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 Importance of the Conserved Walker B Glutamate Residues, 556 and 1201, for the Completion of the Catalytic Cycle of ATP Hydrolysis by Human P-glycoprotein (ABCB1) Zuben E. Sauna,‡ Marianna Mu¨ller,‡ Xiang-Hong Peng, and Suresh V. Ambudkar* Laboratory of Cell Biology, Center for Cancer Research, National Cancer Institute, National Institutes of Health, Bethesda, Maryland 20892-4254 ReceiVed August 13, 2002; ReVised Manuscript ReceiVed September 23, 2002
 
 ABSTRACT: The human MDR1 (ABCB1) gene product, P-glycoprotein (Pgp), functions as an ATP-dependent efflux pump for a variety of chemotherapeutic drugs. In this study, we assessed the role of conserved glutamate residues in the Walker B domain of the two ATP sites (E556 and E1201, respectively) during the catalytic cycle of human Pgp. The mutant Pgps (E556Q, E556A, E1201Q, E1201A, E556/1201Q, and E556/1201A) were characterized using a vaccinia virus based expression system. Although steadystate ATP hydrolysis and drug transport activities were abrogated in both E556Q and E1201Q mutant Pgps, [R-32P]-8-azidoADP was trapped in the presence of vanadate (Vi), and the release of trapped [R-32P]8-azidoADP occurred to a similar extent as in wild-type Pgp. This indicates that these mutations do not affect either the first hydrolysis event or the ADP release step. Similar results were also obtained when Glu residues were replaced with Ala (E556A and E1201A). Following the first hydrolysis event and release of [R-32P]-8-azidoADP, both E556Q and E1201Q mutant Pgps failed to undergo another cycle of Vi-induced [R-32P]-8-azidoADP trapping. Interestingly, the double mutants E556/1201Q and E556/1201A trapped [R-32P]-8-azidoADP even in the absence of Vi, and the occluded nucleotide was not released after incubation at 37 °C for an extended period. In addition, the properties of transition state conformation of the double mutants generated in the absence of Vi were found to be similar to that of the wild-type protein trapped in the presence of Vi (Pgp‚[R-32P]-8-azidoADP‚Vi). Thus, in contrast to the single mutants, the double mutants appear to be defective in the ADP release step. In aggregate, these data suggest that E556 and E1201 residues in the Walker B domains may not be critical as catalytic carboxylates for the cleavage of the bond between the γ-P and the β-P of ATP during hydrolysis but are essential for the second ATP hydrolysis step and completion of the catalytic cycle.
 
 The ATP-binding cassette (ABC)1 family of transport proteins is one of the largest families of proteins in living organisms (1, 2). The functional unit of these transporters is comprised of two nucleotide-binding domains (NBDs) and two transmembrane domains, containing six putative R-helices (3, 4). The NBD or ATP site consists of the highly conserved Walker A and B motifs and the ABC signature or the linker region (5, 6). ABC transporters utilize energy for transporting substrates across membranes, and an understanding of how ATP hydrolysis is coupled to transport is vital to elucidating their mechanism (7). Due to the close sequence homology between the ABC transporters, particularly that within the NBDs, it is possible that these transporters may exhibit analogous mechanisms (8, 9). P-glycoprotein (Pgp), an archetypical ABC transporter and one of the most * Correspondence should be addressed at the Laboratory of Cell Biology, Center for Cancer Research, National Cancer Institute, NIH, Building 37, Room 1B-22, 37 Convent Drive, Bethesda, MD 208924254. Tel: 301-402-4178. E-mail: [email protected]. ‡ Both authors contributed equally to this work. 1 Abbreviations: ABC, ATP-binding cassette; BeFx, beryllium fluoride; IAAP, [125I]iodoarylazidoprazosin; NBD, nucleotide-binding domain; PAGE, polyacrylamide gel electrophoresis; PPi, sodium pyrophosphate; Pgp, P-glycoprotein; Vi, orthovanadate.
 
