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ABSTRACT. Multidrug transporters such as P-glycoprotein require considerable inter-domain communication
to couple energy utilization with substrate translocation. Elucidation of the regions or residues involved
in these communication pathways is a key step in the eventual molecular description of multidrug transport.
We used cysteine-scanning mutagenesis to probe the functional involvement of residues along the
cytoplasmic half of transmembrane segment 6 (TM6) and its extension toward the nucleotide binding
domain. The mutation of one residue (G346C) in this segment adversely affected drug transport in cells.
Further investigation using purified protein revealed that the underlying biochemical effect was a reduction
in basal ATP hydrolysis. This G346C mutation also affected the stimulation of ATPase activity in a drug
dependent manner but had no effect on drug binding, ATP binding, or ADP release. Homology modeling
of P-glycoprotein indicated that the G346C mutation caused a steric interaction between TM5 and TM6,
thereby precluding a helical movement required to support ATP hydrolysis.

Multidrug efflux pumps are characterized by their ability To date, the mechanism of multidrug efflux by P-gp
to translocate a large number of chemically and structurally remains poorly understood. Numerous reports demonstrate
unrelated compounds. The most widely investigated proto- the presence of multiple drug binding sites for both trans-
type is the P-glycoprotein (P-gp or AB§, which has been  ported substrates and modulato6s-9). Their location is
widely implicated in conferring multidrug resistance in within the transmembrane domain (TMD), although the
cancer(l, 2). P-gp is a member of the ATP binding cassette precise spatial orientation of TM segments contributing to
(ABC?) superfamily and is known to interact with over 200 the drug binding pocket has not yet been elucidafi(
drugs. Expression is not confined to malignant tissue since 14). The translocation process is driven by hydrolysis of ATP
P-gp is also localized in numerous normal tissues associatedat the nucleotide binding domains (NBDs), both of which
with excretory or protective roles, including the liver, small are required in a functional state to sustain transport activity
intestine, and bloodbrain and blood-testes barriers3( 4). (15—17). It is suggested that upon ATP binding the NBDs
Consequently, the protein plays a major role in determining interact such that nucleotide is coordinated by residues in
the pharmacokinetic profile of many clinically used com-  the walker-A motif of one NBD and the signature motif of
pounds (for review ses)). There is a clear need to develop  the other NBD (the sandwich dimer). The catalytic cycle is
inhibitors of P-gp in cancer or to modulate its actions in yjsyalized as alternating between NBDs, with the opening
normal tissue, yet only a few highly selective drugs have qf the NBD sandwich dimer thought to be necessary for the
been developed. Considerable research effort has beengiease of ADP and Pi. The extent of opening at the NBD/
directed toward describing the molecular basis of translo- NBD interface may of course be restricted to that just
cation by the protein to enable more rational drug/inhibitor ¢ ¢icient for ATP binding and ADP release, rather than a
development. complete disengagement. Interestingly, P-gp displays low-
level ATP hydrolysis in the absence of drug substrate, so-

' This research was funded by a Cancer Research UK Program Granicg|led basal ATPase activity, which is stimulated several fold
Lseﬁggg/ g‘éﬂiﬁ;ﬂgnc?onra&'ggiLgf%fgg;g;_ea“h Research, and Albertg, the presence of transported substrates and modulators. The

* To whom correspondence should be addressed. Fel4 1865 origin of basal ATPase activity remains unexplained. Clearly,
221 110. Fax: +44 1865 221 834. E-mail: richard.callaghan@ the process of drug translocation is a complex multifactorial

ndf'ﬁﬁ’\jggﬁy“bf Oxford one (18) and requires considerable co-ordination of inter-
$ University of Notting'ham. domain communication. Despite the investigations described
' University of Calgary. above, there is still a paucity of information detailing which

1 Abbreviations: ABC, ATP binding cassette transporter; TMD, i i indi i ;
transmembrane domain; NBD, nucleotide binding domain; DMSO, regions of the TMDs contain the .druQ binding .Slte.s or which
dimethyl-sulfoxide; DMEM, Dulbecco’s Modified Eagle’'s Medium; ~ S€gments of the transporter mediate communication between

ATP, adenosine triphosphate; IAAP, iodo-aryl-azido-prazosin. the drug binding sites and the NBDs.

10.1021/bi700447p CCC: $37.00 © 2007 American Chemical Society
Published on Web 08/14/2007



9900 Biochemistry, Vol. 46, No. 35, 2007 Storm et al.

Table 1: Mutagenic Oligonucleotide Primers Used to Generate TM6 Mutations

diagnostic

restriction
mutation primer sequence-53' digest
S344C TTAATTGGGGCCcTTRGT GTTGGACAG + Eco 0109 |
V345C TTAATTGGGGCaTTcAGTgTGGACAGGCAT +Bsm|
G346C F:GGGGCTTTTAGTGTIGCcCAGGCgTCTCCAAGCATTG +BsaH|I

R:CAATGCTTGGAGACGCCTGgCaAACACTAAAAGCCCC

Q347C GCTTTTAGTGTTGGAgcGCATCTCCAAG +Fspl
A348C GTTGGACAGgcagcCCAAGCATTG +Bsg |
S349C GGACAGGCATgcCCAAGTATTGAAGCA + Sph
A354C CAAGCATTGAALgCTTTGCAAATG + Bsm |
G360C CAAATGCAAGAIGCGCAGCTTATG +Fspl

a 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.

The first implication of a specific region in mediating from Cambrex BioScience (Nottingham, UK) and Excell 405
drug—P-gp interaction was obtained in cells selected for from AMS Biotechnology (Abingdon, UK).d-%?P]-Azido-
resistance to actinomycin DL9). These cells displayed a ATP (430-740GBg/mmol) was purchased from Affinity
non-conventional pharmacological profile, and isolated P-gp Labeling Technologies (Lexington, KY, USA), antq]-
contained mutations within transmembrane segment 6 (TM6), iodo-aryl-azido-prazosin (81.4TB g/mmol) was obtained
indicating a role in defining substrate specificity. An increas- from Perkin-Elmer LAS (Boston, MA, USA). Hoechst33342
ing number of studies indicated that mutations within TM6 was obtained from Invitrogen-Molecular Probes (Paisley,
produced (i) an altered spectrum of resistance to cytotoxic UK).
drugs, (ii) restoration of cellular drug accumulation, and (i)  Site-Directed Mutagenesis. Introduction of Cysteines.
impaired drug stimulation of ATP hydrolysis by P-g20( Mutants were constructed using the Altered sites Il (Prome-
23). More recent approaches to elucidate the localization of ga) or the QuickChange (Stratagene) mutagenesis systems
the drug binding site of P-gp suggest that residues within with the pAlter-MCHS cDNA template. MCHS is the DNA
TMB6 in close proximity to TM12 and TM11 form part ofa coding for P-gp devoid of cysteines and containing a
global drug binding pocke®@—26). The topography of the  C-terminal hexa-histidine tag. The latter was employed to
extracellular section of TM6 has recently been defirzg,( enable subsequent purification, and the template for con-
and the helix is proposed to undergo considerable confor- struction of the cysteine-less isoforms was the wild-type P-gp
mational change in response to events emanating from the(14, 27). Endogenous cysteines were mutated to serine in
nucleotide binding domains. However, a specific role for this study rather than the alanine mutation employed
individual residues within TM6 has been difficult to assign; elsewhere 15—17). Mutagenic oligonucleotides were de-
for example, residue L339 has been reported to make contacsigned containing the bases TGC or TGT, coding for
with TM12 (26), mediate verapamil binding to P-gg§), cysteine, and a silent new restriction site (Table 1). Mutants
or facilitate communication to the NBD29). were identified by diagnostic restriction digests, and frag-

Structural investigations of P-gB¢—32) and the related ~ Ments of the cDNA containing the desired mutation were
bacterial transporter Sav18683 indicate that TM6 is  then sub-cloned into the expression vectors pCineo_MCHS,
intimately and directly linked to NBD1 via an-helical pBlueBac4.5_MCHS, and pFastBacl_MCHS to generate the
extension of the cytoplasmic portion of TM6. In the present required constructs. The sub-cloned regions were sequenced
article, we used cysteine-scanning mutagenesis to investigatdBiochemistry, University of Oxford) to ensure the fidelity
the contribution of residues in the cytosolic region of TM6 Of the mutagenesis.
to P-gp function. Our results are consistent with a revised Transient Expression of P-gp in Mammalian HEK293T
view of the basal ATPase activity of P-gp, in which the rate Cells. Human Embryonic Kidney 293T cells (HEK293T)
of ATP hydrolysis in the absence of drug substrate is Were cultured in Dulbecco’s Modified Eagle’s Medium
regulated by residues or regions within the TMDs. More (DMEM) with 10% (v/v) foetal calf serum (FCS), supple-

specifically, our data suggest a model in which residue G346 mented with antibiotics (100 U/mL penicillin, 1Q@g/mL
in the cytosolica-helical section of TM6 is intimately ~ Streptomycin). For transfections, the HEK293T cells were

involved in TMD:NBD communication. seeded in 35 mm diameter tissue culture dishes at a density
of 5 x 10 cells. Twenty hours later, a mixture of/g of
EXPERIMENTAL PROCEDURES pCineo derivatives (containing cDNA for P-gp isoforms) and

. . _ ~ 6.5ug of polyethyleneimine (PEI) was added to the cells.

