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ABSTRACT: Reduced intracellular drug accumulation due to the activity of the drug efflux pump ABCB1

is a major mechanism in the resistance of cancer cells to chemotherapy. ABCB1 is a poly specific transporter,
and the molecular mechanism of its complex translocation process remains to be elucidated. To understand
the process will require information on the regions involved in drug binding and those that couple this
event to nucleotide hydrolysis. The present investigation focuses on the cytosolic region of transmembrane
helix 6 (TM6), which has been widely attributed with a central role in the translocation process. A series
of ABCB1 isoforms containing a unique cysteine within TM6 was constructed and the resultant pro-
teins purified and reconstituted. Accessibility of the cysteines to covalent modification by maleimide reagents
was measured for the basal, ATP bound and vanadate trapped conformations of each isoform. Residues
at the two extremes of the TM6 region examined (amino acids 344 to 360) were considerably more
accessible than the central segment, the latter of which also failed to undergo significant conformational
changes during the catalytic cycle. Covalent modification of the cytosolic segment of TM6 did, however,
attenuate drug stimulation of ATP hydrolysis and demonstrates an important role for this segment in
coupling drug binding to ATP hydrolysis during translocation.

Cancer cells either inherently display or develop a
resistance to the majority of anticancer drugs used in the
clinic. The resistant phenotype is borne of a number
of cellular and multicellular mechanisms, and the presence
of drug efflux pumps on the cell surface provides a first
line of defense (1). The efflux pumps associated with cancer
resistance belong to the ATP binding cassette (ABC1) family
of transporters (1–3) and display an ability to interact with
an incredibly large number of pharmacological agents. In
fact, the ABCB1 (P-glycoprotein) transporter is known to
interact with over 200 drugs, a feature that has been described
as poly specificity (4). Two other members (ABCC1 and
ABCG2) make up the triumvirate of multidrug efflux pumps,
and despite their poly specificity, the transporters display only
a low degree of substrate overlap. Each of the transporters

generates the poly specificity through the provision of
multiple pharmacologically distinct sites for drug interaction
(5–7). The complex nature of drug–protein interactions for
multidrug efflux pumps has been a contributing factor to the
lack of development of specific inhibitors capable of
overcoming their actions.

The most intensively studied multidrug transporter is
ABCB1, and this protein has been shown to display a
minimum of four distinct drug binding sites, which are
allosterically linked to each other (8–11). However, drug
binding represents only an initial step in the overall drug
translocation process, which shows additional allostery
between the drug binding sites and the NBDs, coupling
nucleotide hydrolysis in order to maintain an active process.
ABCB1 contains two NBDs, each of which is both essential
for drug transport and capable of mediating ATP hydrolysis
(12–15). However, there is controversy regarding the stoi-
chiometry of coupling and whether both NBDs are involved
in each translocation event (16–21). There is considerable
evidence for a two-way communication between the NBDs
and the drug binding sites within the transmembrane domains
(TMDs). For example, a number of transported substrates
and inhibitors of ABCB1 are able to modulate the maximal
rate of ATP hydrolysis (22–24). Similarly, the binding of
ATP analogues, or trapping the protein with ADP and
vanadate, causes considerable conformational changes within
the TMD as demonstrated through low resolution structural
analyses (25–27). These conformational changes impact on
the translocation process by varying substrate binding site
conformations between a high affinity inward facing to a
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low affinity outward facing orientation (28). Yet many
unanswered questions remain regarding the mechanism of
drug translocation by ABCB1, including (i) the location of
the drug binding sites, (ii) regions involved in coupling to
the NBDs, and (iii) whether coupling is funneled through a
single pathway common to all transported drugs, or through
several routes specific to each binding site.

Numerous attempts have been made to elucidate which
transmembrane helices are involved in the translocation
process, in particular those contributing to the drug binding
site(s). Approaches have involved the use of photoactivatable
drug analogues, naturally occurring mutant isoforms, directed
mutagenesis, and cysteine scanning mutagenesis (29–36).
Perturbation of transmembrane helix six (TM6) was com-
monly employed, and this segment has been widely impli-
cated in mediating drug binding or contributing in some
manner to the translocation pathway (37–41). Previous
investigations from our laboratories focused on the extra-
cellular half-of TM6 (TM6EXT) to generate topography for
the helix and to describe the functional roles of residues along
it (42, 43). The residues along this segment of the helix (i.e.,
331 to 343) were assessed for accessibility to covalent
modification and the topography interpreted using an initial
homology model for ABCB1. Moreover, TM6EXT was not
involved in drug binding per se, but was able to influence
the basal (i.e., drug free) rate of ATP hydrolysis, thereby
indicating an important role in the translocation process. In
addition, TM6EXT underwent considerable alteration when
ABCB1 was switched between conformations dictated by the
ATP hydrolytic process and the nature of the change was
suggested as a helical tilting (42).

Clearly, TM6 plays a crucial role in the drug translocation
mechanism of ABCB1 and the present investigation focuses
on residues in the cytoplasmic half of the helix (TM6CYT)
and in the helical extension, or intracellular domain, linking
TM6 to the N-terminal NBD. The topography of this region
is described for the basal, nucleotide bound, and vanadate
trapped conformations of ABCB1 to fully ascertain the role
of this key helix in the overall multidrug translocation
mechanism.