 10.1021/bi026626e
 
 extensively studied (4-6), would be an excellent candidate to discern such universal mechanisms common to this family of proteins. A recent study analyzed the functional consequences of mutating 14 of the most conserved acidic residues in mouse Mdr3 (also known as mdr1a), one of two mouse homologues to human MDR1 (10). Of the 14 residues studied those whose mutation resulted in the most dramatic phenotype were the pairs (in the NBD1 and NBD2, respectively) D551/1196 and E552/1197 in the conserved Walker B (I, L, L, L, D, E) domain. The Walker A and B and the signature (linker) region residues are identical in human MDR1 and mouse, rat, and hamster Mdr1 and Mdr3 (see supplement to ref 10). Previous work has demonstrated that the pair D551/1196 (equivalent to D555 and D1200 in human Pgp) is implicated in the coordination of Mg2+ in both mouse and human Pgp (11, 12). There is, however, no clear consensus about the role of the conserved glutamate residues E552 and E1197 (equivalent to E556 and E1201 in human Pgp). The analyses of the structure of NBDs of some of the ABC and analogous transport proteins (13-20) have suggested that these conserved glutamates are the most likely candidates to play the role of the catalytic carboxylate. Thus it is speculated that
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 13990 Biochemistry, Vol. 41, No. 47, 2002 these residues activate a water molecule, which will attack the β-γ-phosphate bond of ATP. Urbatsch et al. found that the mutants E552Q and E1197Q were able to trap [R-32P]8-azidoADP in the presence of Vi but showed no drugstimulated steady-state ATPase activity (10). Results with mutations in either the N- or the C-ATP site alone are difficult to interpret because the second ATP site is fully functional. Second, in investigating the role of the conserved glutamates as an activating base, the mutation of E f Q alone would not provide sufficient evidence to arrive at an unequivocal conclusion as the glutamine can also fulfill a role similar to the glutamate (13, 21). In this study, in addition to the mutants E556Q and E1201Q we have also characterized the E556A and E1201A as well as the double (E556/1201Q and E556/1201A) mutant Pgps. We demonstrate in this paper that in human Pgp residues E556 and E1201 do not appear to have a role in the cleavage of the bond between the γ-P and β-P of ATP per se and do not function as catalytic carboxylates since E556 f Q/A and E1201 f Q/A mutants exhibit Vi-induced occlusion of 8-azidoADP following hydrolysis of 8-azidoATP. However, as mutations in these residues are detrimental to function, they must perform a critical task(s). We therefore explored in detail the role of these residues. We have previously reported that there are two ATP hydrolysis events in a single catalytic cycle, one involved in drug transport and the other in resetting the Pgp molecule following the conformational change that accompanies the transport step (22, 23). The results of this study show that the E556Q and E1201Q mutant Pgps hydrolyze ATP and allow normal release of ADP during the first step but are defective in the second ATP hydrolysis event, and as a result of which, both steady-state ATP hydrolysis and drug transport activities are abrogated [part of this work has appeared in abstract form (24)]. We suggest that E556 and E1201 residues may reside in a “switch” region of Pgp comprised of the D loop and the ABC signature region, based on the model of MalK and Btu D NBD dimers (25, 26), which ensures that following the first ATP hydrolysis reaction at either the N- or the C-NBD, the alternate site is recruited for the next hydrolysis event. These data also provide strong evidence for the requirement of a second ATP hydrolysis step for the completion of a single catalytic cycle of Pgp. Finally, we observed that the Pgp double mutant (E556/1201Q or E556/1201A) traps [R-32P]8-azidoADP even in the absence of Vi. We assessed the properties of this transition state extensively and determined that it was comparable to the Pgp‚ADP‚Vi transition state of wild-type Pgp. This validates the central premises of the use of Vi to study the catalytic cycle of Pgp: that the Pgp‚ ADP‚Pi and the Pgp‚ADP‚Vi complexes are equivalent and that the transition state, Pgp‚ADP‚Pi, represents an intermediate state during the normal reaction pathway (27). EXPERIMENTAL PROCEDURES Chemicals. Calcein-AM, bodipy-FL-vinblastine, and rhodamine 123 were purchased from Molecular Probes, Inc. (Eugene, OR). Cyclosporin A was purchased from Calbiochem (San Diego, CA). [125I]Iodoarylazidoprazosin (IAAP), 2200 Ci/mmol, was obtained from PerkinElmer Life Sciences (Boston, MA). [R-32P]-8-AzidoATP (15-20 Ci/mmol), [R-32P]-8-azidoADP (15-20 Ci/mmol), [γ-32P]-8-azidoATP (15-20 Ci/mmol), 8-azidoATP, and 8-azidoADP were
 
