSION

Human Pgp interacts with an inordinately broad spectrum of
structurally unrelated compounds, some of which are
recognized as transport substrates and the others act as

dx.doi.org/10.1021/bi201479k | Biochemistry 2012, 51, 2852—2866
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functional modulators. Although biochemical analysis** and
structural studies® reveal the presence of a central drug binding
cavity within the membrane-embedded region acting as a
polyspecific drug recognition module, the facts that Pgp-
interactin§ drugs are directly recruited from the lipid
bilayer'”™*" and several of them act allosterically**~> opened
up the possibility of additional sites outside the central cavity.
In agreement with that, recent reports have pointed out the
existence of “gates” or “portals” at the TMD interfaces allowing
drug molecules to enter and exit the central cavity with
appreciable degrees of physicochemical specificity.”*~>>>>
However, the interaction sites for modulators acting allosteri-
cally remained to be mapped. In this study, combining alanine
substitution mutagenesis with molecular modeling, we identify
two spatially distinct modulatory sites at the lipid—protein
interface of Pgp, outside the central drug binding cavity and
distinct from the sites identified at the TMD interfaces, that are
involved in the functional regulation of ATP hydrolysis and
substrate binding.

The versatility in multidrug recognition by Pgp has been
attributed to multiple, but overlapping, drug interaction sites
within the drug translocating pathway (including the central
drug binding cavity and at the TMD interfaces) with induced-fit
recognition capability.”>>®> However, the fact that certain
pharmacological agents modulate Pgp function yet are not
transported”* instigated our hunt for allosteric site(s). Among
the Pgp modulators with allosteric modes of action,
thioxanthene derivative cis-(Z)-flupentixol has been relatively
well characterized, and its mechanistic distinctness with
modulators that are transport substrates, such as verapamil
and cyclosporin A, is well established;*>**®5%5 however, the
molecular basis of their different modes of action remained to
be resolved.

By targeting only 21 variant positions in the COOH-terminal
TM regions of Pgp (Figure 1), we identify five residues (M948,
F983, M986, V988, and Q990) that play a crucial role in
substrate-site modulation by cis-(Z)-flupentixol (Figure 2).
These residues cluster within a 10 A radius of each other,
outside the central drug binding cavity (Figure 6), demarcating
the region as a potential site of interaction for the allosteric
modulator. Because none of those residues prove to be critical
for substrate (['*I]JIAAP) binding (Figure 2B) or its
modulation by cyclosporin A (Figure 3), a modulator that is
efficiently transported by Pgp,*” it reemphasizes the allosteric
nature of the site.

Interestingly, two of the residues found to be crucial for
substrate-site modulation, M948 and Q990, also contribute
critically to the modulation of ATP hydrolysis by the same
modulator (Figure 4), which emphatically labels the cluster as a
major interaction site for cis-(Z)-flupentixol. This is further
supported by the fact that the two additional residues found to
be essential for ATP-site modulation, 1864 and T837 (Figure
4), map either within or in the vicinity of the cluster (Figure 6).
It is debatable, however, whether the cluster represents an
actual footprint of the interacting modulator or is a
congregation of residues critical for transmitting modulatory
changes. Because replacement of these residues dramatically
reduces the maximal level of stimulation (V,,,,), it is more likely
that their contribution extends beyond being physical contacts
for binding. We cautiously propose that allosteric communica-
tions with the ATP and substrate sites require one or more
intermolecular (modulator—Pgp) recognition events and intra-
molecular (within Pgp) rearrangements that are sensitive to
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side chain replacements at these locations. Because M948 and
Q990 prove to be equally important for ATP- and substrate-site
modulation (Figures 2 and 4), their side chains could be part of
a core component responsible for modulator recognition.

It is noteworthy that, although the molecular signatures for
ATP-site and substrate-site modulation by cis-(Z)-flupentixol
overlap, they are not identical. Substitutions F983A, M986A,
and V988A completely abrogate stimulation of substrate
binding (Figure 2) with only modest effects on ATP-site
stimulation (Figure 4), which indicates that the two modulatory
events are not tightly coupled to each other. Similarly, a
reciprocal effect was evident in T837A and 1864A, where a 3—
4-fold stimulation of substrate binding was retained (Figure 2)
even though ATP-site stimulation was almost abrogated
(Figure 4). This defines the cis-(Z)-flupentixol-specific cluster
as a point from which allosteric communication diverges
toward the ATP binding domain and the substrate binding site.
In our opinion, the distinction between the molecular players
involved in ATP- and substrate-site modulation by the same
Pgp modulator is a significant step toward understanding the
molecular mechanism of allosteric communication between the
different functional domains of Pgp.

