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ABSTRACT: Multidrug efflux pumps, such as P-glycoprotein (ABCBI), present major barriers to the success of
chemotherapy in a number of clinical settings. Molecular details of the multidrug efflux process by ABCB1
remain elusive, in particular, the interdomain communication associated with bioenergetic coupling. The
present investigation has focused on the role of transmembrane helix 12 (TM12) in the multidrug efflux
process of ABCBI1. Cysteine residues were introduced at various positions within TM 12, and their effect on
ATPase activity, nucleotide binding, and drug interaction were assessed. Mutation of several residues within
TM12 perturbed the maximal ATPase activity of ABCBI, and the underlying cause was a reduction in
basal (i.e., drug-free) hydrolysis of the nucleotide. Two of the mutations (L976C and F978C) were found
to reduce the binding of [y-**P]-azido-ATP to ABCBI. In contrast, the A980C mutation within TM12
enhanced the rate of ATP hydrolysis; once again, this was due to modified basal activity. Several residues also
caused reductions in the potency of stimulation of ATP hydrolysis by nicardipine and vinblastine, although
the effects were independent of changes in drug binding per se. Overall, the results indicate that TM 12 plays a
key role in the progression of the ATP hydrolytic cycle in ABCBI, even in the absence of the transported

substrate.

ABCBI (P-glycoprotein) is a member of the ATP binding
cassette (ABC) protein family and functions as a multidrug efflux
pump. Expression of ABCBI is found in numerous types of drug-
resistant cancers and also a number of endogenous tissues. The
physiological role of ABCBI involves regulating the excretion
of xenobiotics from the liver and the gastrointestinal tract and
a protective role at the blood—brain barrier and testes (/—3). The
protein is referred to as a multidrug transporter because it
recognizes and transports an astonishing array of chemically
and functionally distinct compounds. Malignant cells exploit
multidrug transporters, such as ABCBI, to evade the cytotoxic
effects of chemotherapy, a phenomenon known as multidrug
resistance (MDR) (4, 5). Inhibiting multidrug transporters could
restore the efficacy of chemotherapy in drug-resistant cancers (6).

Unfortunately, little is known about the location and structur-
al features of drug binding sites despite over 30 years of research,
thereby making rational drug design of inhibitors proble-
matic (6). The inherent promiscuity of ABCB1 makes it difficult
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to determine the location of the drug binding sites (6, 7), although
at least four sites have been identified within the transmembrane
(TM) helices of the transporter (§—11). Recent investigations by
Loo and colleagues suggest that TM 1 and TM7 contribute to the
drug binding pocket of ABCBI, although these results specifi-
cally pertain to the modulator verapamil (12, 13). In contrast, the
interfacial regions between TM5/TM8 and TM3/TM11 appear
to be important for the interaction of propafenone-type ABCBI
inhibitors (/4). Further biochemical and structural studies are
required to fully ascertain the location of drug binding sites on
ABCBI.

Because drug translocation at the transmembrane domains
(TMDs) and ATP hydrolysis at the nucleotide binding domains
(NBDs) must be coordinated for active efflux, interdomain
communication is critical and appears to work in both TMD —
NBD and NBD — TMD directions by virtue of conforma-
tional changes within the protein. Global conformational
changes in the TMDs have been observed upon nucleotide
binding, as shown by cryo-electron microscopy, differential
protease digestion, and the altered accessibility of cysteine
residues (in the TMDs) and antibodies recognizing extracellular
epitopes on the protein (/5—21). The importance of such NBD —
TMD communication has also been emphasized by the fact that
the impetus for drug release (i.e., altering the binding site from an
inward, high-affinity to an outward, low-affinity conformation)
is derived from nucleotide binding (22, 23). In the TMD — NBD
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Table 1: Mutagenic Oligonucleotide Primers Used To Generate TM12 Mutations®

mutation primer sequence (5'—3') diagnostic restriction digest

L976C GAGGATGTTCTAtgtGTATTTTCAGCTGTTG —Spel

F978C GTTCTACTAGTATETTCtGCaGTTGTCTTTGGTG + Pstl

A980C CTACTAGTATTTTCAtgeGTTGTCTTTGGTGCCATGGCC —Pyull

V982C CTAGTATTTTCAGCgGTTtgCTTTGGTGCCATGGCC —Pvull

G984C GCTGTTGTCTTTtGTGCIATGGCCGTGG —Ncol

M986C GTATTTGGTGCttgtGCtGTGGGGCAAGTC —Ncol

V988C GGTGCCATGGCCtgtGGGCAAGTCAGTTC —BstXI

G989C CTTTGGTGCCATGGCCGTGtGeCAAGTCAGTTCATTTGC + BstX1

Q990C GGCCGTGGGGtgtGTCtcTTCATTTGCTCC + Earl

“Primer sequences contain an introduced cysteine residue (bold) and additional silent mutations (lower case), with respect to the coding sequence that

generates or removes the indicated restriction site.

direction, the “sluggish” basal rate of ATP hydrolysis has been
shown to increase in the presence of drugs as a consequence of an
“accelerated” engagement of the NBDs to create the nucleotide
sandwich dimer (15—18, 24). In this state, ATP is locked between
the ABC signature motif of one NBD and the Walker A and B
motifs of the other NBD (25—28). Furthermore, scanning
mutagenesis revealed that a number of residues in the TMDs
significantly affected the rate of ATP hydrolysis in the
NBDs (29—31). Clearly, communication between the TMDs
and the NBDs is critical for the coupling of nucleotide hydrolysis
and drug efflux.