 Sauna et al. purchased from Affinity Labeling Technologies, Inc. (Lexington, KY). The [R-32P]-8-azidoATP showed no detectable contaminating [R-32P]-8-azidoADP using thin-layer chromatography with 0.8 M LiCl as the solvent. Pgp-specific monoclonal antibody C219 was obtained from Fujirebio Diagnostics Inc. (Malvern, PA). Human Pgp-specific monoclonal antibody MRK 16 was purchased from Kyowa Medex Co., Ltd. (Tokyo, Japan). All other chemicals were obtained from Sigma Chemical Co. (St. Louis, MO). Vaccinia Virus Expression Vector Constructs. Specific point mutations were constructed by sequence overlap PCR using pTM1-MDR1 (wild type) DNA as the expression vector template as described previously (12, 28). The coding sequence for the E556Q mutant primer was 5′-ATC CTC CTG CTG GAT CAG GCC ACG TCA GCC TTG-3′; for the E1201Q mutant primer, 5′-ATT TTG CTT TTG GAT CAA GCC ACG TCA GCT CTG-3′; for the E556A mutant primer, 5′-ATC CTC CTG CTG GAT GCG GCC ACG TCA GCC TTG-3′; and for the E1201A primer, 5′-ATT TTG CTT TTG GAT GCA GCC ACG TCA GCT CTG-3′. The DNA sequence of all constructs was verified in both directions by automated sequencing with the PRISM Big Dye Terminator Sequencing Kit (PerkinElmer Corp., Norwalk, CT). Cell-Surface Expression of Wild-Type and Mutant Pgps and Drug Accumulation Assays by Flow Cytometry. HeLa cells infected with vTF7-3 and transfected with vector pTM1MDR1 wild type or the vector pTM1-MDR1 mutants were stained with the external epitope-specific monoclonal antibody, MRK 16 (29), and analyzed on a FACSort flow cytometer using CellQuest software (Becton Dickinson FACS system, San Jose, CA) as described (30, 31). Fluorescent drug accumulation assays were performed by flow cytometry in intact infected-transfected HeLa cells. The calcein accumulation assay was performed by adding calcein-AM, 0.5 µM, to 250000 cells in a reaction mixture of 4.5 mL and incubated at 37 °C for 10 min, centrifuged for 5 min at 500g, and transferred to ice. The pellet was resuspended in PBS + 0.1% BSA and analyzed by FACSort as described (28, 30, 31). The rhodamine 123 efflux assay was initiated by first incubating 250000 intact infectedtransfected HeLa cells with 0.5 µM rhodamine 123 for 45 min at 37 °C to accumulate the drug into the cells. Excess drug was washed off by centrifugation at 500g for 5 min, and the cells were resuspended in IMDM + 5% FBS and incubated at 37 °C for 30 min to allow the cells to efflux the accumulated rhodamine 123. Following centrifugation for 5 min at 500g the pellet was resuspended in PBS + 0.1% BSA and analyzed by FACSort. Preparation of Crude Membranes from HeLa Cells Infected-Transfected with pTM1 Vector Carrying the WildType and Mutant Human MDR1 Genes. Crude membranes were prepared from vTF7-3 infected HeLa cells transfected with vector pTM1-MDR1 wild type, pTM1-MDR1-E556Q, pTM1-MDR1-E1201Q, pTM1-MDR1-E556/1201Q, pTM1MDR1-E556A, pTM1-MDR1-E1201A, and pTM1-MDR1E556/1201A as described previously (28, 31) and stored at -70 °C. Total protein was quantified by the Amido Black protein estimation method as previously described (32), and Pgp expression level was determined by immunoblot analysis using the monoclonal antibody C219 (30, 33). Photoaffinity Labeling with IAAP. The crude membranes (50-70 µg of protein) were incubated with IAAP (10 nM)
 
 Role of Glu 556 and Glu 1201 in Catalytic Cycle of Pgp for 5 min under subdued light and exposed to UV light (365 nm) as described (22) for 10 min at 21-23 °C. Samples were then immunoprecipitated as described below. In some experiments (as indicated in the figure legend), intact HeLa cells expressing wild-type and mutant Pgps were also labeled with IAAP. The 500000 cells in IMDM medium containing 5% FBS were incubated with IAAP (10 nM) for 5 min under subdued light and exposed to UV light (365 nm) for 10 min at 21-23 °C. The cells were centrifuged at 500g for 5 min, and the supernatant was discarded. Cells were then resuspended in 100 µL of TD buffer [10 mM Tris-HCl, pH 8.0, 0.1% Triton X-100 (v/v), 10 mM MgSO4, 2 mM CaCl2, 1% (v/v) aprotinin, 2 mM AEBSF, 1 mM DTT, and 20 µg/mL micrococcal nuclease], incubated at 37 °C for 5 min, and quick-frozen in dry ice. The samples were then thawed and sonicated three times in a bath sonicator (1 min per sonication). Samples were then transferred to ice and immunoprecipitated as described below. Following SDSPAGE the gels were dried and exposed to X-ray film, and in addition, the radioactivity incorporated into the Pgp band was estimated using the STORM 860 phosphorimager system (Molecular Dynamics, Sunnyvale, CA) using the software ImageQuaNT. In phosphorimage analysis radioactivity was obtained as arbitrary units. Vanadate-Induced 8-AzidoADP Trapping in Pgp. The Viinduced trapping was carried out as described previously (22, 23) with minor modifications in some experiments. Crude membranes were incubated in the ATPase assay buffer (40 mM MES-Tris-HCl, pH 6.8, 50 mM KCl, 1 mM ouabain, 5 mM sodium azide, 1 mM EGTA, 2 mM DTT, and 5 mM MgCl2) with the indicated nucleotides and 0.25 mM Vi in the dark at 37 °C for 10 min (in the experiment depicted in Figure 2 the reaction was allowed to proceed for varying times). One of the following nucleotides (as indicated in the figure legends) was used in the different experiments: 50 µM [R-32P]-8-azidoATP, 50 µM [R-32P]-8-azidoADP, or 50 µM [γ-32P]-8-azidoATP (2 µCi/nmol). To demonstrate drugstimulated Vi-induced trapping, 50 µM verapamil was added to the reaction mixture prior to addition of [R-32P]-8azidoATP, and 5 µM [R-32P]-8-azidoATP was used in lieu of the 50 µM used in other experiments, as stated in the figure legends (see Results section and ref 10 for the rationale). All Vi-induced trapping reactions were stopped by the addition of 10 mM ice-cold ATP and placing the sample on ice. For experiments using [γ-32P]-8-azidoATP, each sample was accompanied by a control, which was not photo-cross-linked to correct for incorporation of the 32Plabeled γ-phosphate into Pgp by kinase-mediated phosphorylation. To determine the distribution of [R-32P]-8-azidoADP in the N- and the C-ATP site of Pgp, the samples were subjected to mild trypsin digestion following photo-crosslinking as described previously (12). Binding of [R-32P]-8-AzidoATP or [γ-32P]-8-AzidoATP to Pgp. Crude membranes (50-70 µg of protein) were incubated with 10 µM [R-32P]- or [γ-32P]-8-azidoATP (10 µCi/ nmol) for 5 min on ice in the ATPase assay buffer, photocross-linked, and then immunoprecipitated as described below. ATPase Assay. The Vi-sensitive ATPase activity of wildtype and mutant Pgps was determined by using the Pi release assay as described previously (23, 34, 35).
 