Materials. Octyl-5-p-glucoside, C219 antibody, and Ni-  This transfection medium was added in a solution of DMEM
NTA His Bind Su_perflow resin were obtalr)ed from Merck  containing 5% FCS and left for a further 24 h. The medium
Biosciences (Nottingham, UK). The antibodies 4E3 and goat- was then replaced with DMEM containing 10% FCS and
anti-mouse-RPE were from Dako (Glostrup, Denmark). |eft for a further 24 h.
Dimethyl-sulfoxide (DMSO) disodium adenosine triphos-  For analysis of protein expression, cells were resuspended
phate (NaATP), cholesterol, vinblastine, rhodamine123, and in lysis buffer (50 mM TrisHCI at pH 7.4, 150 mM NacCl,
nicardipine were all from Sigma (Poole, UK). Crués- 1% (v/v) NP-40, and protease inhibitors), and the solubilized
cherichia colilipid extract was obtained from Avanti Polar  proteins were resolved with SB$AGE and P-gp detected
Lipids (Alabaster, ). Insect-Xpress medium was purchased with the C219 antibody following immuno-blotting.
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Whole Cell FACS Assay for Rhodaminel123 Transport. absorbance measured using the Protein Solutions DynaPro
Following transfection, cells were harvested and incubated spectrophotometer (Protein Solutions Inc.). The hydrody-
in FACS buffer (FB) comprising phenol red free DMEM namic radius was calculated using the software program
containing 1% (v/v) FCS. The suspension was supplementedDyna Pro (Proterion, Piscataway, NJ).
with 2 uM rhodaminel23 and 1.#g/mL of the anti-P-gp ATPase Actity of Purified P-gp.The ATP hydrolytic
antibody 4E3, which recognizes an extracellular epitope. The activity of purified, reconstituted P-gp was determined by
mixture was incubated fol h at 37°C and the cells then  measuring the release of inorganic phosphate using modi-
washed with FB. The cells were subsequently incubated with fications (L4, 27) of a colorimetric assay36). Michaelis—

5 ug/mL goat-anti-mouse secondary antibody conjugated Menten parameters were determined by incubating proteo-
with R-phycoerythrin (RPE) in FB for 50 min at°€. Cells liposomes with varying concentrations of MgATP in the
were washed and resuspended in FB containingyfnL presence or absence of nicardipine or vinblastine:(80.
propidium iodide (PI). The fluorescence associated with cells To determine the potency of drugs to stimulate or inhibit
was measured with a FACSCalibur flow cytometer using ATP hydrolysis, the proteoliposomes were incubated in
488 nm argon laser excitation. The detection filters were set MgATP (2 mM) with varying drug concentrations.
at 530 nm (rhodamine 123), 585 nm (RPE), and 661 nm [y3%P]-8-Azido-ATP Binding to P-giNucleotide binding
(P1). The percentage of P-gp-expressing cells able to transporto P-gp was assessed by photoactive labeling of purified,
rhodaminel23 was calculated as previously descriBdd ( reconstituted protein with/[*?P]-8-azido-ATP, as previously
Briefly, the following formula was used to calculate the described36). Proteoliposomes (0/23) were incubated with
percentage of P-gp-expressing cells able to transport R123:concentrations up to 1Q¢M [y-32P]-8-azido-ATP in a total
volume of 20uL on ice for 12 min under subdued lighting
Transport actiity = and then subjected to UV-irradiation (100 W, 5 cin=
cells in lower right quandrant 100% 265 nm) for 8 min. Post-irradiation, the samples were
cells in the lower and upper right quadraﬁ<ts 0 resolved with 7.5% (v/v) SDSPAGE and labeling detected
by autoradiography. The interaction of ATP with the protein

Generation of Recombinant Baculous. Recombinant ~ was determined with 10M [y-32P]-azido-ATP in the
baculovirus was generated with either (i) the Bac-N-Blue or presence of increasing concentrations of nucleotide (0.01-2
(i) the Bac-to-Bac baculovirus expression systems (Invit- mM). The interaction with ADP was determined using 10
rogen). Mutants (G346C, Q347C, A348C, S349C, A354C, uM [y-32P]-azido-ATP in the presence of 0:63 mM ADP.
and G360C) in pBlueBac_4.5 (&) were cotransfected into [*#]-lodo-aryl-azido-prazosin Binding to P-g@he drug-
Spodoptera frugiperddSf9) cells with Bac-N-Blue DNA P-gp interaction was assessed by measuring the binding of
(0.25 ug) andCellfectin (10 ug) in medium without FCS  the photoactivateable modulatdfd]-iodo-aryl-azido-pra-
and antibiotics. Baculovirus was harvested by centrifugation zosin (IAAP). Proteoliposomes (0.258)) were incubated in
of the cells after 3 days, and the recombinant baculovirus the presence of 10 nMP]-IAAP in a total volume of 30
expressing the mutant P-gp was isolated as described by thetL in the presence or absence of nicardipine (8@),
manufacturer. Alternatively, mutant isoforms (S344C and vinblastine (100uM), rhodaminel23 (10Q«M), or Ho-
V345C) in pFastBac-1 were transformed into DH10Eac  echst33342 (10@M). The proteoliposomes and drugs were
coli. The bacmid DNA was isolated and P-gp cDNA incubated fo 2 h at 20°C in the dark to reach equilibrium.
incorporation verified by PCR. Transfection into Sf9 cells The samples were then placed on ice for 10 min and
was achieved with Bacmid DNA (3g) and Cellfectin subsequently irradiated with UV light & 265 nm, 100 W,
Reagent (Gtg) in medium without FCS or antibiotics. The 5 cm) for 8 min, and the protein was resolved with 7.5%
recombinant baculovirus was collected after 4 days of (v/v) SDS-PAGE. The gels were washed extensively with
infection. distilled water, fixed in 10% (v/v) acetic acid and 25% (v/