Our understanding of the communication pathway(s) that
coordinate drug binding and ATP hydrolysis to allow for drug
transport and the location of sites to which drugs bind in ABCBI
is limited, and many fundamental questions remain unanswered.
Early attempts to isolate the drug binding sites suggested that
TM6 and TM12 were integrally involved in the translocation
mechanism of ABCBI. Additional approaches to elucidate the
role of these helices involved (i) genetic manipulation, (i) mass
spectrometry, (iii) cysteine-scanning mutagenesis, (iv) attachment
of photolabile substrates, (v) introducing intraprotein cross-links,
and (vi) cytotoxicity studies (5, 21, 29, 31—36). These investi-
gations highlighted the significance of TM helices 6 and 12 in
contributing in some manner to the transport process by
mediating interdomain communication, the translocation path-
way, or possibly drug binding per se. Topographical analysis of
TMG6 at various stages of the catalytic cycle has revealed a number
of residues undergoing conformational transitions. The data
suggested the presence of a central pivot about which conforma-
tional changes are transmitted to the NBDs (37, 38). Homology
modeling approaches concurred with this data, which is com-
mensurate with the direct physical link between TM6 and NBD1.

Clearly, our understanding of the role of TM helices 6 and
12 in the translocation mechanism of ABCBI is progressing. The
present investigation focuses on the functional involvement of
residues in TM12 through perturbation of the helix by cysteine-
directed mutagenesis. The effects of mutations were examined on
basal and drug-stimulated ATP hydrolysis, as well as drug and
nucleotide binding to ABCBI. Homology modeling was used to
interpret the data and generate a further detailed understanding
of this key helix in the multidrug translocation mechanism.

MATERIALS AND METHODS

Materials. Octyl--p-glucoside, C219 antibody, and Ni-NTA
His Bind Superflow resin were obtained from Merck Chemicals
Ltd. (Nottingham, U.K.). Dimethylsulfoxide (DMSO), disodium
adenosine triphosphate (Na,ATP), cholesterol, vinblastine, and

nicardipine were all from Sigma (Poole, U.K.). Crude Escherichia
coli lipid extract was obtained from Avanti Polar Lipids
(Alabaster, AL). Insect-Xpress medium was purchased from
Lonza Ltd. (Wokingham, U.K.), and Excell 405 was purchased
from SAFC Biosciences (Andover, U.K.). [y-P]-Azido-ATP
(430—740 GBq/mmol) was purchased from Affinity Labeling
Technologies (Lexington, KY), and ['**I}-iodo-aryl-azido-prazo-
sin (81.4 TBq/mmol) was obtained from Perkin-Elmer LAS
(Boston, MA).

Site-Directed Mutagenesis of TM12 in ABCBI: Intro-
duction of Cysteines. Mutants were constructed using Quik-
Change (Stratagene) or Altered Sites II (Promega) mutagenesis
systems with a pAlter- or pFastBacl-MCHS template. The
MCHS cDNA encodes an ABCBI isoform devoid of cysteines
with a C-terminal hexa-histidine tag, which has been described
previously (15, 39). Mutagenic oligonucleotides were designed to
contain the cysteine codon TGC or TGT and a silent restriction
enzyme site (Table 1). Mutants were identified by diagnostic
restriction digest, and if the mutant was generated in pAlter,
a cDNA fragment containing the desired mutation was sub-
cloned into pFastBacl-MCHS to produce the required construct.
The mutant plasmids were sequenced (Biochemistry, University
of Oxford) to ensure the fidelity of mutagenesis.

Expression, Purification, and Reconstitution of ABCBI.
Recombinant baculovirus was generated using the Bac-to-Bac
baculovirus expression system according to the instructions
of the manufacturer (Invitrogen). Trichoplusia ni (high-five) cells
were infected with recombinant baculovirus at a multiplicity
of infection of 5 expressing mutant isoforms of ABCBI were
harvested 3 days post-infection by centrifugation (2000g for
10 min). For comparative analysis of protein expression, 2 x
10° cells were resuspended in phosphate-buffered saline supple-
mented with 2% (w/v) sodium dodecyl sulfate (SDS) and proteins
were resolved by SDS—polyacrylamide gel -electrophoresis
(PAGE). ABCBI was detected with the C219 antibody following
immunoblotting (40). For large-scale expression of ABCBI iso-
forms, 1.5 x 10° cells were infected and cell membranes were
isolated 72 h post-infection as previously described and stored at
—80 °C for up to 1 year (15, 39). Purification by immobilized
metal-affinity chromatography and reconstitution was achieved
using techniques previously described (75, 39). Confirmation
of reconstitution involved the analysis of lipid and protein
co-migration through sucrose density gradients. The protein
concentration following reconstitution was determined using
an adapted Lowry colorimetric assay with bovine serum albumin
as a standard (DC-Brad Protein Assay, BioRad) (47). This
necessitated the centrifugation (100000g for 30 min) of 500 uL
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of purified, reconstituted ABCBI and resuspension of the pellet
in 50 uL of water to remove buffer contaminants (specifically
imidazole) that interfere with protein analysis.