 Biochemistry, Vol. 41, No. 47, 2002 13991 Immunoprecipitation of Pgp. Following photo-cross-linking (50-70 µg of crude membrane protein in a reaction volume of 100 µL) 800 µL of ice-cold RIPA buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, and 1% aprotinin) was added to the reaction mixture. Pgp was immunoprecipitated by incubating with 12 µL of Pgp-specific monoclonal antibody C219 (1 mg/mL) for 3 h at 4 °C. Subsequent steps were carried out as described previously for immunoprecipitation using the polyclonal antibody PEPG 13 (28). RESULTS Substitution of the Highly ConserVed Residues E556 and E1201 with Q in the Walker B Domain of the ATP Sites of Pgp Does Not Affect Cell Surface Expression but Abrogates Transport Function. In this study we aim to understand the role of the highly conserved glutamates within the Walker B region of the N- and the C-ATP sites in the mechanism of ATP hydrolysis by Pgp. We generated the single mutants E556Q and E1201Q and the double mutant E556/1201Q of human Pgp and characterized them in a Vaccinia virus based expression system. HeLa cells infected-transfected with the wild-type and three mutant Pgps showed comparable cell surface expression measured by staining with human Pgpspecific monoclonal antibody MRK 16 in a FACS assay (Figure 1A). The functional status of the wild-type and mutant Pgps was assessed by using the calcein-AM efflux assay. Figure 1B illustrates that in a flow cytometry assay HeLa cells expressing wild-type Pgp show reduced accumulation of fluorescent calcein, as compared to cells infected-transfected with the pTM1 vector alone. However, cells expressing equivalent amounts of E556Q, E1201Q, and E556/1201Q mutant Pgps accumulate high levels of calcein comparable to the HeLa cells infected with the control pTM1 vector. Similar results were also obtained with rhodamine 123 and bodipy-FL-vinblastine (data not given), indicating that the mutant Pgps are defective in the transport of a number of fluorescent substrates. Additionally, crude membranes prepared from HeLa cells expressing the wild-type Pgp showed a basal ATPase activity of 9.4 nmol of Pi min-1 (mg of protein)-1, which was enhanced ∼2.5-fold to 23 nmol of Pi min-1 (mg of protein)-1 in the presence of 50 µM verapamil. These values are consistent with earlier published reports (30, 31). However, all three mutant Pgps did not show Vi-sensitive basal or verapamil-stimulated ATPase activity, though immunoblotting with the Pgp-specific monoclonal antibody C219 showed similar levels of Pgp in crude membranes of HeLa cells expressing the wild-type and mutant proteins (see inset to Figure 1A). Wild-Type, E556Q, E1201Q, and E556/1201Q Pgps Exhibit Differences in the Trapping of [R-32P]-8-AzidoADP. The wild-type and all three mutant Pgps bind [R-32P]-8azidoATP, and this binding is specific as it is competed by the addition of a 100-fold excess of nonradioactive ATP (data not given). The nucleotide analogue 8-azidoATP is a good hydrolysis substrate for Pgp and follows Michaelis-Menten kinetics with a Km of 400-600 µM, which is comparable to the Km for ATP (330 µM) under identical conditions (36). The maximal velocity of the hydrolysis reaction is about 8-10-fold slower with 8-azidoATP compared to ATP (36). Furthermore, [R-32P]-8-azidoATP is a useful photoaffinity
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 FIGURE 1: Cell surface expression, substrate transport, and Viinduced trapping in wild-type and mutant Pgps, E556Q, E1201Q, and E556/1201Q. (A) Replacement of the highly conserved residues E556 and E1201 with Q in the nucleotide-binding domain of Pgp does not affect cell surface expression. The cell surface expression of wild-type and mutant Pgps was determined by staining infectedtransfected HeLa cells with human Pgp-specific monoclonal antibody, MRK 16, as described (30, 31). The inset shows an immunoblot of crude membranes (10 µg of protein) prepared from infected-transfected HeLa cells using the Pgp-specific monoclonal antibody C219. The lanes represent (from left to right) wild-type Pgp and the mutant Pgps E556Q, E1201Q, and E556/1201Q, respectively. (B) Replacement of the highly conserved residues E556 and E1201 with Q in the nucleotide-binding domain of Pgp abolishes substrate transport. The transport assay was performed in infected-transfected HeLa cells using the Pgp substrate calceinAM (0.5 µM) and analyzed by flow cytometry as described in the Experimental Procedures. Panels A and B show HeLa cells infected with vTF7-3 and transfected with vector pTM1 (control) or pTM1MDR1 wild type (WT), pTM1-MDR1-E556Q (E556Q), pTM1MDR1-E1201Q (E1201Q), and pTM1-MDR1-E556/1201Q (E556Q/ E1201Q, double mutant). (C) Vi-induced trapping of [R-32P]-8azidoADP into wild-type and mutant Pgps. Crude membranes (60 µg of protein) were incubated with 50 µM [R-32P]-8-azidoATP (2 µCi/nmol) in the absence (-) or presence (+) of 0.25 mM Vi for 10 min at 37 °C in the ATPase assay buffer. The reaction was stopped by adding 10 mM ice-cold ATP and transferring to ice. Samples were photo-cross-linked, immunoprecipitated with the Pgpspecific monoclonal antibody C219, and electrophoresed on an 8% gel. The dried gel was exposed to an X-ray film for 8-18 h at -70 °C. The lanes are labeled on the autoradiogram.
 