MATERIALS AND METHODS

Materials. Coumarin- (CM), fluorescein- (FM), and BO-
DIPY-maleimide (BM) were purchased from Molecular
Probes (Leiden, NL). The Ni-NTA His-Bind Superflow resin
and octyl-�-D-glucoside were obtained from Merck Bio-
sciences (Nottingham, UK). Insect X-press and Excell 405
insect cell tissue culture media were purchased from Cam-
brex BioScience (Nottingham, UK) and AMS Biotechnology
(Abingdon, UK), respectively. Vinblastine sulfate, nicar-
dipine hydrochloride, cholesterol, adenosine triphosphate
magnesium salt, adenosine 5′-(�,γ-imido)triphosphate te-
tralithium salt hydrate (AMP-PNP), and sodium orthovana-
date were all obtained from Sigma (Poole, UK). Crude
Escherichia coli lipid extract was purchased from Avanti
Polar Lipids (Alabaster, USA). [125I]-Iodoarylazidoprazosin
(81.4 TBq/mmol) was obtained from Perkin-Elmer LAS
(Beaconsfield, UK).

Cell Culture. Single cysteine containing mutant isoforms
of ABCB1 (S344C, V345C, G346C, Q347C, S349C, A354C,
and G360C) were constructed as previously described (44)

using site directed mutagenesis with the Altered Sites II
(Promega) or the QuickChange (Stratagene) systems. All
mutagenesis employed the cysteine-less protein as a template,
which bears a C-terminal hexahistidine tag (24). The cDNA
for each isoform was used to generate recombinant bacu-
lovirus in the Sf9 insect cell line (24). Trichplusia ni (High-
5) insect cells grown as shaking cultures were infected with
the final high titer, purified recombinant baculovirus at a
multiplicity of infection of 5–10, for a period of 72 h (for
optimal ABCB1 expression (24)) prior to harvesting by
centrifugation (2000g, 10 min).

Protein Production. Crude membrane fractions were
obtained from the infected High-5 cells using four rounds
of nitrogen cavitation (20 min, 4 °C, and 1500 p.s.i N2) and
sucrose density ultracentrifugation (100,000g 60 min) as
previously described (24). The harvested crude membranes
were immediately frozen and stored at -80 °C for up to six
months. ABCB1 was solubilized from the membranes with
2% (w/v) octyl-�-D-glucoside in the presence of 0.4% (w/v)
crude lipids (4:1 E. coli lipids:cholesterol) and purified with
immobilized metal affinity chromatography. The chroma-
tography with Ni-NTA His-Bind resin was achieved using
a gravity flow system as previously described (24). Elution
of the protein was achieved with a step gradient of imidazole
(5–250 mM) and the purified ABCB1 immediately reconsti-
tuted into E. coli lipids:cholesterol vesicles by specific
adsorption of detergent onto SM-2 BioBeads. Successful
reconstitution of ABCB1 was routinely assessed with relative
migration of lipids and proteins through a discontinuous
sucrose density gradient (24). Purified, reconstituted ABCB1

was used immediately or snap frozen and stored at -80 °C
with a less than 15% drop in activity over a 15-month period.

ATPase ActiVity. The ATPase activity of all ABCB1

isoforms was determined using an adaptation (24) of the
colorimetric assay described by Chifflet et al. (45) to measure
inorganic phosphate liberation. Proteoliposomes (0.2–0.5µg)
were incubated with varying ATP concentrations (0–2 mM)
in the presence or absence of drug substrate (30 µM
vinblastine) or modulator (10 µM nicardipine) as previously
detailed (42). This assay was used to determine the affinity
constant for ATP (KM) and the maximal enzyme activity
(Vmax) by Michaelis–Menten analysis under basal (drug free)
or drug stimulated conditions. The parameters were obtained
by nonlinear least-squares regression of the following equa-
tion: V ) (Vmax · [S])/(KM + [S]), where [S] is the concentra-
tion of ATP.

The second type of assay was used to characterize drug
interaction with the protein to ascertain the potency (EC50)
and degree to which ATPase activity could be stimulated.
Proteoliposomes (0.2–0.5 µg) were incubated with a constant
ATP concentration (1.75 mM) and varying drug concentra-
tions (10-9 to 10-4 M) as previously described (42). The
activity was plotted as a function of drug concentration and
the drug potency ascertained by nonlinear regression of the
general dose-response equation: V ) Vmin + (Vmax - Vmin)/
(1 + 10logEC50-[S]), where Vmin is the minimal ATPase activity,
Vmax is the maximal activity, and [S] is the ATP concentration.

Cysteine Labeling of Mutant ABCB1 Isoforms. The mutant
ABCB1 isoforms were reacted with maleimide probes to
ascertain the accessibility of the introduced cysteine residues.
Three thiol-reactive fluorescent maleimide probes with
distinct physicochemical properties were used: fluorescein-
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maleimide (hydrophilic), courmarin-maleimide (hydropho-
bic), and BODIPY-maleimide (zwitterionic). The procedure
has been described in more detail previously (42). Briefly,
purified reconstituted ABCB1 (1.5–3 µg) was incubated with
at least a 100-fold molar excess of probe to ensure comple-
tion of the reaction and to prevent ligand depletion. Reaction
with each maleimide probe was undertaken with ABCB1 in
the basal, AMP-PNP bound (prehydrolytic), and vanadate
trapped (posthydrolytic) conformations to assess conforma-
tional changes during the catalytic cycle of the transporter
(42). In order to quantify the extent of labeling with
maleimide probe, each isoform was compared to the highly
reactive 324C protein. The latter contains a cysteine residue
introduced into a highly accessible extracellular loop in the
protein. The extent of labeling was assessed by fluorographic
densitometry following SDS-PAGE using the BioDocIt gel
imaging system containing an UV light source. Labeling
intensity (L) was plotted as a function of time and the
maximum extent (Lmax) and half-life (t½) for the reaction
determined by nonlinear regression of the exponential
association curve: L ) Lmax · (1 - e-kt), where k is the
association rate constant (t½ ) ln 2/k).