Expression, Purification, and Reconstitution of P-gp. V) isopropanol, and dried prior to autoradiography with
Trichplusia ni(High-five) cells were infected with recom-  Kodak Biomax Film.
binant baculovirus containing mutant isoforms of P-gp and  Statistical AnalysisAll data manipulation and statistical
harvested 3 days post-infection by centrifugation. Membranesanalysis were performed using GraphPad Prism version 4.
were isolated as previously describdd,(27) and stored at ~ Comparisons of data sets for mutant isoforms were performed
—80°C for up to 1 year. Purification by immobilized metal using analysis of variance (ANOVA), applying Newman
affinity chromatography and reconstitution of each isoform Keuls post-hoc test, where significaft € 0.05) differences
of P-gp were achieved using procedures previously describedwere found between mean values.
in full (14, 27). Confirmation of reconstitution was achieved Homology Modeling of P-Glycoproteihe structure of
via analysis of lipid and protein migration through sucrose Sav1866, imaged in the ADP-bound state and resolved to
density gradients. Protein concentration following reconstitu- 3.0 A (33), was used as the template structure for homology
tion was determined using densitometric analysis of SDS models of the N-terminal and C-terminal halves of human
PAGE gels stained with Coomassie-Brilliant Blue, with P-gp (NCBI AAA59575). Two copies of Sav1866 (PDB
bovine serum albumin as a standatd,(27). The efficiency code 2HYD) were aligned with the P-gp sequergg 898).
of reconstitution was further examined by dynamic light The alignment was checked using secondary structure
scattering because of its sensitivity to particle size and predictions 89). Each half of P-gp was modeled separately
polydispersity. Approximately 500 ng of purified, reconsti- using Modeller 40). The N- and C-terminal models were
tuted cysteine-less P-gp was appropriately diluted with buffer dimerized, refined, and energy minimized to remove any
(150 mM NacCl, 20 mM Tris, 1.5 mM MgG] and 20% residue clashes. The native P-gp model underweint sitico
glycerol at pH 6.8), placed in a quartz cuvette, and the G346C mutation and was further energy minimized to refine
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Ficure 1: Expression of P-gp in HEK293T and High-5 cells. A representative example of the expression of P-gp isoforms obtained from
whole cell lysates of (a) HEK293T and (b) High-five cells. P-gp expression was detected using western immuno-blotting with the anti-P-gp
monoclonal antibody C219. Proteins were separated using 8%-8BGSE, and the amount of protein loaded into each lane corresponds

to 20 ug of total protein in the lysate. The pCineo lane did not contain cDNA for P-gp.

the structure. The quality of the native P-gp and G346C upper right quadrant. This is indicative of reduced rhoda-
mutant P-gp models was assessed using PROCHEQXK ( minel23 transport, despite the expression and correct traf-

and WHATIF @2). ficking of P-gp. The relative expression levels for the various
mutants did not show any consistent trend; for example, the
RESULTS dot plot on Figure 2a suggests higher expression of cysteine-

less protein, compared to G346C protein whereas the
immuno-blot in Figure la indicates the opposite. The
cysteine-less isoform provides the template for the introduc-
tion of mutations, and Figure 2b clearly demonstrates that
the activity was identical to that of wild-type P-gp. All of
Ehe isoforms of P-gp were capable of significant rhodamine123
ransport, indicating that the introduction of a cysteine residue
did not cause major functional perturbation and hence has
not affected the structural integrity of P-gp. The striking
observation from the data in Figure 2b was that only one of
the mutations caused a significant reduction in the transport
function of P-gp, namely, isoform G346C. This assay is,
however, merely a reflection of overall protein function and
is not a sophisticated discriminator of kinetic differences
between protein isoforms. To achieve the latter objective

Expression of Mutant P-gp Isoforms in HEK293T and
High-Five cells. Mutant P-gp isoforms were initially ex-
pressed in HEK293T cells to provide a rapid initial screen
for major functional perturbation and in insect cells for more
detailed biochemical investigations on pure protein. For
comparison, we also examined the expression and transpor
function of protein with mutated residues in the upper half
of TM6. Both the expression level and the overall protein
function of these mutants were indistinguishable from those
in the cytosolic half of TM6. Figure 1 shows that full length
protein for each of the isoforms was produced in both the
HEK293T cells following transient transfection and insect
cells following infection with recombinant baculovirus.
Figure 1 is a representative gel and transient transfections

are associated with some degree of variability. There were : o ) ;
no mutant isoforms with a consistently different level of 'e€quired purification of the mutants. Previous studi4, (

expression. Moreover, there was no evidence of lower 27) demonstrated that the cysteine-less and wild-type P-gp
molecular weight species corresponding to mis-processed'SOformS are not functionally distinct on the basis of ATPase
(i.e., not fully glycosylated) P-gp. activity and substrate binding properties. Consequently, the

Overall Functional Assessment in HEK293T Cells. former is used as the reference point within the manuscript,

Rhodamine123 accumulation was measured for each of theparticularly as all of the single cysteine insertions are based
TM6 mutants, cysteine-less and wild-type P-gp, and sum- upon this template.

marized in Figure 2. Steady-state accumulation of the Purification of P-gp Isoforms. Characteristics of ATP
fluorescent dye rhodamine123 was used to measure theHydrolysis.The efficient solubilization and purification of
transport activity of the various P-gp isoforms. The two- P-gp from High-Five cell membranes has previously been
color flow cytometry assay detects transfected cells with the characterized 14, 27), and the final product displayed
P-gp antibody 4E3, which is subsequently detected by aapproximately 90% purity and a yield of 6-:3.0 mg per
fluorescent secondary antibody, and the accumulation of liter of insect cell culture. Figure 3a shows the purity of P-gp
rhodamine12334). The epitope of 4E3 is externally local- ~following immobilized metal affinity chromatography, with
ized, and the signal is therefore related to protein in the greater than 90% eluting at 120 mM imidazole and minimal
plasma membrane only. Cells expressing functional P-gp loss of P-gp at early stages of the procedure. The success of
have a low rhodamine123 signal due to transport. Addition reconstitution was defined as the comigration of lipfiH{f

of the P-gp modulator XR9576 increased the accumulation PC) and P-gp through a sucrose density gradient. Sucrose
of rhodamine123 compared to that in untransfected cells, density centrifugation was routinely performed for each
indicating the transport of rhodaminel23 solely by P-gp purification preparation, and reconstitution efficiency did not
(Figure 2a). In addition, the data obtained for G346C vary between the mutant isoforms. The protein was shown
displayed a shift from the lower right quadrant toward the to be efficiently reconstituted into liposomes as demonstrated



Inter-Domain Communication in P-Glycoprotein Biochemistry, Vol. 46, No. 35, 2000903

(a)

1) 2) 3)
i
- ] o 5
S 4 g, g :
) = &
4E3 4E3

1004

Normalised P-gp Transport
Activity

5{]-
& 5 a3 a5 A D N B8 0 A S D
PN OB AN IR N N N L gy

P-gp isoforms

Ficure 2: Transport of rhodaminel123 by mutant P-gp isoforms in HEK293T cells. (a) Quadrant analysis for the cysteine-less and G346C
isoforms obtained from the flow cytometry assay. The panels depict the correlation between rhodamine123 accuyranatijoand P-gp
expression, as detected by 4E3 fluorescemeax(s). The panels show dot-plots of single cells and are divided into four quadrants. The
lower-right quadrant represents P-gp-expressing cells capable of rhodamine123 extrusion. Panels 1 and 2 were obtained for the cysteine-
less isoform in the absence or presence of the P-gp inhibitor XR9576M)Orespectively. Panel 3 was obtained for the G346C isoform

in the absence of inhibitor. (b) Histogram showing the relative ability of wild-type, cysteine-less, and TM6 mutant P-gp isoforms to transport
rhodaminel23. An analysis of transport activity was done by flow cytometry, and the values were normalized for protein expression (i.e.,
4E3 reactivity) as described in Experimental Procedures.y¥dnds indicates the percentage of P-gp-expressing cells that were capable of
mediating rhodamine123 efflux. The values are expressed asin&&M from at least six independent observations. The asterisk indicates

a statistically significant difference from the value obtained for cysteine-less P-gp.

in Figure 3b. The use of detergent adsorption onto SM2- Figure 4 demonstrates a representative curve for the
Biobeads ensures the complete removal of surfactant. ATPase activity of purified cysteine-less P-gp and the G346C
Moreover, the homogeneity of the samples was confirmed isoform in the absence or presence of the modulator
by the presence of protein and lipid in a single fraction in nicardipine (3QuM). The ATPase activity displayed Michae-
the sucrose gradient, and there was no dispersity in eitherlis—Menten properties, and the presence of nicardipine
This was confirmed by the data in Figure 3c obtained with increased the maximal rate of hydrolysis. Cysteine-less P-gp
dynamic light scattering (DLS). DLS provides a reliable Wwas characterized by a bad@lax of 0.48+ 0.10xmol min™*
estimate of the homogeneity in particle sizes as revealed inmg* and aKy, of 0.54+ 0.05 mM. TheVinaxwas increased
the distribution profile in the histogram for cysteine-less P-gp. by nicardipine to 1.37+ 0.19 umol min~* mg™, while

The estimated size (hydrodynamic radius) of proteoliposomesVinblastine produced a comparatively smaller stimulation in
from the DLS analysis was 202 12 nm. There were no  Vimax Of 0.98 + 0.10 umol min~* mg~*. Drug stimulation
significant differences in the hydrodynamic radii of proteo- did not significantly affect th&rn for ATP hydrolysis.
liposomes produced for any mutant isoforms of the protein.  Data similar to that determined in Figure 4 was determined
The lipid composition of the proteoliposomes does produce for each of the mutant TM6 isoforms in the presence or
leaky liposomes, despite the presence of cholestd@)l (  absence of the substrates vinblastine or nicardipine, and the
These techniques demonstrate the homogeneity of theaveraged results from multiple preparations are summarized
proteoliposomes; however, they do not provide a morpho- in Table 2. The most dramatic effects on ATPase activity
logical characterization. Because the subsequent characterwere observed with the G346C isoform (bold, italic text),
izations do not include transport measurements, there is nowhich is consistent with the altered rhodamine123 transport
concern with precise morphology of the vesicles. data (Figure 2). The basal ATPase activity was reduced
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with the cysteine-less isoform (Figure 4). In contrast, unlike

Sl G E e i the control cysteine-less P-gp, the ATPase activity of the
G346C mutant was not stimulated by the presence @f\30
vinblastine.