 reagent that has helped to circumvent the technical difficulties associated with the low affinity of Pgp for the nucleotide (37, 38). The experimental approaches chiefly rely on the Vi-induced trapping of [R-32P]-8-azidoADP into Pgp followed by photo-cross-linking. This reaction also exhibits Michaelis-Menten kinetics with Km = 20 µM (36, 39), and we have demonstrated that results obtained with photo-crosslinking experiments are comparable to those obtained by direct quantification of occluded [R-32P]-8-azidoADP by using a liquid scintillation counter in the absence of photocross-linking (see Figure S2 in the supplement to ref 40). We studied Vi-induced trapping of [R-32P]-8-azidoADP in the wild-type and mutant Pgps. Consistent with previous findings, we demonstrate in Figure 1C that when wild-type Pgp is incubated with [R-32P]-8-azidoATP alone at 37 °C, the radiolabel can be competed out by the excess nonradioactive ATP added at the end of the assay but prior to exposure to UV light. However, the transition state inter-
 
 Sauna et al. mediate, Pgp‚[R-32P]-8-azidoADP‚Vi generated in the presence of Vi cannot be competed out even with a 200-fold excess of ATP. Both of the mutant Pgps, E556Q and E1201Q, exhibit enhanced trapping of [R-32P]-8-azidoADP in the presence of Vi. The mutant E1201Q Pgp shows a higher level of trapping compared to the E556Q protein in the absence of Vi. However, interestingly, the double mutant E556/1201Q shows the same level of trapping of [R-32P]8-azidoADP in the absence or presence of Vi (lanes 7 and 8 from the left in Figure 1C). Phosphorimager analysis of the gel depicted as an autoradiogram in Figure 1C shows that the mutant Pgps E556Q, E1201Q, and E556/1201Q trapped 26%, 43%, and 96% 8-azidoADP in the absence of Vi compared to that observed in the presence of Vi. In contrast, the wild-type Pgp shows 90%. However, we observe that for the Pgp double mutant, E556/1201Q, trapping under all three conditions (absence of any Pi analogue, presence of Vi or BeFx) is unaffected by PPi (Figure 5A, right panel). This would suggest that following ATP hydrolysis the double mutant spontaneously traps the resultant nucleoside diphosphate in a transition state that, by this test, does not differ from the one generated in the presence of Vi in wild-type Pgp. The Double (E556/1201Q) Mutant Pgp in the Trapped State Generated in the Absence of Vi Exhibits Reduced Binding of the Drug Substrate, IAAP. Our recent studies (22, 23, 35) show that though binding of nucleotide to Pgp per se does not affect its interactions with the substrate, the Vitrapped conformation of Pgp binds substrates with drastically reduced affinity (also see Figure 2C, step 2). Consistent with these studies, Figure 5B (left panel) shows that the binding of IAAP to wild-type Pgp is unaffected by incubating crude membranes with ATP alone at 37 °C prior to incubation with IAAP. However, the binding of IAAP is considerably diminished when the crude membranes are incubated with ATP in the presence of Vi. The mutant Pgp E556/1201Q,
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 FIGURE 5: Characterization of [R-32P]-8-azidoADP trapping by the double mutant E556/1201Q Pgp in the absence and presence of Vi. (A) Vanadate- and beryllium fluoride-induced trapping of [R-32P]-8-azidoADP in wild-type Pgp and the double mutant Pgp E556/1201Q. Crude membranes were incubated with [R-32P]-8azidoATP (50 µM, 2 µCi/nmol) in the ATPase assay buffer for 10 min at 37°C under the following conditions: control, no additions; 5 mM sodium pyrophosphate (PPi); 0.25 mM Vi; 0.25 mM Vi + 5 mM PPi, 0.6 mM BeSO4 + 2.5 mM NaF (BeFx); 0.6 mM BeSO4 + 2.5 mM NaF + 5 mM PPi. The samples were processed as described in the legend to Figure 1C. (B) Effect of ATP and ATP + Vi on the photoaffinity labeling of the wild-type and double mutant E556/1201Q Pgp with IAAP. Crude membranes were incubated in the ATPase assay buffer for 10 min at 37 °C under the following conditions: (i) control, no additions; (ii) 1 mM ATP; and (iii) 1 mM ATP + 0.25 mM Vi. The reaction was stopped by transferring the samples to ice, and the samples were washed by centrifugation at 300000g for 15 min at 4 °C. IAAP (10 nM) was added to each of these aliquots, and the mixture was incubated at 23 °C for 5 min and then photo-cross-linked, immunoprecipitated, and electrophoresed as described in the Experimental Procedures.
 