To assess the effects of covalent modification on function,
the TM6 mutant isoforms were labeled to near completion
with coumarin-maleimide prior to functional assessment of
ATPase activity. The individual half-lives were used to
approximate the time required to reach 90% labeling ef-
ficiency with coumarin-maleimide. Following labeling, the
reconstituted samples were separated from the unbound probe
by ultracentrifugation (100,000g, 20 min, 4 °C).

Photoaffinity Labeling of Mutant ABCB1 Isoforms: Effect
of CoValent Modification by CM. Drug binding to purified,
reconstituted ABCB1 was assessed by measuring the dis-
placement of the photoactive modulator [125I]-iodoarylazi-
doprazosin ([125I]-IAAP). Proteoliposomes (0.25 µg) were
incubated with 10 nM [125I]-IAAP in the presence of
nicardipine (30 µM) or vinblastine (100 µM) in a total
volume of 30 µL for 2 h at 21 °C under subdued light. The
samples were cooled for 10 min on ice and UV irradiated
(100W, 5 cm, λ ) 265 nm) for 7 min. Laemmli sample
buffer (5×) was added and protein resolved by SDS-PAGE.
The amount of [125I]-IAAP bound to ABCB1 was determined
by densitometry of autoradiograms. All values were ex-
pressed as a ratio of the amount bound in the absence of
drug.

Modeling ABCB1 Single Cysteine Isoforms. The palmitoy-
loleoyl-phosphatidyl-ethanolamine embedded closed-state
and semiopen state homology models of ABCB1 developed
by O’Mara and Tieleman (46) were used in this analysis
and represent the nucleotide-free state (semiopen model) and
the ATP bound state (closed model), respectively (46).
Although the semiopen model was constructed using ele-
ments of both MalK and Sav1866, it has been shown that
the NBD:ICL interface (which was constrained during the
modeling process (46)) is at least partially preserved during
the transition from nucleotide free to nucleotide bound sates
of P-gp (47). The effects of the experimental single cysteine
point mutations were examined by computationally mutating
the corresponding residues of the two ABCB1 homology
models in SPDBViewer, prior to energy minimization (48).

Data Analysis. Nonlinear least-squares regression analysis
was undertaken using the GraphPad Prism4 program. Three

independent sample points were considered the minimum
data set for analyses. The means of two samples were
compared with a Student’s t-test, whereas multiple sample
comparisons with a control were done with ANOVA using
a Dunnett’s posthoc test. A P-value <0.05 was considered
statistically significant.

RESULTS

Purified ABCB1 Isoforms. The purified, reconstituted ABCB1

isoforms containing a single cysteine residue in the cyto-
plasmic half-of TM6 (TM6CYT) and its predicted cytosolic
extension were all purified to approximately 90% with similar
yields in the range 0.5–1.0 mg protein per liter of cultured
High-5 cells. The cysteine-less isoform of ABCB1 (24), which
is used as the reference protein for subsequent topographical
investigations exhibited a basal Vmax of 0.48 ( 0.10 µmol/
min/mg (KM ) 0.54 ( 0.05 mM). This activity was
stimulated 2.85-fold by the modulator nicardipine to a Vmax

of 1.37 ( 0.19 µmol/min/mg, with no significant change in
the affinity constant for ATP (KM ) 0.38 ( 0.03 mM).
Cysteine-less ABCB1 is functionally identical to the wild-
type protein and justifies its use as a reference point to assess
the effects of TM6 mutations (24). The effects of introducing
a single cysteine at positions in the TM6CYT have been fully
detailed in a previous paper (44), and none of the introduc-
tions abrogates the ability of ABCB1 to perform drug
stimulated ATP hydrolysis. These studies have additionally
demonstrated that none of the ABCB1 single cysteine
mutations in TM6 confers impaired drug binding, suggesting
that the residues mutated do not make a significant contribu-
tion to the initial drug–protein interaction (44). However,
there was some evidence (i.e., altered potency and degree
of ATPase stimulation by drugs) that the TMD:NBD
communication was perturbed in some of the TM6CYT

mutations.

Use of a Chemical Labeling to Probe Local EnVironment
and Conformational Changes in the Intracellular Half and
Cytoplasmic Extension of TM6. The focus of our present
investigation was to extend previous studies (24) and to
describe the topography of TM6CYT and how it changes as
the protein progresses through the catalytic cycle. Three
distinct states of the catalytic cycle were examined for
accessibility to covalent labeling with CM (hydrophobic
probe), FM (hydrophilic probe), and BM (zwitterionic probe).
The cysteine-less isoform was again used as a control for
nonspecific probe interaction, and we observed negligible
labeling for FM, marginal labeling with BM, and a significant
nonspecific association with CM (presumably driven by the
hydrophobicity of this molecule). For each isoform, we
determined the accessibility of each probe in the absence of
drugs (“basal conformation”), as well as in the AMP-PNP
bound state (representative of the prehydrolytic conforma-
tion) and in the presence of ADP-Vi (post hydrolytic state),
which are known to be structurally distinct in ABCB1 (26, 27).
Figure 1a shows a representative example for the efficiency
of labeling V345C with CM in the basal conformation. The
positive control lane refers to labeling of the G324C isoform
for 300 min and was assigned a value of 100%. The data
were quantified by densitometry and expressed graphically
in Figure 1b. V345C was labeled fully (Lext ) 112%) with
a half-life for the reaction of t½ ) 47 min. In contrast,
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labeling of G346C with FM did not reach a significant extent
(Lext ) 7%), even after a 300 min incubation (Figure 1a,b).