Partial Proteolysis of ABCBI by Trypsin. Partial proteo-
lysis of each mutant isoform was performed to verify that the single
cysteine mutants were expressed in the correct conformational state
in the membrane. To remove protease inhibitors from the sample,
150 uL (approximately 5 ug) of purified, reconstituted protein was
centrifuged at 100000g for 30 min and the pellet was resuspended in
buffer (50 mM Tris-HCl at pH 7.4, 150 mM NH4Cl, 5mM MgSQO,,
and 0.02% NaNj;). The sample was incubated at 37 °C with 0.5 ug
of bovine pancreatic trypsin in 20 mM Tris-HCI at pH 7.7. The
reaction was stopped after 0, 2, 4, 6, 8, 10, and 15 min by the
addition of 7.2% (w/v) trichloroacetic acid and 0.015% (w/v)
sodium deoxycholate. The precipitated protein was resuspended
in 20 uL of a 1:1 solution of 4x Laemmli sample buffer and TCA
resuspension buffer [100 mM Tris base, 3 mM dithiothreitol (DTT),
and 3% SDS at pH 11] and resolved by 10% (v/v) SDS—PAGE.
ABCBI and the digested fragments were detected using the C219
antibody following immunoblotting. The positive control corre-
sponds to protein in the absence of proteolytic digestion.

ATPase Activity of Purified, Reconstituted ABCBI Iso-
forms. The ATP hydrolytic activity of purified, reconstituted
ABCBI was determined by measuring the release of inorganic
phosphate using a modified colorimetric assay developed by
Chifflet et al. (15, 39, 42). Michaelis—Menten parameters were
determined by incubating proteoliposomes (0.9—1.5 ug) with
varying concentrations of Mg+ ATP (0—2 mM) in the presence or
absence of nicardipine or vinblastine (30 uM), as previously
described (15). To determine the potency of drugs to stimulate
ATP hydrolysis, proteoliposomes were incubated with a constant
Mg-ATP concentration (2 mM) and varying nicardipine and
vinblastine concentrations (15).

[y-*P]-8-Azido-ATP Binding to Purified, Reconsti-
tuted ABCBI Isoforms. Nucleotide binding to P-glycoprotein
was assessed by photoactive labeling of purified, reconstituted
protein with [y-’P]-8-azido-ATP (38). Proteoliposomes (0.3 ug)
were incubated with [y-">P]-8-azido-ATP (concentrations up to
100 uM) in a total volume of 30 uL on ice for 10 min under
subdued lighting and then subjected to UV irradiation (100 W,
5cm, A = 265 nm) for 8 min. Post-irradiation, the protein was
precipitated using 7.2% (w/v) trichloroacetic acid and 0.015%
(w/v) sodium deoxycholate. The precipitated protein was resus-
pended in 20 uL of a 1:1 solution of 4x Laemmli sample buffer
and TCA resuspension buffer (100 mM Tris base, 3 mM DTT,
and 3% SDS at pH 11) and resolved by 7.5% (v/v) SDS—PAGE.
Labeling was detected by autoradiography at —80 °C using
Biomax Film (Kodak). The interaction of ATP and ADP with
the protein was determined in the presence of 10 uM [y-**P]-
azido-ATP and 1 mM unlabeled nucleotide.

Statistical Analysis. All data analyses were performed using
GraphPad Prism, version 4. A comparison of data sets for each
isoform was performed using analysis of variance (ANOVA),
applying Dunnett’s test, where significance was determined by
a p value <0.05.

Homology Modeling. The pre-equilibrated ATP-bound
closed-state ABCB1 homology model developed by O’Mara and
Tieleman (44), embedded in a palmitoyloleonyl-phosphatidyl-
ethanolamine (POPE) lipid bilayer was used as the initial ABCBI
conformation in this analysis. A series of single in silico cysteine
point mutations were introduced into TM 12 using DeepView (45)
at residues 1976, F978, A980, V988, G989, and Q990 to give a
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FIGURE 1: Expression of ABCBI in high-five insect cells. A repre-
sentative immunoblot of the expression of ABCBI mutant isoforms
expressed in high-five cells. ABCBI1 expression was detected follow-
ing SDS—PAGE on 7.5% (w/v) acrylamide gels and immunoblotting
with the monoclonal antibody C219. The total amount of protein
loaded onto each lane was 15 ug.

series of six lipid-embedded single-point mutation ABCBI
models. The models were energy-minimized as previously de-
scribed (44).

RESULTS

In the current study, we wished to address the role of TM12 in
the ATP catalytic cycle of ABCBI. To do this, we constructed a
series of single cysteine isoforms of ABCBI. Residues were
identified for mutation based on a direct comparison of the
sequences of TM6 and TM12 and by inspection of our Sav1866-
directed homology model of human ABCBI (44). The 11 single
cysteine isoforms generated provide both a longitudinal and
rotational coverage of the o helix.

Expression of ABCBI Mutant Isoforms in High-Five
Cells. ABCBI single cysteine mutants were expressed in high-
five cells to carry out detailed biochemical investigations on
purified protein. Figure 1 is a representative immunoblot show-
ing expression of each of the 11 single cysteine mutants in insect
cells following baculoviral infection. The amount of protein
expressed varied with different batches and ages of recombinant
baculovirus, but none of the isoforms displayed consistently
reduced or elevated expression levels. In any case, all analyses
used purified ABCBI, and activities were normalized to equiva-
lent amounts of protein.