 on the other hand, shows reduced binding of IAAP when incubated with ATP alone or in the presence of ATP and Vi prior to labeling with IAAP (Figure 5B, right panel). This experiment further supports the view that the transition state generated by the Pgp double mutant E556/1201Q in the absence of Vi has a conformation similar to that of the Pgp‚ ADP‚Vi-trapped state of the wild-type protein. Intact HeLa Cells Expressing the Mutant (E556Q, E1201Q, and E556/1201Q) Pgps Show Reduced Binding of the Drug Substrate, IAAP. The experiments described above have been conducted using crude membrane preparations of HeLa cells overexpressing the wild-type and mutant Pgps. The crude membranes are prepared and stored in media, which contain no ATP. Pgp exhibits a very low affinity for ATP (Km of approximately 0.3-1 mM), and it is unlikely that there would be any ATP associated with the membrane preparations. Intact cells, on the other hand, would contain physiological levels of intracellular ATP. Thus the mutant Pgps in these cells would, following an initial ATP hydrolysis event, be trapped in a conformation(s) that does not favor the binding of the drug substrate, IAAP (see Figure 2C, step 2, and Figure 5B, right panel). To test this hypothesis, intact HeLa cells overexpressing the wild-type or the mutant (E556Q, E1201Q, E556/1201Q) Pgps were incubated with IAAP and photocross-linked. The photolabeled Pgp was immunoprecipitated,
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 FIGURE 6: Photoaffinity labeling of wild-type and mutant (E556Q, E1201Q, and E556/1201Q) Pgps in intact HeLa cells. Infectedtransfected HeLa cells (500000 cells resuspended in IMDM medium + 5% FBS) were labeled with IAAP (10 nM) in either the absence or presence of 5 µM cyclosporin A (CSA) and photo-cross-linked as described in the Experimental Procedures. The experimental conditions are given on the autoradiogram.
 
 and Figure 6 demonstrates that wild-type Pgp shows binding of IAAP (which is sensitive to the Pgp modulator cyclosporin A), whereas the mutant Pgps (E556Q, E1201Q, and E556/ 1201Q) show significantly reduced binding of IAAP. These data indicate that in intact cells the mutant proteins are trapped into an intermediate conformation of the catalytic cycle that prohibits the completion of one cycle and, consequently, the initiation of the next cycle. The Pgp Double Mutant E556/1201A Also Exhibits [R-32P]-8-AzidoADP Trapping. The experiments described above indicate that substitution of E556, in the N-terminal ATP site, or its equivalent residue (E1201) with Q, in the C-terminal ATP site, or both (E556Q, E1201Q, or E556/ 1201Q) does not have any significant effect on the cleavage of β-γ-phosphate bond of ATP per se but affects subsequent steps in the catalytic cycle of Pgp. This is particularly significant because E556 or E1201 (and its homologues in other ABC transporters as well as other ATPases) has been implicated as the catalytic carboxylate (10, 13, 57). To assess whether a Glu to Ala substitution will affect the cleavage of the β-γ-phosphate bond of ATP, we generated the mutant Pgps where Glu was replaced with Ala (E556A, E1201A, and E556/1201A). Characterization of these mutants showed that (1) they exhibited comparable cell surface expression, (2) similar to E f Q (see Figure 1A), E f A substitutions also resulted in loss of transport activity, and (3) the single mutants E556A and E1201A, similar to E556Q and E1201Q (see Figure 1C), showed some trapping of [R-32P]-8azidoADP in the absence of Vi, which was enhanced in the presence of 0.25 mM Vi (data not shown). To determine the nature of the nucleotide trapped in the double mutant, E556/1201A, the Vi-induced trapping was carried out using [R-32P]-8-azidoATP as well as [γ-32P]-8-azidoATP. The double mutant E556/1201A shows [R-32P]-8-azidoADP trapping in both the absence and presence of Vi (Figure 7, left panel), which is comparable to the double mutant E556/ 1201Q (Figure 4A). Furthermore, there was no discernible band when the double mutant E556/1201A was incubated with [γ-32P]-8-azidoATP in either the absence or presence of Vi (Figure 7, right panel). The results from this experiment suggest that the glutamate residues at positions 556 and 1201 in human Pgp may not be critical for the cleavage of the β-γ bond of ATP per se by Pgp. Moreover, the double mutant E556/1201A when incubated with ATP in either the absence or presence of Vi at 37 °C showed reduced affinity for IAAP (data not given), which is comparable to the finding with the double mutant E556/1201Q (Figure 5B). Additionally, the trapping of [R-32P]-8-azidoADP in the absence of
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 FIGURE 7: Determination of the nature of the trapped nucleotide in the Pgp double mutant, E556/1201A, in the presence and absence of Vi using [R-32P]-8-azidoATP or [γ-32P]-8-azidoATP. Crude membranes (60 µg of protein) were incubated in the ATPase assay buffer for 10 min at 37 °C under the following conditions: [R-32P]8-azidoATP (50 µM, 0.5 µCi/nmol); [R-32P]-8-azidoATP (50 µM, 0.5 µCi/nmol) + 0.25 mM Vi; [γ-32P]-8-azidoATP (50 µM, 0.5 µCi/nmol); [γ-32P]-8-azidoATP (50 µM, 0.5 µCi/nmol) + 0.25 mM Vi. The reactions were stopped, and samples were processed as described in the legends to Figures 1C and 4A.
 