A complete graphical representation of similar labeling
time-courses of two selected isoforms (V345C and A354C)
is shown in Figure 2. Under basal conditions, FM was unable
to label residue 345C (Lext ) 5 ( 5%) to an extent that was
significantly different to that observed in the cysteine-less
protein. In contrast, the V345C isoform was highly accessible
to CM, with complete labeling (Lext ) 111 ( 19% P < 0.05)
observed during the course of the reaction and partially
accessible to the zwitterionic BM probe (Lext ) 48 ( 6%).
Isoform V345C remained nonamenable to labeling with the
hydrophilic FM when converted to the nucleotide bound or
vanadate trapped conformation. Trapping V345C in these
two conformations also failed to impact significantly on the
extent of labeling observed under basal conditions for either
BM or CM (Figure 2). This indicates that this residue neither
changes its accessibility nor does it sense a change in the
polarity of the local environment during the conformational
changes ABCB1 undergoes during its catalytic cycle.

By contrast, isoform A354C (Figure 2) displays conforma-
tion dependent labeling of probes. This isoform displayed a
low accessibility of labeling to FM (Lext ) 34 ( 1%) in the
basal state. The addition of AMP-PNP caused a significant
increase in the extent of labeling (Lext ) 69 ( 1%), and this
was reduced to a level indistinguishable from that observed
in the basal state for the vanadate trapped intermediate (Lext

) 25 ( 2%). Labeling with the hydrophobic CM probe was
complete in the basal state (Lext ) 82 ( 7%) and unaffected
by progression between the three catalytic intermediates of
ABCB1. BM labeled the A354C isoform equally well in the
basal (Lext ) 99 ( 15%) and nucleotide bound conformations
(Lext ) 130 ( 11%). However, progression from the
nucleotide bound to the posthydrolytic (vanadate trapped)

conformation produced a significant reduction in accessibility
to BM (Lext ) 47 ( 3%, P < 0.05). The 354 position in
ABCB1 displays considerable accessibility to maleimide
probes, and this residue is subject to spatial reorganization
during the progression of the protein through the catalytic
cycle; in particular, for the labeling by BM posthydrolysis.

Similar analysis was undertaken for all the other ABCB1

isoforms containing mutations within TM6 in each transition
conformation. The results are summarized in Table 1, which
provides a qualitative assessment of the relative accessibility
of the residues to covalent modification. The results are
presented as (i) complete labeling during the reaction period
(denoted +++), (ii) incomplete, but significantly different
from the cysteine-less protein (denoted as + or ++ to enable
easier identification of alterations in accessibility between
conformational states), or (iii) unlabeled during the reaction
(denoted -). Two striking features are evident from an
examination of the data presented in the table, namely, a
“polarity” of accessibility along the stretch from S344C

FIGURE 1: Labeling of single cysteine isoforms of ABCB1 by
maleimides. (a) The V345C (upper gel) and G346C (lower gel)
isoforms were reacted with CM and FM, respectively, for 10–300
min as described in Materials and Methods. The proteins were
resolved using 8% SDS-PAGE and proteins visualized with the
BioDocIt system using an UV light source. The “+ve” lane refers
to labeling of the G324C isoform for 300 min (b) The SDS-PAGE
data was quantified using densitometric analysis, and the values
were expressed as a percentage of that obtained for the G324C
isoform. The densities were plotted as a function of time and fitted
with the hyperbolic association curve using nonlinear least-squares
regression. Filled circles represent the labeling of V345C with CM,
open circles represent the labeling of G346C with FM.

FIGURE 2: Accessibility of single cysteine ABCB1 isoforms to
maleimide probes: effects of AMP-PNP and vanadate trapping. The
maximal extent of labeling (Lext) was ascertained for the (a) V345C
and (b) A354C mutant isoforms of ABCB1 using the three maleimide
containing probes, FM, BM and CM. The values of Lext were
obtained for proteins in the basal, AMP-PNP bound and vanadate
trapped conformations of the proteins as described in Materials and
Methods. The values represent the mean ( SEM obtained from at
least three independent observations.
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through to G360C and a disparity in the conformation
dependent changes in accessibility.

First, residues at the apex of the labeled region (344 to
347) are in a hydrophobic environment, extensively labeled
by the hydrophobic CM probe, partially labeled by the
zwitterionic probe, and poorly labeled by the hydrophilic
probe (FM). In the adjacent helical turn, residue 349 displays
a reduction in CM labeling. Residues 354 and 360 show al-
most total labeling by BM (and CM, as are all residues) and
extensive labeling by FM, demonstrating that these amino
acids are in a more hydrophilic environment.

Second, the data show that residues at the N-terminus of
our mutated region undergo little change in their accessibility
during the catalytic cycle. There are only limited changes in
accessibility to BM and FM displayed by residues 344–347
(Table 3), but these are minor in comparison with the changes
in accessibility of the residues in the cytoplasmic extension
of TM6. For instance, residue 360C shows an almost
complete loss of labeled region with FM in the posthydrolytic
state, a marked reduction in BM labeling, and a parallel
increase in CM labeling. Similarly, large changes in acces-
sibility are observed with A354C (Figure 2).