Purification of ABCBI Isoforms and Characteristics of
ATP Hydrolysis. The extraction and purification of ABCBI
from insect cell membranes has previously been described (39),
and in the present study, the protein purity was 80—90%, with
approximately 90% of the protein being eluted at 120 mM
imidazole, as shown in Figure 2. Successful reconstitution for
each mutant isoform was routinely assessed by tracking the co-
migration of protein and radiolabeled lipids (*HJ-PC) through
a sucrose density gradient. Reconstitution efficiency did not vary
between the ABCB1 mutants, and preparations where <80% of
the protein did not co-migrate with lipids were discarded from
subsequent analyses.

A prerequisite for the successful purification of each mutant
isoform is the correct trafficking of the protein to the cell
membrane following expression in insect cells. However, to verify
that each single cysteine mutant adopted the correct conforma-
tional state in the membrane, partial proteolysis of the mutant
isoforms was carried out using the protease trypsin. Panels B and
C of Figure 2 show a time course of proteolytic digestion of the
purified, reconstituted Cys-less and M986C proteins. No dis-
cernible difference in the fragment sizes was detected following
the proteolysis of each ABCBI1 mutant isoform when compared
to the Cys-less control (data not shown).
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FIGURE 2: Purification and partial proteolysis of ABCBI iso-
forms. (A) ABCB1 mutant isoforms were extracted from insect cell
membranes by 2% (w/v) octyl-glucoside, purified by immobilized
metal-affinity chromatography, and analyzed by SDS—PAGE.
FT denotes the flow through, and the following five lanes represent
the wash steps (up to 30 mM imidazole) to remove protein
bound weakly to the resin. E1—E4 represent four elution steps at
120 mM imidazole. ABCBI is indicated by an arrow, and M
denotes the molecular marker. Proteolysis of purified, reconsti-
tuted Cys-less (B) and M986C (C) was carried out in the presence
of 0.5 ug of bovine pancreatic trypsin. Time denotes the incubation
period of the protein with trypsin at 37 °C (see the Materials and
Methods). Protein was detected using C219 antibody following
immunoblotting. Undigested ABCBI is indicated by the arrow.
The positive control corresponds to no proteolytic digestion by
trypsin.

Cysteine-less ABCBI displayed Michaelis—Menten character-
istics in ATP hydrolysis as shown in Figure 3A. The ATPase
activity was measurable even in the absence of transported
substrate (i.c., basal activity) with a V. = 111 £ 23 nmol
min~' mg~" and an affinity constant (Ky;) for ATP = 0.37 +
0.06 mM. In the presence of the modulator nicardipine (30 uM),
the ABCBI activity was stimulated to a V. = 561 & 68 nmol
min~ ' mg " (Ky = 0.38 + 0.03 mM). The transported substrate
vinblastine (30 uM) also stimulated ATP hydrolysis; however,
the degree of stimulation was only approximately 2-fold,
thereby generating a V;,.x = 248 £+ 37 nmol min~! mg_1 (Kv =
0.40 £+ 0.05 mM). Full dose—response analyses of the two drugs
were also undertaken to generate estimates of the potency
and degree of stimulation, as shown in Figure 3B. Nicardipine
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FIGURE 3: ATPase activity of cysteine-less ABCBI isoform. ATP
hydrolysis of purified, reconstituted cysteine-less ABCB1 was mea-
sured using a colorimetric assay that detects the release of inorganic
phosphate. (A) Activity was measured as a function of the ATP
concentration (0—1.75 mM) for cysteine-less ABCBI1 in the absence
(O) or presence of nicardipine (®) or vinblastine (O). (B) Activity was
measured as a function of either the nicardipine (®) or vinblastine (O)
concentration at 2 mM ATP. Nonlinear least-squares regression was
used to fit the Michaelis—Menten equation (A) or the general dose—
response equation (B) to the data. Values represent the mean 4
standard error of the mean (SEM) obtained from at least four
independent protein preparations.

produced 4.0 £ 0.6-fold stimulation with a potency of
ECso = 4.0 £ 0.6 uM, while the degree of stimulation by
vinblastine was 2.2 £ 0.2-fold with an EC5p=15.9 £ 2.9 uM.
Effects of Mutations in TM12 on ATPase Activity of
ABCBI. The Michaelis—Menten characteristics of each mutant
isoform of ABCBI1 were determined, and the maximal activities
were plotted under basal conditions (Figure 4A) or in the
presence of nicardipine (Figure 4B) or vinblastine (Figure 4C).
The most striking alterations were the approximately 5-fold
reductions in basal ATPase activity for the L976C (Vax =26 £
4nmol min~' mg™") and FO78C (Vynax =27 + 9 nmol min~ ' mg™")
mutations compared to the control cysteine-less isoform of
ABCBI. There were also less dramatic (40%) reductions in the
basal activities of the VI88C (Vpax = 66 + 4 nmol min ™' mg_l)
and Q990C (Vypax =61 % 12 nmol min " mgfl) mutations. These
latter two residues correspond to the region 346—348 in TMO,
an area that was also sensitive to mutation (38). In complete
contrast, the A980C mutation in TM12 caused an increase in
the basal ATPase activity (Vpmax = 203 & 40 nmol min~' mg ')
compared to the cysteine-less isoform. None of the mutations
in TMI12 affected the affinity constant for ATP, and the
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FIGURE 4: Maximal ATPase activity of TM12 mutant isoforms.
ATPase activity of the mutant isoforms was determined under basal
(A) and drug-stimulated conditions (B, nicardipine; C, vinblastine).
The maximal ATPase activity (V) was determined from Michae-
lis—Menten curves (comparable to those in Figure 3) and is
represented for each isoform in the form of a bar chart. The values
represent the mean + SEM of at least three independent purifica-
tions, and an asterisk refers to a statistically significant difference
(p < 0.05) compared to the Cys-less isoform.

perturbations in basal hydrolysis imply a fundamental involve-
ment for TM12 in the progression of the catalytic cycle of
ABCBI.