The other mutant TM6 isoforms did not display any
significant change in basal ATPase activity, while the drug-
stimulated ATPase activity was affected in some isoforms.
The Vinax in the presence of nicardipine was also reduced
for Q347C but increased for the A348C and A354C isoforms.
A348C also showed increased,.x in the presence of
vinblastine, but the overall fold stimulation for both substrates
was comparable to that of cysteine-less P-gp. Overall, the
Km of ATP was not changed for most P-gp isoforms, but for
G346C and Q347C, it was reduced in the basal state when
compared to that of cysteine-less P-gp. For Q347CKthe
remained lower in the presence of nicardipine, and in the
(nm) presence of both nicardipine and vinblastine, ihevalue

Ficure 3: Purification and reconstitution of P-gp Isoforms. (a) All was higher for A354C.
P-gp isoforms were solubilized from High-five membranes in 2%  The above data on drug stimulation of ATPase activity

(w/v) octyl-glucoside and purified by immobilized metal affinity \yere obtained from MichaelisMenten characterization but

chromatography. The SDFPAGE gel (8%) was silver-stained and . .
demonstrates the retention of P-gp (G346C) on the column throughOnly atasingle drug concentration. Consequently, full dose

the washing steps (up to 30 mM imidazole) and its elution in 120 f€sponse analyses to determine the potencies of drug
mM imidazole. The arrow corresponds to the migration of P-gp at stimulation of ATP hydrolysis were undertaken. The results
140 kDa. (b) Following reconstitution, an aliquot of P-gp (G346C) are summarized in Table 3. Nicardipine stimulated the
was subjected to sucrose density centrifugation. Ten fractions werepoTpase activity of all of the mutants, but the degree of

collected from the gradient and P-gp distribution demonstrated by _.. : o .
SDS-PAGE (8%) gwith Coomassige?BriIIiant Blue staining. An Y stimulation was significantly different from that produced

aliquot of each fraction was assessed for the presence of the marketl Cysteine-less P-gp for some of the isoforms. It was
lipid [3H]-PC (dpm) using liquid scintillation counting. (c) Recon- increased for S344C, A354C, and G360C, and decreased for

stituted P-gp samples were examined by dynamic light scattering Q347C, but the potency of stimulation was unchanged
to assess the homogeneity and size of proteoliposomes generateq,,myarad to that of cysteine-less P-gp. These results confirm
The histogram provided is a representative example taken for the - . - o .
cysteine-less isoform of the protein. that the interaction of nicardipine with the mutant TM6
isoforms of P-gp is preserved following the introduction of
approximately 9-fold to 0.056 0.007 umol min* mg? cysteine residues and that this region may not be involved
by the G346C mutation. A similar reduction was observed in mediating the binding of this potent modulator. In contrast,
for the maximal rate of ATP hydrolysis in the presence of mutations G346C, Q347C, and S349C abrogated the stimu-
nicardipine; however, the degree of stimulation (3.4-fold) lation of ATP hydrolysis by vinblastine. Although, the degree
by this compound remained almost identical to that observed of stimulation observed with vinblastine in other mutant
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Table 2: Michaelis-Menten Parameters for ATPase Activity of P3gp

basal nicardipine vinblastine
Vmax Km Vmax Km Vmax Km
(umol/min/mg) (mM) (umol/min/mg) (mM) (umol/min/mg) (mM)
CYS™ 0.48+0.10 0.54+ 0.05 1.37+0.19 0.38+ 0.03 0.98+ 0.10 0.38+ 0.02
S344C 0.30+ 0.05 0.34+ 0.05 1.714+0.28 0.45+ 0.07 0.84+ 0.09 0.284+0.03
V345C 0.43+ 0.07 0.42+ 0.06 1.69+ 0.29 0.24+ 0.01 0.82+ 0.15 0.36+ 0.04
G346C 0.06+ 0.0T 0.21+ 0.05* 0.154+0.02 0.24+0.05 0.06+ 0.02 0.26+ 0.09
Q347C 0.25+0.03 0.21+ 0.03* 0.474+ 0.06 0.13+ 0.01* 0.39+0.13 0.19+ 0.02
A348C 0.794+0.15 0.37+0.03 2.904+ 0.52* 0.40+ 0.05 1.584+ 0.30* 0.41+ 0.06
S349C 0.38+ 0.04 0.36+ 0.06 1.00+0.10 0.23+ 0.03 0.45+ 0.04 0.27+0.03
A354C 0.47+0.10 0.50+ 0.10 2.21+ 0.37* 0.59+ 0.08* 1.29+ 0.23 0.61+ 0.15*
G360C 0.35+0.03 0.36+ 0.02 1.88+0.12 0.46+ 0.08 1.004+ 0.07 0.43+ 0.02

a ATPase activity was plotted as a function of ATP concentration andvthg and K., parameters obtained by nonlinear regression of the
Michaelis-Menten equation. The values are the me&aBEM of at least four independent preparations, and * refers to a significant differeénce (
< 0.05) compared to the cysteine-less (CY &oform.

Table 3: Potency and Degree of Drug Stimulation of ATP Table 4. Displacement offi]-lodo-aryl-azido-prazosin Binding to
Hydrolysis by P-gp P-gp Isoform3
nicardipine vinblastine nicardipine vinblastine rhodaminel23 hoechst33342
ECoo fold- ECeo fold- mutant  (30uM) (100uM) (100uM) (100uM)
(uM) stimulation (uM) stimulation CYS™ 0.36+0.06 0.38+-0.06 1.29+0.34 0.27+ 0.05

S344C 0.48+0.03 0.40+:0.02 1.61+0.47 0.12+-0.01
G346C 0.41+0.06 0.30+£0.08 1.54+0.29 0.164+ 0.05
Q347C 0.56+0.10 0.45+-0.10 1.27+0.16 0.164+0.09
A348C 0.40+0.03 0.36+0.06 1.25+0.18 0.20+ 0.04