Coumarin-Maleimide Labeling of Single Cysteine Con-
taining ABCB1 Isoforms Affects Drug Stimulated ATPase
ActiVity. In the second phase of investigation, the functional
consequences of perturbing TM6CYT topography were as-
sessed. Topographical perturbation was achieved through
covalent attachment of CM to the introduced cysteines, using
time courses similar to those presented in Figure 1. CM was
chosen since it labels each of the chosen residues, with the
exception of S349C (data not shown). Functional charac-
terization of the covalently modified isoforms was determined
by measuring basal and drug stimulated ATPase activities.

The ATPase activity of the mutant isoforms is shown in
Table 2, in the presence or the absence of covalent modifica-

tion by CM. The data in Table 2 confirms previous findings
(44) that the G346C and Q347C mutations provided the
greatest impairment to ABCB1 activity with the underlying
defect caused by impaired basal activity. None of the other
mutations produced a significant alteration on the Michaelis–
Menten kinetics or drug stimulation of ATP hydrolysis.

The covalent modification of introduced cysteine residues
produced effects in a number of the residues. While there
were no effects on the basal ATPase activity for any of the
mutant isoforms, except for a 2-fold increase in the basal
ATPase activity of A354C following CM labeling (Table
2), there were numerous distinct effects on the maximal
extent of drug stimulated ATPase activity. In addition, Table
3 shows that potencies of nicardipine and vinblastine to
stimulate ATP hydrolysis were also modified by covalent
attachment of CM to residues within TM6CYT. Representative
full dose–response data is shown for two isoforms (S344C
and V345C) in Figure 3. S344C displayed a significant
reduction in the Vmax and degree of stimulation of ATP
hydrolysis following the attachment of the coumarin moiety.
As highlighted in Figure 3, the degree of stimulation by
nicardipine was reduced from 4.8 ( 0.6-fold to 1.6 ( 0.1-
fold by reaction with CM, albeit with a small increase in
potency of the drug (Figure 3a). A more dramatic effect was
observed in this isoform following CM modification, namely,
that vinblastine could no longer stimulate the basal ATPase

Table 1: Summary of Relative Accessibilities of TM6 Residuesa

ABCB1 isoform catalytic intermediate FM BM CM

S344C basal - +++ +++
AMPPNP + +++ +++
vanadate + +++ +++

V345C basal - + +++
AMPPNP + ++ +++
vanadate + + +++

G346C basal - + ++
AMPPNP - ++ ++
vanadate + + ++

Q347C basal + + +++
AMPPNP + + ++
vanadate + + +++

S349C basal - + +
AMPPNP + ++ +
vanadate - ++ +++

A354C basal + +++ +++
AMPPNP ++ +++ +++
vanadate + + +++

G360C basal +++ +++ ++
AMPPNP +++ +++ ++
vanadate + ++ +++

a The accessibility of each introduced cysteine residue was determined
using fluorescein-maleimide (FM), BODIPY-maleimide (BM) or
coumarin-maleimide (CM). The accessibility of labeling was compared to
the cysteine-less isoform of ABCB1. Complete labeling during the
time-course of the experiment was denoted as (+++), whilst incomplete
labeling was denoted with either (++) or (+) to enable clear illustration of
changes in accessibility. No significant labeling of an isoform with a
particular probe is denoted (-).

Table 2: Effects of Covalent Modification by CM on ATPase Activity
of Mutant ABCB1 TM6 Isoformsa

basal Vmax

(nmol Pi min-1 mg-1)
stimulated Vmax

(nmol Pi min-1 mg-1)

(-)CM (+) CM % change (-)CM (+) CM % change

S344C 188 ( 62 192 ( 56 857 ( 216 317 ( 93* -63
V345C 563 ( 85 388 ( 41 -31 1173 ( 355 937 ( 292 -20
G346C 101 ( 18 102 ( 12 268 ( 47 186 ( 59 -30
Q347C 66 ( 6 41 ( 15 -37 161 ( 33 61 ( 4* -62
A354C 126 ( 10 229 ( 27* +81 535 ( 72 353 ( 18* -34
G360C 396 ( 82 508 ( 134 +28 1244 ( 252 810 ( 108 -34

a The ABCB1 isoforms containing mutations within TM6 were examined
for ATPase activity prior to and following reaction with the hydrophobic
maleimide probe CM. The isoforms were reacted with CM to ensure at
least 90% modification. Michaelis-Menten analysis was undertaken in the
presence or absence of 30 µM nicardipine to determine the maximal
ATPase activity (Vmax). Parameters were obtained by non-linear least
squares regression, and the data represent the mean ( SEM of at least three
independent observations. (*), indicates a statistically significant difference
(ANOVA) compared to the value obtained in the absence of covalent
modification by CM.

Table 3: Effects of Coumarin Labeling on the Potency of Drugs to
Stimulate ATP Hydrolysis by Mutant ABCB1 TM6 Isoformsa

EC50 nicardipine (µM) EC50 vinblastine (µM)

(-) CM (+) CM (-) CM (+) CM

S344C 3.0 ( 0.4 0.5 ( 0.1* 12.1 ( 0.5 na
V345C 2.3 ( 0.4 3.9 ( 0.6 4.9 ( 1.4 8.5 ( 1.9
G346C 4.8 ( 1.8 7.1 ( 1.7 na na
Q347C 2.7 ( 0.4 1.9 ( 0.8 na na
A354C 2.4 ( 0.2 1.6 ( 0.2 2.5 ( 0.2 na
G360C 2.7 ( 0.4 5.1 ( 0.2* 5.7 ( 0.1 8.6 ( 1.2

a The potency of nicardipine and vinblastine to stimulate ATP hydrolysis
was examined for a wide range of drug concentrations (10-9–10-4 M). The
EC50 values for drug stimulation were obtained by non-linear least squares
regression of the general dose-response equation. The data represent the
mean ( SEM of at least three independent observations. (*), indicates a
statistically significant difference (ANOVA) compared to the value obtained
in the absence of covalent modification by CM.