A number of mutant isoforms of ABCBI also displayed
perturbations in the V. values for ATP hydrolysis in the
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Table 2: Potency and Degree of Drug Stimulation of ATP Hydrolysis by
ABCB1“

nicardipine vinblastine

ECso (uM)  fold stimulation ECso (uM) fold stimulation

Cys-less  4.1+1.1 4.0+0.6 591429 22402
L976C  5.240.2 74+14 10.0£0.0 3.5+ 0.6
F978C  24.1+23" 9.5+ 1.4 42.9 +4.3 23405
A980C  3.4+0.3 51409 123+£18 32408
V982C  5.8+0.9 42405 2.0+0.7 1.8 402
G984C  37.6+ 11.2° 16.2+6.6 6.7+1.7 6.2+2.3
M986C 9.2+ 0.8 47+1.1 15.0£2.0° 2.84+0.7
V988C  3.9+0.6 3.1+0.1 73423 1.9+0.2
G989C  13.6+1.5 51+1.6 49409 24403
Q990C  6.9+1.1 3.7+1.0 ND¢ ND¢

$992C  4.940.5 4240.6 71426 23404
F994C 1.7+£0.4 3.2+0.8 59425 1.6 £0.3

“ ATPase activity was plotted as a function of the drug concentration
and potency (ECs) and degree of stimulation obtained by nonlinear
regression of the dose—response relationship equation. Values represent
the mean + SEM of at least three independent purifications. ? A significant
difference (p < 0.05) compared to the Cys-less isoform. “ND corresponds
to not detected.

presence of nicardipine. Inspection of Figure 4B indicates that
residues with altered activity in the presence of nicardipine were
similar to those with modified basal ATP hydrolysis. L976C
(Vinax = 231 £ 80 nmol min~' mg™"), FI78C (Vpax = 142 +
40 nmol min~" mg~"), V988C, G989C, and Q990C all caused
statistically significant (p < 0.05) reductions in the V., values for
nicardipine-stimulated ATPase activities (Figure 4B). Again, in
contrast, the nicardipine-stimulated activity of the A980C iso-
form was almost 3-fold higher (Vax = 1352 4 50 nmol min "
mg ") than observed for the cysteine-less control.

Such altered ATPase activities in the presence of nicardipine
could reflect modified drug—protein interactions, which we
examined with full dose—response curves (Table 2). For the
majority of residues showing altered ATPase V., values, the
interaction with nicardipine was unaltered as determined by the
potency (ECso) and the fold stimulation of ATPase activity.
Consequently, the altered V., values in the presence of nicardi-
pine are likely to be the result of the perturbation of the basal
activity caused by the mutations. However, the F978C isoform
did display an altered nicardipine—ABCBI interaction; that is,
the potency of nicardipine was reduced from 4.1 + 1.1 to 24.1 &+
2.3 uM.

Vinblastine also stimulates the ATPase activity of ABCBI.
Moreover, this drug binds at a site distinct from that of
nicardipine, and furthermore, the mutation of residues in TM6
produced distinct effects on the stimulation of ATPase activity
by nicardipine and vinblastine, suggesting different routes of
TMD—-NBD communication by the two drugs. However,
Figure 4C and Table 2 indicate that mutations in TM12 pro-
duced similar effects on vinblastine stimulation to those with
nicardipine. For example, mutations L976C, F978C, V988C, and
Q990C all displayed statistically significant reductions in max-
imal ATPase activity in the presence of vinblastine compared
to the control cysteine-less isoform. However, of these, only
the F978C isoform again displayed a reduction in the potency
for stimulation of its ATPase activity by vinblastine, although
the degree of stimulation remained unaffected.

There was, however, a drug-dependent difference on the
stimulation of ATPase activity observed with the G984C and
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MI86C isoforms (Table 2). For G984C, nicardipine was asso-
ciated with a reduction in potency and degree of stimulation,
whereas the influence of vinblastine was similar to that in
cysteine-less ABCBI. In contrast, for the M986C isoform, the
effects of nicardipine were similar to cysteine-less ABCBI, while
the potency of vinblastine was significantly (p < 0.05) reduced.
Consequently, there were some drug-specific effects of the
mutations in TM12, although the frequency was less than
previously observed in TM6 (15, 38).

In summary, the data reveal that ATPase activity is affected by
mutations within TM12. Excluding the A980C isoform, which
displayed enhanced ATPase activity, the effects were primarily
a reduction of ATP hydrolysis. Although the ATPase activity in
the presence of nicardipine and vinblastine was modified, the
potency and degree of stimulation were, with a few exceptions,
largely unaffected. The underlying effect of the mutations in
TM12 appears to be a modification of the basal ATP hydrolytic
process by ABCBI.