 Vi by the double mutant E556/1201A is not sensitive to PPi (data not given), similar to the observation with the E556/ 1201QA double mutant (Figure 5A). Thus, Pgp mutants with substitution of E556/1201 with either Q or A exhibit similar properties, and these data indicate that E556 and E1201 residues do not function as catalytic carboxylates. DISCUSSION The superfamily of ABC transport proteins represents numerous therapeutic targets (1). Pgp is one of the most extensively studied ABC transport proteins as its reversal could contribute significantly to overcoming clinical MDR and it is a good model system to understand ABC transporters in general. Building upon the model proposed by Senior and associates (47), we have in recent years elucidated the catalytic cycle of Pgp in considerable detail (22, 23, 36, 39, 40). The essential feature of our model is that ATP hydrolysis results in a dramatic conformational change where the affinity of both the substrate and the nucleotide for Pgp is reduced >30-fold and the hydrolysis of an additional molecule of nucleotide is obligatory to “reset” the molecule. In this study we investigated the role of highly conserved glutamate residues at positions 556 and 1201 in human Pgp to determine the following: (i) Is the presence of glutamate at these positions mandatory for cleaving the β-γ-phosphate bond of ATP? (ii) Does substitution of these residues with glutamine or alanine affect human Pgp function, and if so, what is the mechanistic basis? Human Pgp mutants of the conserved glutamate residue in the Walker B region (E556Q, E556A, E1201Q, E1201A, E556/1201Q, and E556/1201A) showed cell surface expression levels comparable to that of the wild-type protein, but the transport function was abrogated in all of the mutant Pgps (Figure 1A,B; data for E556A, E1201A, and E556/1201A not shown). Moreover, our results are in agreement with the findings in Mdr3 that show that replacement of Glu 556 or Glu 1201 with Gln causes a loss of steady-state ATPase activity but permits Vi-induced trapping of [R-32P]-8azidoADP (Figure 1C and ref 10). These observations suggest that these Pgp mutants can catalyze a single ATP hydrolysis event. But, whether the glutamate residue is necessary for ATP hydrolysis cannot be addressed on the basis of this evidence as only one of the two ATP sites is modified and there is the confounding influence of the
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 FIGURE 8: Effect of the substitution of E556, E1201, and E556/E1201 with Q or A on the catalytic cycle of ATP hydrolysis by Pgp. The scheme for the catalytic cycle of Pgp has been described earlier (23). The ellipses represent the substrate binding sites; the “ON” and the “OFF” site. The hexagon portrays the ON site with reduced affinity for the drug. The circles represent the ATP sites. The empty square represents the ATP site with reduced affinity for nucleotide. Step I: Substrate binds to the high-affinity ON site of Pgp, and ATP binds to either of the two ATP sites. Step II: ATP is hydrolyzed, and the drug is moved to the lower affinity OFF site. Step III: Pi is released, and the drug is extruded from Pgp at this step. Step IV: The ADP and Vi dissociate from the complex, the ATP sites revert to the high-affinity state, but affinity for the drug substrate continues to be low. Step V: Following disassociation of the ADP in step IV, an additional molecule of ATP binds to the alternate ATP site. Step VI: ATP is hydrolyzed. Step VII: Pi is released. Step VIII: The disassociation of ADP allows the conformation of Pgp to be restored to its original state (step I) to initiate the next cycle (23). Since the double mutants E556/1201Q or E566/1201A are impaired in the release of ADP (see Figure 3; data for E556/1201A not shown), the catalytic cycle is possibly terminated at step IV. How the ADP release is impaired is currently not known. It is likely that the signaling from the functional alternate site is required for the ADP release from the catalytic site. The single mutants (E556Q, E556A, E1201Q, and E1201A), on the other hand, show normal release of ADP and can bind ATP during next step but exhibit greatly reduced ability to hydrolyze it (see Figure 2A, panels I-III; data with E556A and E1201A not shown). In these mutants thus, the catalytic cycle is impaired at step VI. It is important to note that though the single and the double mutants are impaired at different steps, these mutants are unable to complete the catalytic cycle, resulting in loss of steady-state substrate-stimulated ATP hydrolysis and drug transport activities.
 
 unmodified ATP site. We therefore studied the double mutant, where residues in both ATP sites are simultaneously modified (E556/1201Q or E556/1201A). There is a general consensus that when Vi-induced trapping of nucleotide is observed, at least one ATP hydrolysis event (or “half-cycle”) has necessarily occurred (39, 42, 46). However, as the double mutant (E556/1201Q) incorporates nucleotide in both the absence or presence of Vi (Figure 1C), we cannot assume that ATP hydrolysis has necessarily occurred and that the mutant Pgp does not merely trap ATP tenaciously. We therefore used several approaches to address this issue. We compared the trapping of the nucleotide by using both the R-32P- and the γ-32P-labeled 8-azidoATP and found that when [γ-32P]-8-azidoATP was used, there was no 32P signal associated with the Pgp band (Figures 4A and 7), though in nucleotide binding experiments carried out at 4 °C, both R-32P- and γ-32P-labeled 8-azidoATP were incorporated equally into the Pgp protein (data not shown). This implies that in the Pgp double mutants E556/ 1201Q and E556/1201A the trapped moiety is the 8-azidoADP in both the absence and presence of Vi. Moreover, the effect of temperature on the trapping of 8-azidoADP in the double mutants (Figure 4B) is consistent with the energetics of trapping rather than binding (see ref 39 for details). Finally, we determined that the nucleotide trapping
 