Topography of TM6 in P-gp Biochemistry, Vol. 47, No. 12, 2008 3619



activity of the protein (Figure 3b). Clearly, this perturbation
impairs the ability of drugs to induce the stimulation of ATP
hydrolysis; moreover, it does so in a drug specific manner.

Covalent modification also impacted the ATPase activity
of isoform V345C, albeit in a markedly distinct fashion to
that observed with S344C (Table 2 and Figure 3c and d).
The basal and nicardipine stimulated Vmax values for ATP
hydrolysis by CM modified V345C were indistinguishable
from that observed with untreated protein (Table 2). Simi-
larly, the degree of stimulation produced by nicardipine was
unaffected by the covalent modification. Closer inspection
of the drug-ABCB1 interaction revealed that covalent
attachment of coumarin did in fact impact ATPase activity
(Figure 3c and d). The nature of the effect was a significant
(P < 0.05) reduction in the potency of both nicardipine and
vinblastine to stimulate nucleotide hydrolysis (Table 3).

While the G346C isoform was unaffected by the reaction
with CM, the Vmax for nicardipine stimulated ATP hydrolysis
was reduced 2-fold in the Q347C isoform (Table 2). A354C,
which was avidly labeled by CM, displayed a both small
reduction in the Vmax for nicardipine stimulation of ATPase
activity due to a reduced degree of stimulation by this
compound. In fact, the low degree of stimulation rendered
the assignment of potency for the stimulation of ATP
hydrolysis problematic. G360C was less amenable to labeling
with CM and only displayed a minor reduction in the potency

of nicardipine to stimulate hydrolysis. Overall, the covalent
attachment of CM to cysteine residues along the cytosolic
half of TM6 generated a number of drug specific effects on
ATP hydrolysis. The main manifestations were a reduction
in the degree of stimulation or the potency characteristic of
the stimulation.

Drug Binding To TM6 Mutant Isoforms: Effects of
Coumarin Maleimide Labeling. We have previously dem-
onstrated that mutation of residues within TM6CYT does not
affect the binding of the modulator [125I]-IAAP. The isoforms
S344C, Q347C, and A354C displayed significant reductions
in drug stimulated ATP hydrolysis following CM labeling,
and this may be attributed to altered drug binding. Conse-
quently, the ability of nicardipine and vinblastine to displace
[125I]-IAAP labeling was examined in these isoforms in the
presence or absence of CM labeling. The fraction of [125I]-
IAAP displaced by the two drugs in the control and labeled
protein is shown in Table 4. There was no measurable effect
of CM labeling on the ability of either nicardipine or
vinblastine to displace [125I]-IAAP from the proteins. This
suggests that the initial binding interaction between the two
drugs is not adversely disrupted by labeling with CM.

DISCUSSION

A great deal of accumulated evidence indicates a pivotal
role for TM6 in the drug translocation process by ABCB1,

FIGURE 3: Effects of covalent attachment of CM on ATPase activity of mutant ABCB1 isoforms. ATPase activity was obtained for the
S344C (a and b) and V345C isoforms (c and d) of ABCB1 prior to (empty symbols) or following the reaction with CM (filled symbols). The
ATPase activity was ascertained in varying concentrations of either the modulator nicardipine (a and c) or the substrate vinblastine (b and
d). The potencies and extents of stimulation of ATP hydrolysis were estimated following nonlinear least-squares regression of the general
dose-response equation. Data in the figure was taken from a single representative example.

Table 4: Effects of Coumarin Labeling on Drug Binding in Mutant ABCB1 TM6 Isoformsa

vinblastine nicardipine

S344C Q347C A354C S344C Q347C A354C

(-) CM 0.34 ( 0.09 0.39 ( 0.06 0.61 ( 0.11 0.35 ( 0.02 0.40 ( 0.03 0.64 ( 0.09
(+) CM 0.46 ( 0.06 0.34 ( 0.09 0.39 ( 0.21 0.27 ( 0.03 0.41 ( 0.06 0.57 ( 0.16

a [125I]-IAAP photoaffinity labeling was undertaken in the S344C, Q347C and A354C mutant TM6 isoforms prior to and following labeling with
coumarin maleimide. The amount of labeling was determined by densitometry of autoradiograms following SDS-PAGE as described in Materials and
Methods. The intensity of [125I]-IAAP labeling in the absence of drugs was assigned a value of 1.0. Values represent the mean ( SEM of the amount of
[125I]-IAAP bound in the presence of the displacing drugs nicardipine (30 µM) or vinblastine (100 µM). The values were obtained from four
independent preparations of purified protein.
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and elucidating mechanistic details of this role was the focus
of the present investigation. Our modus operandi involves
introducing unique cysteine residues along the cytosolic half
of TM6 and the subsequent covalent attachment of coumarin-
maleimide to these. Recent data on bacterial light harvesting
complexes has demonstrated that the TM helices are remark-
ably robust to mutations that drastically alter the size of a
given residue, thus supporting the idea that site-directed
mutants of membrane proteins can act as valid reporters of
function, rather than being dismissed as structurally disruptive
(49). Following labeling, three of the residues we have
studied (S344C, Q347C, and A354C) were associated with
a reduction in the magnitude to which drug substrates
stimulate ATP hydrolysis. In addition, an alteration in the
potency of the stimulation, or abrogation of ATPase activity,
was observed for a number of residues (S344C, V345C,
S349C, A354C, and G360C). What is the mechanism
underlying the effect of covalent modification of TM6 on
the coupling of drug binding in the TMD to ATP hydrolysis
by the NBDs? There are two likely possibilities: (a) impaired
drug binding to TM6 or nearby helices or (b) perturbation
of communication pathways between TM6 and the NBDs.