Nucleotide Binding Characteristics of Functionally Per-
turbed Mutants. What is the underlying cause of the perturba-
tion in the basal ATPase activity in the TM 12 mutant isoforms?
ATPase activity is a multistep process involving (i) binding of
ATP, (ii) hydrolysis of nucleotide, and (iii) release of ADP and
inorganic phosphate. To determine whether ATP binding is
affected in mutants with reduced ATPase activity, the extent of
labeling by the photoactivatable ATP analogue [y-"*P]-azido-
ATP was examined. Assay conditions (i.e., T = 4 °C) precluded
nucleotide hydrolysis by the proteins and therefore enabled
measurement of the binding event. Figure 5A presents a repre-
sentative autoradiogram of [y-**Pl-azido-ATP binding to the
mutants L976C, F978C, A980C, V988C, G989C, and Q990C.
Quantitative analysis of the extent of binding in the presence and
absence of ATP and ADP was analyzed by densitometry, and the
data are summarized in Table 3. The results indicate that at a
concentration of 10 uM [y-**Pl-azido-ATP there was a discern-
ible difference between the binding of the ATP analogue to
L976C, F978C, and A980C. Mutant isoforms L976C and F978C
displayed a 4- and 15-fold decrease in binding, whereas A980C
showed a 1.8-fold increase in binding at the concentration of
[y-32P]-azido-ATP used. In contrast, the VI988C, G989C, and
Q990C isoforms did not show a statistically significant reduction
in the degree of [y-**P]-azido-ATP photolabeling, despite their
reduced ATPase activity (see above).

To further investigate the differences, binding was measured at
a range of [y->*Pl-azido-ATP concentrations. Figure 5B shows
the autoradiography data obtained for [y-**P]-azido-ATP photo-
labeling of the cysteine-less and L976C isoforms of ABCBI.
Figure 5C shows the densitometric analysis of the dose—response
curve for the cysteine-less, A980C, L976C, and F978C isoforms.
At the range of [y-**PJ-azido-ATP concentrations studied, there
was no discernible difference between the labeling of cysteine-less
(Bmax = 1.00, Kp =25 uM) and A9B0C (Byax = 1.21, Kp =
23 uM) isoforms of ABCBI. In contrast, the mutant isoforms
L976C (Bpax = 0.24, Kp = 17 uM) and F978C (B = 0.19,
Kp = 17 uM) displayed 4—5-fold reductions in the amount of
[y-**P]-azido-ATP binding compared to the cysteine-less control.

Therefore, the decrease in basal and drug-stimulated ATPase
activity observed for the L976C and F978C isoforms can be
explained at least in part by impaired ATP binding at the NBDs.
However, mutant A980C, which was characterized by a signifi-
cantly higher ATPase activity, did not show any appreciable
changes in nucleotide binding.
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FIGURE 5: Nucleotide binding to TM12 mutant isoforms. Mutant
isoforms (0.3 ug) were incubated with [y->*P]-azido-ATP; cross-
linked protein was resolved using SDS—PAGE; and the amount of
bound radiolabel was detected by autoradiography. (3A) Representa-
tive autoradiogram showing altered binding of [y-**P]-azido-ATP
(10 54M) to isoforms. (B) Autoradiograms showing the binding of
[y-**Pl-azido-ATP (10—100 uM) to the purified, reconstituted cy-
steine-less and L976C mutant isoforms. (C) Data obtained for the
cysteine-less, L976C, F978C, and A980C isoforms were analyzed by
densitometry, and the amount bound was plotted as a function of the
[y-*P]-azido-ATP concentration. Nonlinear least-squares regression
was used to fit the Langmuir binding isotherm to the data. The values
represent the mean + SEM obtained from at least three independent
protein preparations.

In Silico Characterization of TM12 Functionally Per-
turbed Mutants. Despite 45% sequence identity between TM6
and TM 12, there appears to be little functional symmetry. That
18, the functional effects of mutations in TM 12 do not mirror the
effects previously characterized in TM6 mutants (15, 38).
To investigate whether such differences are a reflection of a
physical asymmetry between the helices and their surroundings,
we attempted to rationalize three of the functionally perturbed
TM12 single cysteine mutants (i.e., FO78C, A980C, and V988C)
by reference to a molecular model of ABCBI1. We have previously
used molecular modeling to explore the effects of mutations on
ABCBI function and have continued that approach here, using
our published model of human ABCBI in the ATP-bound state.
The recently published medium-resolution structure of mouse
ABCBI in the open apo conformation (46) has enabled us to
confirm the position and orientation of the native TM6 and
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Table 3: Nucleotide Binding to ABCB1¢

ABCBI [**P]-N3-ATP + [**P-N3-ATP +
isoform [*?P]-N3-ATP 1 mM ATP 1 mM ADP
Cys-less 1.00 0.2140.05 0.2340.06
L976C 0.21+0.05 0.10 +£0.02 0.05+0.03
F978C 0.07£0.01 ND ND
A980C 1.81+0.71 0.45+0.10 0.154+0.08
V988C 0.53 £0.20 ND ND
G989C 0.83 +0.04 0.10£0.05 0.134+0.06
Q990C 1.0540.30 0.19 £0.11 0.01£0.01

“The ABCBI isoforms were incubated with 10 uM [y**P]-azido-ATP in
the presence or absence of excess unlabeled nucleotides (I mM). The
incubations were performed under conditions that did not support ATP
hydrolysis, and proteins were photolabeled as described in the Materials
and Methods. The relative binding intensities were estimated by densito-
metric analysis of autoradiograms, and the value obtained for cysteine-less
ABCBI in the absence of excess nucleotide was assigned a value of 1. Values
correspond to mean + SEM obtained from a minimum of four independent
protein preparations.