CYS 3.2+£03 34+03 4.2+ 0.7 2.4+0.2
S344C 54+03 59+04* 122+05* 29402
V345C 3.2+0.1 3.9+£0.1 9.3+ 1.1* 2.1+0.1

*
832“738 ggi é'é g'gi 8?* = 11:& 8'_?1* S349C 0.39+0.05 0.34+005 218+062 031+ 013
A348C 3.4:i: 0'4 3.9j: 0'3 9.0+ 2.1* 2.3:|: 0'2 A354C 0.43+£0.04 0.39+0.07 1.39£0.25 0.21+ 0.06
S349C 2.31 0'1 2.6i 0'1 N.D ' iZi 0'1* G360C 0.52+0.12 0.34+0.01 1.40+1.37 0.23+ 0.10
A354C 35+0.2 50+03* 6.6+05 25+0.2 aThe fraction of [?]-IAAP labeled P-gp isoforms was determined
G360C 4.8+05 55+03* 59+04 2.7+ 0.1 in the presence of drug and was expressed as a proportion of the amount

in the absence of drug. The values represent the me&EM of at

a ATPase activity was plotted as a function of drug concentration least three independent observations

and the potency and degree of stimulation obtained by nonlinear
regression of the dosegesponse relationship equation. The values are

the meant- SEM of at least four independent preparations, * refers to i ; ;
a significant differenceR < 0.05) compared to the cysteine-less (CYS ;g?;il;delgstﬁeo;btn:y \:’(E)?j(i:;fgafé%fﬂo]tr& A’g%ﬁ?ﬁ;’ (\j”ennt:l(?ns_tme
isoform, and ND corresponds to not detected. : o - ) . !
strating that it is capable of interacting with P-gp. Conse-
) o ] ] quently, the lack of any effect of vinblastine on ATPase
isoforms (2.1-2.9-fold) was similar to that seen in cysteine- activity in Q347C, S349C, and in particular G346C (Tables
less P-gp (2.4 0.2-fold), the potency was generally reduced. 5 4nd'3) is not due to major disruption of the drug binding
In summary, specific mutations within the cytosolic region site for this substrate by the TM6 mutation.
of TM6 appear to modulate ATPase activity, even in the  Nucleotide Binding Characteristics of G346B8TPase
absence of drug. Moreover, the mutations impact differently activity is a multistep process involving ATP binding, the
on the ability of nicardipine and vinblastine to stimulate hydrolytic reaction, and the release of reaction products. To
ATPase activity with the efficacy of the latter abrogated. further examine the impact of the G346C mutation on P-gp
The altered potency or extent of effect may be attributed to function, the binding of nucleotide was examined using the
impaired binding of vinblastine to the mutant isoforms or photoactive ATP analoguey£2P]-8-azido-ATP. Figure 6a
modified communication of TM6 to the NBDs. demonstrates the dose-dependent binding &fip]-8-azido-
[*29]-IAAP Binding to TM6 Mutated Isoforms of P-gA. ATP to the cysteine-less and G346C isoforms of P-gp.
photoaffinity labeling approach was utilized to ascertain

whether the mutations altered the fidelity of drug binding to LI UV L o O
the TM6 isoforms. Figure 5 provides representative autora- Cys Pgp #

diograms for the specific photolabeling of the substr&ff{

IAAP to the cysteine-less and A348C isoforms of P-gp. The 348C Pgp s w

autoradiogram demonstrates that the binding to P-gp was o _ . _
displaceable by nicardipine, vinblastine, and Hoechst33342, FIGURE 5: [**4]-IAAP binding properties of purified, reconstituted

: - ; : ‘mutant P-gp isoforms. The binding offi]-IAAP was measured
while rhodamine123 produced a moderate increase in label by autoradiography of photoaffinity labeled purified, reconstituted

ing. The degree of displacement by each drug in the seriescysteine-less and A348C isoforms of P-gp in the presence or
of TM6 mutants was quantified by densitometry (Table 4). absence of various drug substrates (8. The amount of protein
Nicardipine, vinblastine, and Hoechst33342 all produced in each reaction was 0.26), and incubation was in the dark at 20

significant, specific displacement d‘fzﬂ]-IAAP photolabel- °C for 2 h. Following incubation, the protein was irradiated as

ing, although a residual fraction remained in each case. Tables\gsscg?]i‘ljy'zneg ngﬂgn%né%:;iggdﬂﬁz gg‘;gen“rﬂ;en{g a;:'eogg c;l;{ne
4 demonstrates that the fraction &]-IAAP displaced by |ows: (i) rhodamine123, (i) no drug, (i) nicardipine, (iv)

nicardipine, vinblastine, and Hoechst33342 was identical vinblastine, and (v) Hoechst33342.
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[y-32P]-8-azido-ATP (10Q:M) photolabeling was assessed.
Figure 6b shows a representative autoradiogram for the dose-
dependent displacement of-f2P]-8-azido-ATP binding by
ATP for G346C. The potency of displacement by ATP for
the control cysteine-less isoform @&= 0.37 £ 0.03 mM)
was not significantly different from that observed with the
G346C (IGy = 0.21+ 0.12 mM) isoform, suggesting that
the affinity for ATP binding is likely to be similar.

The release of ADP occurs at a late stage of the catalytic
cycle and has also been purported to play a role in dictating
the overall rate of hydrolysis. The low affinity of ADP
binding to ABC transporters precludes its direct measure-
ment. To overcome this problem, the ability to displace ATP
binding was used as a measure of the affinity of ADP. An
increase in the potency of displacement pf{P]-8-azido-

ATP binding by ADP in G346C would signify greater
affinity of the dinucleotide, thereby suggesting a slower rate
of release. Figure 6¢ demonstrates that the ADP-mediated
displacement of 5f-32P]-8-azido-ATP binding displayed
similar potencies for the cysteine-less {§& 67 + 16 uM)

and G346C (Ig = 72 £ 12 uM) isoforms of the protein.

Fraction [y-*2P]-Azido-ATP
Bound

t T T T T T 1
65 50 45 40 .35 .30 -25
log44[ATP]

—
o
~—

in ATPase activity is not due to changes in the binding of
ATP, the release of ADP, or of the ability of drugs to bind.
Homology Modeling of TM6 in P-gp Suggests that G346C

Ficure 6: Nucleotide binding properties of purified, reconstituted Disrupts the TMDu-Helical Packing.To provide a possible

cysteine-less and G346C P-gp. (a) The autoradiogram shows theStructural explanation for the unexpected functional effects
amount of -3%P]-8-azido-ATP bound to purified, reconstituted Of the G346C mutation, we have analyzed the native and

cysteine-less and G346C isoforms of P-gp. The binding was G346C P-gp homology models, which map over 90% of the
performed using a concentration ¢ff2P]-azido-ATP that varied P-gp primary sequence, including TM6 in its entirety and

between 10 and 10@M. Protein was resolved using SBSAGE - . .
and the amount of labeling detected by autoradiography. (b) the TMD—NBD and NBD-NBD interfaces. The quality of

Purified, reconstituted cysteine-less and G346C isoforms of P-gp the P-gp homology models was assessed using PROCHECK
were labeled withf-32P]-8-azido-ATP (10Q:M) in the presence ~ and WHATIF @1, 42) and found to be of comparable quality

or absence of varying concentrations of ATP. The inset to the panelto the Sav1866 template. The backbone root-mean-square
shows a representative autoradiogram for cysteine-less P-gpgeviation (RMSD) between Sav1866 and the native and

highlighting the relative labeling at each ATP concentration. The .
autoradiograms were quantitatively analyzed by densitometry, andG?’46C P-gp models was 0.98 A, while the RMSD between

the amount of labeling was plotted as a function of ATP concentra- the two P-gp homology models wa®.01 A, indicating that
tion. (c) Purified, reconstituted cysteine-less and G346C isoforms the backbone conformations are highly similar.

of P-gp were labeled witht%?P]-8-azido-ATP (10uM) in the Figure 7a shows that there is a significant bend in the
presence or absence of varying concentrations of ADP. The |nsetmode|ed TM6 helix AnaIySiS of the hydrogen-bonding
to the panel shows a representative autoradiogram for cysteine- h h h thelical bondi .
less P-gp and the relative labeling at each ADP concentration. ThePattérn shows that the normathelical bonding pattern is
autoradiograms were quantitatively analyzed by densitometry, anddisrupted between residues T33340 and V345-P350,
the amount of labeling was plotted as a function of ATP concentra- pinpointing these amino acids as key regions in Tavibelix
tion. The amount of protein in each reaction was Qu2p and  deformation. The first of these regions, T33340, consists

incubation was done in the dark at°€ for 12 min. Following ; ; ; 3 ; ;
incubation, the protein was irradiated and analyzed as described inprlmarlly of adjacenp-branched and aromatic residues and