Numerous attempts have been made during the last two
decades to elucidate the location of drug binding sites in
ABCB1 and several focused on TM6 (29–36). A number of
the helices within the TMDs have been implicated in
mediating drug binding, and a clear picture has not yet been
obtained. Investigations using a cysteine-scanning mutagen-
esis approach suggest a single domain or “bowl” that
comprises TMs 1, 4–6, and 10–12 (29–36, 50). Recently,
TM7 has also been added to the list of helices contributing
to drug binding (50). The strategy used to identify a binding
“bowl” involved the use of the cysteine reactive “substrate”
MTS-verapamil. Labeling of residues could therefore be
attributed to either interaction at the true pharmacophoric
region, or alternatively, the covalent attachment of the
methane-thiosulfonate moiety to accessible cysteine resi-
dues. In contrast, the combination of photoaffinity drug
labeling and mass spectroscopic analysis (MALDI-TOF) has
identified a different potential region for drug interaction on
ABCB1 (36, 51). These elegant studies define the interfacial
region of TM segments 3/11 and 5/8 as the binding site for
the propafenone class of ABCB1 substrates. Further evidence
arguing against a role of TM6 in drug binding has been
obtained using photoaffinity labeling of ABCB1 isoforms
containing single cysteine residues introduced throughout
TM6 (42, 44). In particular, the binding of a 1,4-dihydro-
pyridine ([3H]-azidopine) and a prazosin analogue ([125I]-
IAAP) did not directly involve TM6 (42, 44). Moreover, in
the present article, we have demonstrated that binding of
nicardipine and vinblastine were unaffected by labeling
several TM6 isoforms with CM. Therefore, we believe that
the perturbation of drug stimulated ATP hydrolysis caused
by covalent attachment of CM to TM6 is most likely due to
the modification of the communication pathway that links
the drug-binding event in the TMD to the progression of the
catalytic cycle in the NBDs. The communication pathway
clearly involves TM6, given that mutations or covalent
modification within this helix impairs drug stimulated
ATPase activity (42, 44). We acknowledge that the differ-
ences in the literature regarding the role of TM6 in drug
binding or subsequent events is unlikely to be resolved by

methods that rely on covalent interactions of drug (or drug
analogue) with protein. The true nature of the drug-protein
interaction is a reversible noncovalent interaction, and only
classical pharmacological studies of mutant P-gp isoforms
with nonmodified drug substrates may reveal the role of
residues in drug binding.

What is the nature of involvement of TM6 in the TMD
T NBD communication pathway? To address this question,
the topography of the cytosolic half-of TM6 was examined
in distinct conformations of ABCB1. The conformations
reflected the progression of the protein through the catalytic
cycle and was visualized by the accessibility of engineered
cysteines to covalent modification by maleimide probes. The
observations were also undertaken for two residues (A354C
and G360C) within the extension of TM6 that links the helix
to the N-terminal NBD. This cytosolic extension was highly
accessible to covalent modification, regardless of the phys-
icochemical properties of the different probes. In addition,
the extension displayed different accessibility to probes when
the protein was trapped in distinct conformations (e.g.,
posthydrolysis), thereby reflecting conformational transitions.
The region including V345C and S349C was relatively
intransigent to covalent modification with either FM or BM.
Moreover, this region of TM6 did not display altered
accessibility to maleimide probes as the protein was pro-
cessed through the basal, ATP-bound, and vanadate trapped
configurations. This lack of change is in contrast to the
considerable conformational changes previously observed in
the segment between V331C to F343C (42). Residue S344C,
which is located in the central region of TM6, was consider-
ably more accessible to covalent modification than the more
cytosolic region of the helix. This is in good agreement with
the data from Rothnie et al. demonstrating similar high
accessibility for the adjacent residue, F343C (42). The residue
at the proposed cytosolic terminus of TM6 (S349C) displayed
the greatest propensity for changes in accessibility, indicating
conformational flexibility in this region of the helix.