TMI12 residues. While the conformational differences between
the crystal structure and the ATP-bound model prevent a direct
comparison of residues involved in interhelical interactions, we
found the position on the helix and orientation of the residues
modeled corresponded to the crystal structure, supporting the
ATP-bound ABCBI1 homology model. The six TM12 mutations
that result in a functional perturbation of ATPase activity
produce either an increase or a decrease in ATPase activity. Of
the six mutations, only A980C resulted in increased ATPase
activity. Visualization of the ABCB1 homology model shows that
the side chain of the native A980 (Figure 6A) has no interactions
with residues outside of TMI12. In silico mutation to 980C
lengthens the side chain, allowing hydrogen bonding with the
backbone of S850 and resulting in an increase in the number of
interhelix contacts between TM 12 and TM9 (Figure 6B). Because
both TM9 and TM 12 make direct contact with NBD2, we infer
that the increase in contacts between the two helices allows for
a more concerted communication to NBD2 and accelerated
ATPase activity.

The F978C mutation, located near the extracellular protein—
lipid interface in the membrane-embedded region of TM12, is
part of a conserved sequence motif present in TM12 and TM6.
This mutation resulted in a significant decrease in the ATPase
activity, nucleotide binding, and drug—protein interaction. The
native F978 residue is located in a densely packed region of the
protein, on a helix—helix interface, and interacts hydrophobically
with F72 (TM1) (Figure 6C), contributing to TM12—TM1
helix—helix stabilization. The corresponding TM6 residue,
F335, is involved in hydrophobic interactions with F732 from
TM7, implying symmetry between TM6 and TM12. However,
unlike the TM12 F978C mutation, the TM6 F335C mutation
does not cause a significant reduction in ATPase activity (15). In
TMI12, mutation to the smaller 978C increases the distance
between F978C and F72, preventing hydrophobic interactions
(Figure 6D) and decreasing the number of TM12—TM1 contact
points. The loss of the helix—helix interaction, in this instance,
therefore contributes to a reduction in activity of ABCBI.
Interestingly, the modeled mutation also alters the orientation
of the F978C side chain, resulting in the complete exposure of the
cysteine side chain into a pore below 1975, which has been
implicated in dibromobimane binding (47).

Cysteine mutagenesis of V988 resulted in decreased ATPase
activity, without marked perturbations in drug and nucleotide
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FIGURE 6: In silico TM 12 mutations. In each case, TM12 is colored
purple and the head groups of the POPE bilayer are shown in CPK
liquorice representations. The remaining TM helices are shaded gray,
unless otherwise specified. Water in the substrate translocation pore
and associated with TM protein is rendered blue. (A) Wild-type A980
(CPK spacefill) is located in the TM9—TMI12 cleft and has no
significant protein interactions. (B) Mutation to A980C allows for
hydrogen bonding to S850 (orange), increasing TM12—TM9 con-
tacts. (C) F978 (CPK spacefill) is located on the TM12—TM1 helix—
helix interface and hydrogen bonds with F72 (orange). (D) Mutation
to F978C (CPK) prevents hydrogen bonding to F72.

affinity. In the model, V988 is located on the lipid-accessible
surface of the protein in a cleft between TM9 and TM 10, where it
forms a trimeric 5-branched stabilization point with 1868 (TM 10)
and M949 (TM11). Mutation to V988C disrupts the hydrophobic
interaction with I868 from TM9, and the V988C side chain is
oriented toward the TM10 residue M949. This region is highly
conserved in TM6, but despite V345, the analogous residue to
V988, making similar 5-branched hydrophobic interactions with
respective helices, when mutated to cysteine, it caused no func-
tional perturbation (37, 38) (Figure 7A). This further highlights
the functional asymmetry between TM6 and TM12.

DISCUSSION

Over 15 years ago, mutations within TM12 and TM6 demon-
strated that these helices alter the drug-resistance profile of
ABCBI and therefore presumably play a role in the translocation
process. This investigation highlights the importance of TM12 in
coordinating drug-binding events with the process of nucleotide
hydrolysis in ABCBI and furthers our understanding of the
mechanism of coupling in this transporter.

In the present investigation, we made a series of mutations to
ABCBI, which positioned a unique cysteine residue along the
length of TM12 and provided coverage of the helical surface. We
demonstrated that a number of these mutations had a dramatic
effect on the basal activity of ABCBI. A similar study with TM6
revealed significantly fewer positions at which site-directed
mutagenesis to cysteine caused functional perturbation in the
basal state (notably mutant isoform G346C). The most dramatic
effects in TM12 were observed in residues at the extracellular
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FIGURE 7: Sequence alignment and hydrogen-bonding profile of
TM6 and TM12 through the membrane. (A) Sequence alignment
of ABCBI TM6/ICL3 and TM12/ICL6 shows a very high level of
sequence conservation between the two regions, with approximately
80% sequence similarity and 45% sequence identity. Mutations
altering ATPase activity are shaded green and numbered. The
proposed TM6 and TM 12 hinges are shaded cyan. Identical residues

RN

are marked with an asterisk, conserved residues are identified by *:
or “-” depending upon the degree of sequence conservation. (B) Side
profile of TM12 (purple) shows only one major disruption in the
normal a-helical hydrogen-bonding pattern (green dashed lines),
corresponding to a marked kink in TM 12 located near the cytoplas-
mic lipid—water interface. TM6 is shown for reference, and the
residues implicated in the TM6 hinge (cyan) and the POPE head
groups (CKP coloring) are illustrated in liquorice representation.