Experimental Procedures. The relationships béetween photolabeling!€minates with a valineleucine-isoleucine motif (residues
and ATP or ADP concentrations were analyzed by nonlinear 338—340). Previous analysis of comparable sequences sug-
regression using the general desesponse curve. The values are gests that this arrangement gfbranched amino acids
mean+ SEM obtained from three independent observations for gestabilizesa-helices 44), in agreement with our model.
(b) and (). Because of this distortion of TM6, the side chain of Leu339
Langmuir binding analysis was not performed because of has a high surface accessibility, which is consistent with
the inability to saturate binding with the low concentrations previous experimental labeling result®9). Heuristic cal-
of commercial §-3?P]-8-azido-ATP. However, the results do  culations on the intracellular portion of TM6 suggest that it
indicate that at a concentration of 1@0/, there was no acts as a lever through which conformational changes are
discernible difference in the binding of the ATP analogue communicated to the NBD. The introduction of ansilico
to cysteine-less and G346C isoforms of P-gp. G346C mutation in the P-gp homology model shows that
To confirm that the binding of nucleotide was unaffected the 346C side chain adopts an energetically favorable
by the G346C mutation, the ability of ATP to displace conformation when itis coordinated by A342 (TM6), F303,

0.25 -
-

-55 -5.0 -45 -4.0 -35 -30 -25
log1o[ADP]

E . In summary, the impaired drug transport rate displayed
b by the G346C mutant isoform of P-gp is characterized by a
§ . ¥ — reduced basal ATPase activity and an altered communication
BB om0 ® 346C between the TMDs and NBDs subsequent to vinblastine, but
3 0o . .. . . . . .
La not nicardipine, binding. The precise nature of this reduction
13

3

L
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Ficure 7: Homology model of TM6/P-gp. (a) Side view of the native P-gp homology model. TM4 and 5 have been removed for clarity.
The N-terminal half is colored gray and the C-terminal half orange. TM6 (blue) contains a noticeable bend. The hydrogen-bonding pattern
of TM6 is disrupted in the area surrounding the solvent-accessible L339 (CPK spacefill). G346 (green spacefill atoms) protrudes directly
into a solvent-accessible cavity between TM5 and TM6. (b) Front view of the N-terminal half of the mutant P-gp model shows that the
G346C side chain (CPK spacefill) is closely coordinated by one residue from TM6, A342 (red liquorice), and two residues from TM5,
F303 (lower) and 1306 (upper red liquorice). A342 and 1306 sterically constrain G346C, while hydrogen bonds are formed between G346C
and F303. Conformational stabilization due to this mutation is discussed in the text.

and 1306 (TM5), as illustrated in Figure 7b. This increases by the mutation of residue 346 to cysteine has been

the number of TM5TM6 interfacial contacts 44, 45), previously observed, although the underlying mechanism was
which might influence the movement of TM6. not explored 25).
DISCUSSION Contrary to expectations, the reduced ATPase activity was

caused by reduction in the basal actiitgr se There were

The cysteine-scanning mutagenesis investigations with also effects on the stimulation of ATP hydrolysis, but these
TM6 clearly demonstrate that this helix plays an integral role were drug-dependent. For example, the modulator nicardipine
in the translocation pathway of P-gp. TM6 may influence stimulated hydrolysis to an identical extent and at a similar
this pathway by contributing to the drug binding site or potency in the G346C isoform compared that in the cysteine-
possibly through mediating the inter-domain communication less isoform. In contrast, the substrate vinblastine did not
with the NBDs. A previous study has demonstrated that the produce any stimulation following the mutation. This data
function of P-gp was unaffected by mutations of residues could suggest that the residue G346 contributes to the
331-343 to cysteined9), although conjugation of residue vinblastine and not to the nicardipine binding site. Interest-
339C with coumarin-maleimide perturbed communication to ingly, the two compounds have been shown to interact at
the NBDs and impaired the rate of ATP hydrolysis in the pharmacologically distinct sites on the proteiii, @6).
presence of substrate. The present investigation focused oHowever, both compounds displayed unaltered binding to
residues 344360, which comprise the cytosolic half of TM6  the protein, indicating that the mutation was not within the
and its extension linking to the N-terminal NBD. In our nicardipine or vinblastine binding sites. This therefore
selection of residues for mutation, we wished to include suggests that the two binding sites communicate to the NBDs
residues at the intracellular end of TM6 as well as some via distinct pathways, rather than through a common route.
residues in the cytosolic extension (which is atstelical This accounts for the unaffected nicardipine stimulation,
in conformation in Sav186&Q)). Of the residues examined, reduced vinblastine stimulation, and yet unaffected vinblas-
only the mutation of G346 caused a significant reduction in tine binding to G346C mutant. A similar conclusion was
the transport activity of P-gp due primarily to a reduction in demonstrated for the Q347C and S349C isoforms (Tables 3
the rate of ATP hydrolysis. The reduction of ATPase activity and 4) and was also shown for the L339C isofo28)(
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Ficure 8: Catalytic cycle for P-gp, the influence of the G346C mutation. The possible routes comprising the ATP hydrolytic pathway of
P-gp are depicted in the schematic. NBDs that are associated into a sandwich dimer (such that their signature motifs are coordinated for
ATP binding) are shown as N, while n refers to NBD(s) that are not associated in this manner. Routes A (red) and B (blue) are the
pathways for sub-basal and basal ATP hydrolysis by the protein (discussed in the text), while route C (green) indicates the acceleration of
NBD sandwich dimerization that is promoted by the drug substrate.

The spatial proximity and respective localization of the transporters. Dimerization of the NBDs encloses ATP such
drug binding sites on P-gp have not yet been resolved, that it is coordinated between the P-loop of one monomer
although a range of distinct biochemical and pharmacological and the signature sequence of the opposing partner. Drug
approaches have demonstrated that multiple interaction sitesbinding is believed to accelerate the rate of ATP hydrolysis
exist (7, 10, 11, 13). Similarly, the amino acids involved in by facilitating this event34); in other words, it increases
mediating communication to the NBDs remain unresolved, the rate of step (ii), shown as step (iia) in Figure 8.
although structural information from Sav18683] and The signature motif coordination of NBDs may be the rate-
BtuCD (47) transporters suggest that segments linking limiting step of the catalytic cycle, but how does the G346C
transmembrane helices or segments between TM6 and NBDImutation affect it, and is it required for basal ATP hydrolysis?
and/ or TM12 and NBD?2 are responsible. Medium resolution On the basis of the nucleotide sandwich model for ATP
structural information of P-gp confirms that the TM helices hydrolysis 65), basal ATPase activity is likely to precede
extend beyond the regions encompassed by the membranéhe signature motif coordination of NBDs. As mentioned
bilayers @0), supporting direct communication between TM above, the lower rate of hydrolysis under drug-free (basal)
segments and the NBDs. conditions is due to the slow rate of step (ii) and occurs via

The fact that the primary effect of the G346C mutation is route B (Figure 8). An alternative sequence of events may
a reduction in basal ATP hydrolysis appears counter-intuitive follow the path (i)— (iiia) — (v) — (vi), dubbed sub-basal
since the mutated residue lies within the TMD, while ATP route A in Figure 8, in which NBDs may still be dimerized
hydrolysis occurs at the NBDs. The reduction in basal but whose signature motifs are not coordinated for ATP
activity suggests that TM6 can dictate or influence events hydrolysis, or a mixture of the two pathways. The influence
in the NBDs even in the absence of any drug substrate. Thisof the TMD may therefore be to limit progression through
is not without precedent since TMDs have been shown to step (ii). This may be the nature of coupling between the
greatly influence the activity of NBDs; for example, the rates two domains. The G346C mutation prevents conformational
of ATP hydrolysis by isolated NBDs are dramatically changes within the TMD such that basal route B occurs at a
reduced (by as much as 10-fold) compared to those observedlower rate or alternatively, prevents step (ii) from occurring,
when associated with TMDs for a number of ABC transport- and the protein proceeds via sub-basal route A. In addition,
ers @8-53). As shown in Figure 8, ATP hydrolysis the G346C mutation prevents step (iia) (drug-stimulated ATP
comprises multiple discrete steps and one, or more, will be hydrolysis) from occurring for vinblastine but not nicardipine.
affected by the G346C mutation. Our data demonstrates thatThis suggests that vinblastine communicates to the NBD(s)
ATP binding (i.e., step (i)) is unaffected by mutation, and via an alternative pathway mediated via residue G346. In
similarly, the release of ADP (step (vi)) is likely to remain order to provide a theoretical visualization (as opposed to a
intact since the affinity for the dinucleotide to bind was also structure-based interpretation, which remains impossible) of
unaltered. Phosphate release (step (v)) and the hydrolyticthe G346C mutation, we have constructed a P-gp homology
reaction (step (iii)) are unlikely to represent the rate-limiting model based upon the structure of Sav1866. The structure-
step based on thermodynamic considerations (i.e., both arebased comparison of the X-ray crystallographic data for
exergonic reactions). The most likely candidate is the so- Sav1866 83) with the 8 A electron microscopy data for P-gp
called sandwich dimerization of NBDs (step (ii), hereafter (30) demonstrates that several of the longhelices in
referred to as signature motif coordination), a step which is Sav1866 can be superimposed onto long rod-shaped EM
thought to be essential for ATP hydrolysis by all ABC densities observed by electron microscopy of 2D P-gp
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crystals (Ford, R., personal communication). This, together
with the ease of alignment of P-gp with Sav1866 (i.e., the
length and separation of the Té4helices are highly similar),