In the absence of a high resolution structure for P-
glycoprotein, it is necessary to use homology models to assist
in the interpretation of this data. Our objective molecular
models of P-gp in the semiopen (basal) and closed (ATP/
AMP-PNP bound) states (46) allow such an interpretation.
Analysis of both of these models shows that V345 is at the
closest point of contact among TM4, 5, and 6. V345 interacts
sterically with Leu225 (TM4) and Ile306 (TM5) to form a
tight triad, coordinating interhelix interactions (Figure 4a and
b). Looser triple contact points among TM4, 5, and 6 were
found at helical turns immediately above and below the
V345/L225/I306 triad. It is well established that the mutual
interactions of hydrophobic residues such as valine, isoleu-
cine, and leucine in the interior of a protein are important
for correct protein folding through knobs-into-holes interlac-
ing of side chains (52) and that trimeric R-helical packing
can be stabilized preferentially by �-branched amino residues
(53). In silico mutation of the �-branched valine residue to
a slightly smaller cysteine residue, while less favorable in
terms of residue packing, did not have a significant impact
on the interhelical interactions of the V345C/L225/I306 triad.
The modeled side chain of V345C faces away from the pore
in the basal state model, rendering it inaccessible to the
hydrophilic FM probe and only partially accessible to the
zwitterionic BM probe, in accordance with the data presented
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here (Figure 4a and Table 1). Analysis of the AMP-PNP
state model (which exhibits a “nucleotide sandwich dimer”)
suggests that a set of coordinated rotational and tilt angle
changes in TM4, 5, and 6 around the V345C/L225/I306 triad
occurs without altering the exposure of residue 345 itself
(Figure 4b). Interestingly, residue V345 is also proximal to
S222 (TM4), which has been implicated in the binding of
MTS-verapamil to P-gp (33). The side chain of S222 is
somewhat more exposed in our closed-state model (repre-
senting the basal state, which has a high affinity for drugs
(28)) than in the AMP-PNP bound state (which has a lower
affinity for drugs (28)).

Similar analysis helps rationalize the A354C data and
provides further evidence that our homology models are a valid
reflection of TM helix packing. An examination of the ABCB1

models showed the proposed membrane-embedded region of
TM6 packs against TM3 through an R-helical coiled-coil
interaction (Figure 4c and d). A354C forms part of the
TM3-TM6 contact interface with the sulfur atom being

accessible to the translocation pore, thus enabling covalent
modification by the hydrophilic FM and zwitterionic BM
probes. Further examination of the residues adjacent to A354C
revealed a number of charged and polar residues in its
immediate vicinity, in particular, K181, E184, and D188 from
TM3, and the adjacent E353 from TM6, creating a favorable
local environment for FM and BM. Comparison of the AMP-
PNP state model with the basal state model shows a disruption
of the TM3-TM6 interface around A354C (Figure 4c). In the
basal conformation homology model, the side chain of A354C
was angled away from the pore, while charged residues in the
local vicinity faced into the translocation pore (Figure 4d),
decreasing the surface accessibility of A354C to the translo-
cation pore and thus the accessibility to FM. The position of
A354C at the interface of TM3 and TM6, which both have a
lipid exposed face, allowed the hydrophobic CM probe to access
A354C through the bilayer.

On the basis of the observations in the present investigation
and from previous studies (42–44), it appears that TM6

FIGURE 4: Molecular modeling insight into the V345C and A354C mutations in ABCB1. The top view of the ABCB1 transmembrane domain,
viewed from the extracellular side of the membrane. (a) In the AMP-PNP bound state, the V345C (spacefill, CPK coloring) is inaccessible
to the translocation pore. Close interhelix contacts are shown for TM4 (orange), TM5 (green) and TM6 (purple). The closest point of
contact between the helices is V345C, which interacts hydrophobically with Leu225 (orange) and Ile306 (green). (b) The modeled basal
state shows only minor reorganizations of the V345C-L225-I306 triad, consistent with the experimental findings. (c) A view from the top
of the pore shows the AMP-PNP configuration: A354C (orange) hydrogen bonds to its nearest neighbour, D188 (cyan). (d) In the basal
state, conformational changes disrupt the TM3-TM6 coiled-coil motif and break the D188-V345C hydrogen bond. Adjacent charged residues
from TM3 (cyan) and TM6 (purple) face the translocation pore, while A354C is situated in a cleft between TM3 and TM6.

FIGURE 5: Disruption of helical hydrogen bonding pattern induced by three adjacent �-branched residues. TM6 is represented as a ribbon,
with the TM5-6 linker shown on the left and the ICD connection to the NBD on the right. The bulky side chains of adjacent �-branched
residues, V338-L339-I340 (shaded blue), destabilize the R-helical packing of TM6, indicated by the disruption of the hydrogen bonding
pattern (red dashed lines) in the adjacent turns.
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undergoes distinct changes in conformation in response to events
occurring in the NBDs. The greatest degree of conformational
alteration occurs at the two “ends” of the helix and in particular
at the cytosolic extension, proximal to the NBD. Our model
predicts that TM6 contains a central destabilization (Figure 5)
due to the presence of three adjoining bulky hydrophobic
residues V338/L339/I340, which disrupt helical packing. Dis-
ruption of L339 has been demonstrated to confer impaired
ATPase activity, and the residue has been identified as being
involved in energetic coupling by ABCB1 (43). The residues
338–340 are capped by S337 and G341, thereby generating a
GxxxG-like motif. The GxxxG motif has been implicated in
the packing and or dimerization of transmembrane helices by
acting as a “ridge-groove” structure (54, 55). By acting in a
similar manner in ABCB1, the region S337-G341 could facilitate
the packing of TM6 to neighboring helices and thereby permit
transduction of binding events in the protein. Notably, the
GxxxG motif is conserved in TM12 as well (residues 980–984
AVVFG) and in ABCB1 from other mammals, and we inves-
tigated whether the equivalent residues in TM12 adopt a similar
functional significance. Alternatively, the motif may act as a
central pivot in the helix about which the ends of the helices
and the cytosolic extension can move. This could also facilitate
the transmission of conformational changes in neighboring
helices to the NBDs using TM6 as a conduit. This is in
agreement with the key role for TM6 in mediating the
stimulation of ATP hydrolysis by numerous drugs that interact
at pharmacologically distinct sites in ABCB1.
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