(L976C and F978C) and intracellular (V988C and Q990C) ends
of the helix. The V988C and Q990C mutations reduced basal
ATPase activity without any significant change in nucleotide
binding per se. This implies that the altered helical properties
caused by site-directed mutagenesis modulated the conforma-
tional communication route between the transmembrane and
nucleotide binding domains.

In contrast, the reduced basal activity observed with mutants
L976C and F978C appeared to be a consequence of reduced
nucleotide binding. This is unexpected because both residues lie
at the extracellular end of the helix at a considerable distance
from the site of nucleotide binding and hydrolysis. This finding
illustrates the cooperativity between these two domains and the
coupling required to generate drug translocation, as previously
demonstrated using a range of experimental approaches (17, 23,
24,48—52). In particular, it highlights the importance of TM12 in
coordinating conformational transitions within the NBDs to
enable association of ATP.

Consistent with previous findings, there are a number of drug-
specific effects caused by the mutation of certain residues in
TMI2 to cysteine. Mutant G989C did not affect vinblastine-
stimulated activity but markedly reduced the degree and potency
of stimulation by nicardipine. Both nicardipine and vinblastine
have previously been shown to interact at pharmacologically
distinct sites (9, 53), suggesting that mutant G989C is involved in
communicating nicardipine but not vinblastine binding to the
NBDs. In contrast, mutation of the equivalent residue (G346C)
in TM6 was implicated in communication between the vinblas-
tine binding site and the NBDs (37). The data continue to support
our assertion that drugs communicate to the NBDs via distinct
pathways and that allosteric communication between TMD1 and
TMD?2 to NBD1 and NBD?2 is not symmetrical in ABCBI.

TM12is clearly sensitive to cysteine mutagenesis in a way quite
dissimilar to TM6. The ABCBI homology model was therefore
used to explore the basis for functional perturbations caused by
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F1GURE 8: Comparison of the lipid-embedded human TM 12 homol-
ogy model and TM12 from the mouse P-glycoprotein A crystal
structure. A comparison of the lipid-embedded human TM 12 homol-
ogy model (purple) and TMI12 from the mouse P-glycoprotein A
crystal structure (cyan). Both the TM 12 homology model and crystal
structure show a marked kink near the intracellular lipid—water
interface, corresponding to the conserved sequence motif SSFAPD
found in both humans (S992—D997) and mice (V988—S993). Here,
the lipid phosphates are shown as stick representations.

site-directed mutagenesis in TM12. We hypothesize from analysis
of the model that the packing of TM12 to neighboring helices is
optimized to propagate structural changes to the remainder of
the protein. Mutations of residues that disturb the interhelical
packing will result in alterations to the ATPase activity. How-
ever, there is an additional dissimilarity between TM6 and TM12
evident from the model, which could contribute to the functional
asymmetry discussed here. Previous analysis suggested that TM6
contains a hinge region in the central part of the membrane
introduced by the presence of three adjacent 5-branched amino
acids, which disrupt the helical hydrogen-bonding pattern
(Figure 7A). In contrast, the modeled TM 12 helix in the ABCBI
homology model shows no disruption of the a-helical hydrogen-
bonding pattern in the analogous region, with an unbroken,
typical a-helical hydrogen-bonding pattern along the helix length
from the extracellular water—lipid interface to the membrane-
embedded cytoplasmic region of TM12 (Figure 7B). Instead,
the modeled TM12 showed a marked kink near the intra-
cellular lipid—water interface. The sequence motif SSFAPD
(8992—D997) provides the demarcations of the modeled kink.
The recently published crystal structure of mouse ABCBI also
contains a marked kink in TM12, located toward the intra-
cellular aspect of TM 12 (46) (Figure 8). Of particular note is the
conserved sequence motif SSFAPD (V988—S993 in the mouse
sequence), which delineates the helical disruption in the crystal
structure, adding confidence to the homology model. Neither the
crystal structure or homology model show a marked kink in
TM6. Perhaps this relative “rigidity” of the TM12 helix (com-
pared to TM6) renders it more sensitive to perturbations by site-
directed mutagenesis. This is reflected by the fact that the number
of functional perturbations caused by site-directed mutagenesis
in TM12 is greater than those in TM6. While the differing
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conformations of the apo ABCBI crystal structure and ATP-
bound homology model make a direct comparison of the two
difficult, the absence of a marked TM6 kink in the recent ABCB1
crystal structure (46) and the correlation between the modeled
and crystallographic asymmetries of TM6 and TM12 further
support our postulated mechanism of action.

Clearly, the way in which TM6 and TM12 communicate to
NBDI1 and NBD2, respectively, is not symmetrical. Furthermore,
functional asymmetry of the two NBDs (48) is not likely to be due
to inherent properties of the NBDs themselves but due to
differences in interdomain interactions. Despite there being dis-
tinct differences in the way that TM6 and TM 12 communicate to
the NBDs, as reflected by the differences in functional perturba-
tions, perhaps the outcome is the same, i.e., to control hydrolysis
and coordinate it such that drugs are translocated effectively.
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