supports the use of Sav1866 as a template structure for a
P-gp homology model. Our model indicates that the presence

of a cysteine at residue 346 gives rise to a steric interaction
between TM5 and TM6, sandwiching 346C between A342,
F303, and 1306 and increasing the number of inter-helix
contacts between TM5 and TM6. We propose that this
interaction between TM5 and TM6 impedes motion in the
cytosolic half of TM6, hindering the TMD/NBD com-
munication, NBD signature motif coordination, and ATP
hydrolysis through the basal route B. Furthier silico
mutations of G346 indicate that helix interactions between
G346 and TM5 are both charge and volume-dependent,
although more computational and experimental analysis
would be required to fully delineate this.

In the present article, we demonstrate that the TMDs of
P-gp play a major role in regulating the rate of ATP
hydrolysis in the NBDs, which is consistent with a previous
model for ABC transporterssg). Moreover, the regulation
may be perturbed by the G346C mutation in TM6, suggesting
a key role for this region of the protein for both the basal-
and drug-stimulated activity. The rate-limiting step in ATP
hydrolysis by P-gp (and other ABC transporters) is assumed
to be the signature motif coordination of NBDs, and the
G346C mutation in TM6 may retard the rate of this step.

ACKNOWLEDGMENT

We thank Dr. Tony George for the critical reading of the
manuscript and Dr. Kenneth Linton for assistance with the
production of recombinant baculovirus.

REFERENCES

1. Chan, H. S., Haddad, G., Thorner, P. S., DeBoer, G., Lin, Y. P.,
Ondrusek, N., Yeger, H., and Ling, V. (1991) P-glycoprotein
expression as a predictor of the outcome of therapy for neuro-
blastomaN. Engl. J. Med. 3251608-1614.

2.van den Heuvel-Eibrink, M. M., Sonneveld, P., and Pieters, R.
(2000) The prognostic significance of membrane transport-
associated multidrug resistance (MDR) proteins in leukemita,

J. Clin. Pharmacol. Ther. 3894—110.

3. Cordon-Cardo, C., O'Brien, J. P., Casals, D., Rittman-Grauer, L.,
Biedler, J. L., Melamed, M. R., and Bertino, J. R. (1989)
Multidrug-resistance gene (P-glycoprotein) is expressed by en-
dothelial cells at blood-brain barrier sité3;oc. Natl. Acad. Sci.
U.S.A. 86 695-698.

4.van der Valk, P., van Kalken, C. K., Ketelaars, H., Broxterman,
H. J., Scheffer, G., Kuiper, C. M., Tsuruo, T., Lankelma, J., Meijer,
C. J., Pinedo, H. M., et al. (1990) Distribution of multi-drug
resistance-associated P-glycoprotein in normal and neoplastic
human tissues. Analysis with 3 monoclonal antibodies recognizing
different epitopes of the P-glycoprotein molecudan. Oncol. 1
56—64.

5. Cascorbi, 1. (2006) Role of pharmacogenetics of ATP-binding
cassette transporters in the pharmacokinetics of dRlgg;macol.
Ther. 112 457-473.

6. Dey, S., Ramachandra, M., Pastan, I., Gottesman, M. M., and
Ambudkar, S. V. (1997) Evidence for two nonidentical drug-
interaction sites in the human P- glycoprotednoc. Natl. Acad.

Sci. U.S.A. 9410594-10599.

7. Martin, C., Berridge, G., Higgins, C. F., Mistry, P., Charlton, P.,
and Callaghan, R. (2000) Communication between multiple drug
binding sites on P-glycoproteiol. Pharmacol. 58624—632.

8. Pascaud, C., Garrigos, M., and Orlowski, S. (1998) Multidrug
resistance transporter P-glycoprotein has distinct but interacting
binding sites for cytotoxic drugs and reversing ageBtechem.

J. 333 351-358.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Biochemistry, Vol. 46, No. 35, 2000909

Shapiro, A. B., and Ling, V. (1997) Positively cooperative sites
for drug transport by P-glycoprotein with distinct drug specificities,
Eur. J. Biochem. 250130-137.

Bruggeman, E. P., Germann, U. A., Gottesman, M. M., and Pastan,
I. (1989) Two different regions of phosphoglycoprotein are
photoaffinity labeled by azidopind, Biol. Chem. 26415483
15488.

Ecker, G. F., Csaszar, E., Kopp, S., Plagens, B., Holzer, W., Ernst,
W., and Chiba, P. (2002) Identification of ligand-binding regions
of P-glycoprotein by activated-pharmacophore photoaffinity label-
ing and matrix-assisted laser desorption/ionization-time-of-flight
mass spectrometrilol. Pharmacol. 61637—648.

Greenberger, L. M. (1993) Major photoaffinity drug labeling sites
for iodoaryl azidoprazosin in P-glycoprotein are within, or
immediately C-terminal to, transmembrane domains 6 and.12,
Biol. Chem. 2681141711425.

Pleban, K., Kopp, S., Csaszar, E., Peer, M., Hrebicek, T., Rizzi,
A., Ecker, G. F., and Chiba, P. (2005) P-glycoprotein substrate
binding domains are located at the transmembrane domain/
transmembrane domain interfaces: a combined photoaffinity
labeling-protein homology modeling approadol. Pharmacol.

67, 365-374.

Taylor, A. M., Storm, J., Soceneantu, L., Linton, K. J., Gabriel,
M., Martin, C., Woodhouse, J., Blott, E., Higgins, C. F., and
Callaghan, R. (2001) Detailed characterization of cysteine-less
P-glycoprotein reveals subtle pharmacological differences in
function from wild-type proteinBr. J. Pharmacol. 1341609~
1618.

al-Shawi, M. K., Urbatsch, I. L., and Senior, A. E. (1994) Covalent
inhibitors of P-glycoprotein ATPase activity, Biol. Chem. 269
8986-8992.

Hrycyna, C. A., Ramachandra, M., Germann, U. A., Cheng, P.
W., Pastan, ., and Gottesman, M. M. (1999) Both ATP sites of
human P-glycoprotein are essential but not symmegiagchem.

38, 13887-13899.

Loo, T. W., and Clarke, D. M. (1995) Covalent modification of
human P-glycoprotein mutants containing a single cysteine in
either nucleotide-binding fold abolishes drug- stimulated ATPase
activity, J. Biol. Chem. 27022957-22961.

Callaghan, R., Ford, R. C., and Kerr, |. D. (2006) The translocation
mechanism of P-glycoproteil,EBS Lett. 5801056-1063.

Devine, S. E., Ling, V., and Melera, P. W. (1992) Amino acid
substitutions in the sixth transmembrane domain of P- glycoprotein
alter multidrug resistanc@®roc. Natl. Acad. Sci. U.S.A. 88564—
4568.

Loo, T. W., and Clarke, D. M. (1994) Mutations to amino acids
located in predicted transmembrane segment 6 (TM6) modulate
the activity and substrate specificity of human P- glycoprotein,
Biochemistry 3314049-14057.

Loo, T. W., and Clarke, D. M. (1996) Inhibition of oxidative cross-
linking between engineered cysteine residues at positions 332 in
predicted transmembrane segments (TM) 6 and 975 in predicted
TM12 of human P-glycoprotein by drug substratesBiol. Chem.

271, 27482-27487.

Ma, J. F., Grant, G., and Melera, P. W. (1997) Mutations in the
sixth transmembrane domain of P-glycoprotein that alter the
pattern of cross-resistance also alter sensitivity to cyclosporin A
reversal,Mol. Pharmacol. 51922-930.