In the same context, the spatial distinctness of the cis-(Z)-
flupentixol-specific cluster from the central drug binding cavity
is particularly significant. This perhaps explains why cis-(Z)-
flupentixol does not compete with ['*I]JIAAP binding.
['®IJIAAP is a transport substrate of Pgp™ and is likely to
bind at the central drug binding cavity. Photoaffinity labeling
with ['*T]IAAP and identification of the labeled peptides have
identified a major site of ['*’I]IAAP interaction in the COOH-
terminal TM region of Pgp, which spans residues 758—800>
encompassing TMS. Interestingly, none of the five TM8
residues targeted in our study proved to be critical for the
modulation of cis-(Z)-flupentixol interaction (Figures 2A and
4), supporting the allosteric nature of the interaction of
flupentixol with Pgp.

On the other hand, the specificity of the cis-(Z)-flupentixol-
selective residues, identified in this study, is remarkable; none
of them proved to be essential for modulation by verapamil or
cyclosporin A (Figures 3 and S), modulators that are Pgp
transport substrates. Instead, verapamil-mediated stimulation
was sensitive to changes at positions F716 and 1765 (Figure S),
neither of which mapped within the cis-(Z)-flupentixol-specific
side pocket (Figure 7) or proved to be essential for modulation
by cis-(Z)-flupentixol (Figures 2 and 4). The fact that the
residues involved in ATP-site modulation by the two types of
modulators are not identical and remain spatially separated
from each other strongly argues against a unifying mechanism
orchestrating TMD—NBD crosstalk. However, the negative
synergism between the action of cis-(Z)-flupentixol and
verapamil in influencing ATP hydrolysis (Figure 8) suggests
that, although the sites for the two modulators are spatially
distinct from each other, the stimulatory signals must eventually
converge prior to activation of the ATP site. Independent
crosstalk with the NBD by the two modulatory sites would
have resulted in an additive effect of the two stimulatory drugs.
The fact that when one modulator antagonizes the other it
reduces the level of stimulation to a level lower than that
achieved individually by the respective modulators while acting
alone (Figure 8, top left and bottom left) conclusively rules out
the possibility of any physical competition between them for
interaction with Pgp.
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Given the fact that cyclosporin A is a dodecapeptide, it is
noteworthy that none of the 21 targeted residues proved to be
essential for cyclosporin A-mediated inhibition of ['*I]JIAAP
binding. The noninvolvement of the COOH-terminal TM
residues in modulation by cyclosporin A is, however, consistent
with the fact that the only cyclosporin A interaction deficient
mutation identified to date is a deletion at position F335, which
is in the NH,-terminal TM region.*® Although photolabeling
with a diazirine derivative of cyclosporin A claimed the peptide
fragment spanning residues 953—1007 as the major site of
labeling, the lack of sequence information about the peptide
did not conclusively rule out other possibilities. Using a
completely different approach involving thiol-reactive deriva-
tives and specifically engineered cysteine residues in a cysteine-
less Pgp, binding sites for verapamil and rhodamine have been
mapped primarily within the central drug binding cavity of
Pgp.**! In contrast, the verapamil-specific residues, identified
in this study, mapped outside the central drug binding cavity
and oriented toward the lipid face under both conformational
states (Figures 6 and 7) of Pgp. We propose that F716 and
1765 could be part of a module involved in the specificity check
during the recruitment of verapamil from the lipid bilayer,
whereas those identified by D. Clarke’s group constitute the site
of subsequent interaction critical for stimulation of ATP
hydrolysis.

It is remarkable that both modulators, cis-(Z)-flupentixol and
verapamil, have interaction sites at the lipid—protein interface
of Pgp. The importance of the lipid—protein interface in the
functional regulation of membrane transporters and channels is
gradually unfolding. Integral membrane proteins, at their outer
surface, intimately interact with the bilayer through annular
lipids, in both specific and nonspecific manners.”> Specific
interactions between protein surface residues and annular lipids
often play determining roles in protein structure and function®®
and in interaction with pharmacological agents.’* The
antimalarial compound quinacrine noncompetitively binds to
the nicotinic acetylcholine receptor® through its lipid—protein
interface®”’ and regulates channel activity.”® Similar inter-
action sites for general anesthetics have been identified at the
lipid—protein interface of the synaptosomal Ca**-ATPase.’”’
Although it has been long established that Pgp recruits its drug
substrates and modulators directly from the lipid bilayer and
membrane lipid composition largely dictates Pgp function,”
experimental data and structural studies primarily highlighted
the central drug binding cavity and portals at the TMD
interfaces as major sites for substrate and modulator
interaction.%* Against the backdrop of this widely accepted
notion, our mutagenesis study revealing the lipid—protein
interface as a critical component of modulator interaction and
modulator selectivity opens up new possibilities. A lipid-facing
drug binding cavity with modulatory properties has been
identified in the structure of the glycine a-1 receptor,”" and a
physically separated allosteric site for NMDA antagonist
dizoclipine has been described in the acetylcholine receptor;”*
however, to the best of our knowledge, the spatial identity of
such sites has never been reported for any multidrug
transporter or any ATP-binding cassette transporters. Given
the susceptibility of multidrug transporters to functional
modulation by membrane lipid composition as well as
membrane soluble xenobiotics, recognition of modulatory
sites at the lipid—protein interface of Pgp is mechanistically
unraveling.
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