 in both the absence or presence of Vi is stimulated by verapamil in the E556/1201Q Pgp (Figure 4C). As drug substrates have no effect on the binding per se of [R-32P]8-azidoATP to Pgp (23), the stimulation of nucleotide trapping strongly indicates the occurrence of ATP hydrolysis. It could be argued that when the conserved glutamates were substituted with glutamines, these could also activate a water molecule to attack the γ-phosphate of ATP. However, the double mutant E556/1201A also shows a phenotype similar to the mutant E556/1201Q, in that it traps the nucleoside diphosphate in both the absence and presence of Vi (Figure 7). These results thus suggest that activation of a water molecule by the glutamate residues at positions 556 and 1201 in human Pgp is not obligatory for the cleavage of the bond between the β- and γ-phosphates of ATP. It has been argued largely on the basis of the fact that the mutant E171Q (equivalent to E556 or E1201 of human Pgp) in MJ0796 of Methanococcus jannaschii had undetectable steady-state ATPase activity that these residues are catalytic carboxylates in ABC transport proteins (58, 59). This observation in itself is consistent with our finding with human Pgp and that of Urbatsch et al. (10) with mouse Pgp. We demonstrate here a single ATP hydrolysis event using Vi -trapping to generate the transition state conformation of Pgp. Similar experiments with MJ0796 in the presence of the
 
 Role of Glu 556 and Glu 1201 in Catalytic Cycle of Pgp membrane subunits to form a “transport-competent complex” to generate the Vi-induced transition state conformation (6062) will be required to determine whether the residue E171 is a catalytic carboxylate. Other candidates for activation of the attacking water for ATP hydrolysis in Pgp, Q471 and Q1114, in NBDs of mouse Mdr3 have also been shown not to play such a role (21). It is thus plausible that the nucleotide itself may be the base and that water transfers its proton directly to the γ-phosphate as in the case in myosin (for review see ref 63). What then is the role of the residues E556 and E1201 in Pgp? The mutations studied here provide additional evidence for the occurrence of two ATP hydrolysis events in a single catalytic cycle of Pgp (22, 23), and their mechanistic basis is illustrated in Figure 8. The Pgp mutants E556Q and E1201Q might be expected to be fully functional as both NBDs hydrolyze ATP and release ADP to the same extent as wild-type Pgp. However, the finding that the mutation in a single ATP site (either the N- or the C-terminal) obstructs the ATP hydrolysis after a single ATP hydrolysis event suggests that the sites are used in an alternate fashion as proposed earlier (47). Thus, E556 or E1201 may be critical in recruiting the second site after the ATP hydrolysis event at the first site (see refs 22 and 23 for an explanation of the two ATP hydrolysis events). The model proposed in Figure 8 would predict that in intact HeLa cells, due to the availability of intracellular ATP, the single Pgp mutants would be locked in the conformation at step V and the Pgp double mutants would be in the conformation at step IV (Figure 8). Our earlier work has demonstrated that reduced affinity for IAAP would be a diagnostic feature of the conformation of Pgp at both of these steps in the catalytic cycle (22, 23). Indeed, the data given in Figure 6 indicate that the binding of IAAP is significantly reduced in the intact cells expressing the mutant Pgps (E556Q, E1201Q, and E556/1201Q, respectively) compared to wild-type Pgp. In addition to providing insights into the catalytic mechanism of Pgp, the double mutant Pgps (E556/1201Q and E556/1201A) provide a means of trapping Pgp in the transition state in the absence of Vi or BeFx, and we present evidence that the 8-azidoADP-trapped state obtained in the double mutants is comparable to the Vi transition state of wild-type Pgp (see Figures 4, 5B, and 7). The Vi-induced transition state conformation of Pgp has been a very useful experimental tool in characterizing the catalytic cycle of Pgp (for review see ref 64). Finally, we distinguish the nature of the transition state that the mutant (E556/1201Q) Pgp attains in the absence of Vi. Besides the Vi-trapped state of Pgp another well-characterized transition state is that induced by BeFx, and these transition states can be biochemically distinguished from each other. Sodium pyrophosphate (PPi) inhibits BeFx-induced trapping but has no effect on Viinduced trapping (46). However, the [R-32P]-8-azidoADP trapping by the Pgp double mutant E556/1201Q is not inhibited by PPi (Figure 5A), suggesting that the transition state formed by the mutant Pgp, E556/1201Q, closely mimics the Vi-induced Pgp‚MgADP‚Vi transition state of wild-type Pgp. This study suggests that residues E556 and E1201 in human Pgp are critical for the second ATP hydrolysis event which we have previously demonstrated is associated with resetting the Pgp molecule following the transport of drug
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