Song, J., and Melera, P. W. (2001) Further characterization of
the sixth transmembrane domain of Pgpl by site-directed mu-
tagenesisCancer Chemother. Pharmacol. 4839-46.

Loo, T. W., Bartlett, M. C., and Clarke, D. M. (2003) Substrate-
induced conformational changes in the transmembrane segments
of human P-glycoprotein. Direct evidence for the substrate-induced
fit mechanism for drug binding. Biol. Chem. 27813603-13606.

Loo, T. W., and Clarke, D. M. (1997) Identification of residues
in the drug-binding site of human P- glycoprotein using a thiol-
reactive substratel. Biol. Chem. 27231945-31948.

Loo, T. W., and Clarke, D. M. (1999) Identification of residues
in the drug-binding domain of human P-glycoprotein. Analysis
of transmembrane segment 11 by cysteine-scanning mutagenesis
and inhibition by dibromobimane]. Biol. Chem. 27435388~
35392.

Rothnie, A., Storm, J., Campbell, J., Linton, K. J., Kerr, I. D.,
and Callaghan, R. (2004) The topography of transmembrane
segment six is altered during the catalytic cycle of P-glycoprotein,
J. Biol. Chem. 27934913-34921.

Loo, T. W., and Clarke, D. M. (2001) Defining the drug-binding
site in the human multidrug resistance P-glycoprotein using a



9910 Biochemistry, Vol. 46, No. 35, 2007

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

methanethiosulfonate analog of verapamil, MTS-verapadil,
Biol. Chem. 27614972-14979.

Rothnie, A., Storm, J., McMahon, R., Taylor, A., Kerr, I. D., and
Callaghan, R. (2005) The coupling mechanism of P-glycoprotein
involves residue L339 in the sixth membrane spanning segment,
FEBS Lett. 5793984-3990.

Rosenberg, M. F., Callaghan, R., Modok, S., Higgins, C. F., and
Ford, R. C. (2005) Three-dimensional Structure of P-glycopro-
tein: the transmembrane regions adopt an asymmetric configu-
ration in the nucleotide-bound statk,Biol. Chem. 2802857
2862.

Rosenberg, M. F., Kamis, A. B., Callaghan, R., Higgins, C. F.,
and Ford, R. C. (2003) Three-dimensional structures of the
mammalian multidrug resistance P-glycoprotein demonstrate major
conformational changes in the transmembrane domains upon
nucleotide binding,). Biol. Chem. 2788294-8299.

Rosenberg, M. F., Velarde, G., Ford, R. C., Martin, C., Berridge,
G., Kerr, I. D., Callaghan, R., Schmidlin, A., Wooding, C., Linton,
K. J., and Higgins, C. F. (2001) Repacking of the transmembrane
domains of P-glycoprotein during the transport ATPase cycle,
EMBO J. 20 5615-5625.

Dawson, R. J., and Locher, K. P. (2006) Structure of a bacterial
multidrug ABC transporterNature 443 180-185.

Stenham, D. R., Campbell, J. D., Sansom, M. S., Higgins, C. F.,
Kerr, I. D., and Linton, K. J. (2003) An atomic detail model for
the human ATP binding cassette transporter P-glycoprotein derived
from disulfide cross-linking and homology modelirfgASEB J.

17, 2287-2289.

Chifflet, S., Chiesa, U. T. R., and Tolosa, S. (1988) A method for
the determination of inorganic phosphate in the presence of labile
organic phosphate and high concentrations of protein: application
to lens ATPasesAnal. Biochem. 1681—4.

Gabriel, M. P., Storm, J., Rothnie, A., Taylor, A. M., Linton, K.
J., Kerr, 1. D., and Callaghan, R. (2003) Communication between
the nucleotide binding domains of P-glycoprotein occurs via
conformational changes that involve residue 5B&chemistry

42, 7780-7789.

Notredame, C., Higgins, D. G., and Heringa, J. (2000) T-Coffee:
a novel method for fast and accurate multiple sequence alignment,
J. Mol. Biol. 302 205-217.

Thompson, J. D., Higgins, D. G., and Gibson, T. J. (1994)
CLUSTAL W: improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, position-specific
gap penalties and weight matrix choidducleic Acids Res. 22
4673-4680.

Rost, B., Liu, J., Nair, R., Wrzeszczynski, K. O., and Ofran, Y.
(2003) Automatic prediction of protein functio@ell. Mol. Life

Sci. 60 2637-2650.

Sali, A., Potterton, L., Yuan, F., van Vlijmen, H., and Karplus,
M. (1995) Evaluation of comparative protein modeling by
MODELLER, Proteins 23 318-326.

Laskowski, R. A., Moss, D. S., and Thornton, J. M. (1993) Main-
chain bond lengths and bond angles in protein structdreédpl.

Biol. 231 1049-1067.

Vriend, G. (1990) WHAT IF: a molecular modeling and drug
design programJ. Mol. Graphics 81): 52-56, 29.

43.

45,

46.

47.

48.

49.

50.

51.

52.

54.

55.

Storm et al.

Rothnie, A., Theron, D., Soceneantu, L., Martin, C., Traikia, M.,
Berridge, G., Higgins, C. F., Devaux, P. F., and Callaghan, R.
(2001) The importance of cholesterol in maintenance of P-
glycoprotein activity and its membrane perturbing influericey,
Biophys. J. 30430-442.

. Senes, A., Gerstein, M., and Engelman, D. M. (2000) Statistical

analysis of amino acid patterns in transmembrane helices: the
GxxxG motif occurs frequently and in association with beta-
branched residues at neighboring positiohsMol. Biol. 296
921-936.

Russ, W. P., and Engelman, D. M. (2000) The GxxxG motif: a
framework for transmembrane helix-helix associatibriviol. Biol.

296, 911-919.

Ferry, D. R., Russell, M. A., and Cullen, M. H. (1992) P-
glycoprotein possesses a 1,4-dihydropyridine selective drug ac-
ceptor site which is allosterically coupled to a vinca alkaloid
selective binding siteBiochem. Biophys. Res. Commun. ,188)—

445,

Locher, K. P., Lee, A. T., and Rees, D. C. (2002) The E. coli
BtuCD structure: a framework for ABC transporter architecture
and mechanisncience 2961091-1098.

Berridge, G., Walker, J. A., Callaghan, R., and Kerr, I. D. (2003)
The nucleotide-binding domains of P-glycoprotein. Functional
symmetry in the isolated domain demonstrated by N-ethylmale-
imide labeling,Eur. J. Biochem. 2701483-1492.

Davidson, A. L., and Nikaido, H. (1991) Purification and
characterization of the membrane-associated components of the
maltose transport system froEscherichia coli J. Biol. Chem.

266, 8946-8951.

Ko, Y. H., and Pedersen, P. L. (1995) The first nucleotide binding
fold of the cystic fibrosis transmembrane conductance regulator
can function as an active ATPask,Biol. Chem. 27022093~
22096.

Liu, P.-Q., and Ames, G. F.-L. (1998) vitro disassembly and
reassembly of an ABC transporter, the histidine permeRises.

Natl. Acad. Sci. U.S.A. 958495-3500.

Morbach, S., Tebbe, S., and Schneider, E. (1993) The ATP-binding
cassette (ABC) transporter for maltose/maltodextrirSaimonella
typhimurium J. Biol. Chem. 26818617-18621.

. Nikaido, K., Liu, P.-Q., and Ames, G. F.-L. (1997) Purification

and characterization of HisP, the ATP-binding subunit of a traffic
ATPase (ABC transporter), the histidine permeas8aifmonella
typhimurium J. Biol. Chem. 27227745-27752.

Tombline, G., Muharemagic, A., White, L. B., and Senior, A. E.
(2005) Involvement of the “occluded nucleotide conformation”
of p-glycoprotein in the catalytic pathwayiochemistry 44
12879-12886.

Jones, P. M., and George, A. M. (2002) Mechanism of ABC
transporters: a molecular dynamics simulation of a well character-
ized nucleotide-binding subunRroc. Natl. Acad. Sci. U.S.A. 99
12639-12644.

BI700447P



