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ABSTRACT. The humarMDR1 (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
the catalytic cycle of human Pgp. The mutant Pg

two ATP sites (E556 and E1201, respectively) during
ps (E556Q, E556A, E1201Q, E1201A, E556/1201Q,

and E556/1201A) were characterized using a vaccinia virus based expression system. Although steady-

state ATP hydrolysis and drug transport activities

were abrogated in both E556Q and E1201Q mutant

Pgps, {i-32P]-8-azidoADP was trapped in the presence of vanadate (Vi), and the release of taSfeld |

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 §-*2P]-8-azidoADP, both E556Q and E1201Q mutant Pgps failed to undergo another cycle of

Vi-induced o-¥2P]-8-azidoADP trapping. Interesting

ly, the double mutants E556/1201Q and E556/1201A

trapped §1-32P]-8-azidoADP even in the absence of Vi, and the occluded nucleotide was not released
after incubation at 37C 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 (Pgp32P]-8-azidoADPVi). 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 theP and thes-P of ATP during hydrolysis but are essential for the
second ATP hydrolysis step and completion of the catalytic cycle.

The ATP-binding cassette (ABE¥amily of transport
proteins is one of the largest families of proteins in living
organismsZ, 2). The functional unit of these transporters is
comprised of two nucleotide-binding domains (NBDs) and
two transmembrane domains, containing six putativiee-
lices 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%, 6). ABC transporters utilize energy
for transporting substrates across membranes, and an un
derstanding of how ATP hydrolysis is coupled to transport
is vital to elucidating their mechanisrid)( Due to the close
sequence homology between the ABC transporters, particu-
larly that within the NBDs, it is possible that these transport-
ers may exhibit analogous mechanisi®9j. P-glycoprotein
(Pgp), an archetypical ABC transporter and one of the most
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extensively studied4—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 asndrla), one of two mouse homologues
to humanVIDR1 (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 Mdrl and Mdr3 (see supplement ta@pf
Previous work has demonstrated that the pair D551/1196
(equivalent to D555 and D1200 in human Pgp) is implicated
in the coordination of Mg 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 proteins13—20) have suggested that these con-
served glutamates are the most likely candidates to play the
role of the catalytic carboxylate. Thus it is speculated that
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these residues activate a water molecule, which will attack purchased from Affinity Labeling Technologies, Inc. (Lex-
the —y-phosphate bond of ATP. Urbatsch et al. found that ington, KY). The p-32P]-8-azidoATP showed no detectable
the mutants E552Q and E1197Q were able to teef?P]- contaminating ¢t-3?P]-8-azidoADP using thin-layer chro-
8-azidoADP in the presence of Vi but showed no drug- matography with 0.8 M LiCl as the solvent. Pgp-specific
stimulated steady-state ATPase activilyd)( Results with monoclonal antibody C219 was obtained from Fujirebio
mutations in either the N- or the C-ATP site alone are Diagnostics Inc. (Malvern, PA). Human Pgp-specific mono-
difficult to interpret because the second ATP site is fully clonal antibody MRK 16 was purchased from Kyowa Medex
functional. Second, in investigating the role of the conserved Co., Ltd. (Tokyo, Japan). All other chemicals were obtained
glutamates as an activating base, the mutation of E) from Sigma Chemical Co. (St. Louis, MO).
alone would not provide sufficient evidence to arrive at an  Vaccinia Virus Expression Vector Construcgpecific
unequivocal conclusion as the glutamine can also fulfill a point mutations were constructed by sequence overlap PCR
role similar to the glutamatel@, 21). In this study, in using pTM1MDR1 (wild type) DNA as the expression
addition to the mutants E556Q and E1201Q we have alsovector template as described previoudl,(28). The coding
characterized the E556A and E1201A as well as the doublesequence for the E556Q mutant primer waABC CTC
(E556/1201Q and E556/1201A) mutant Pgps. CTG CTG GAT CAG GCC ACG TCA GCC TTG:3for

We demonstrate in this paper that in human Pgp residuesthe E1201Q mutant primer,ATT TTG CTT TTG GAT
E556 and E1201 do not appear to have a role in the cleavageCAA GCC ACG TCA GCT CTG-3 for the E556A mutant
of the bond between the-P ands-P of ATP per se and do  primer, B-ATC CTC CTG CTG GAT GCG GCC ACG TCA
not function as catalytic carboxylates since E556Q/A GCC TTG-3; and for the E1201A primer,SATT TTG CTT
and E1201— Q/A mutants exhibit Vi-induced occlusion of TTG GAT GCA GCC ACG TCA GCT CTG-3 The DNA
8-azidoADP following hydrolysis of 8-azidoATP. However, sequence of all constructs was verified in both directions by
as mutations in these residues are detrimental to function,automated sequencing with the PRISM Big Dye Terminator
they must perform a critical task(s). We therefore explored Sequencing Kit (PerkinElmer Corp., Norwalk, CT).
in detail the role of these residues. We have previously Cell-Surface Expression of Wild-Type and Mutant Pgps
reported that there are two ATP hydrolysis events in a single and Drug Accumulation Assays by Flow Cytometigla
catalytic cycle, one involved in drug transport and the other cells infected with vTF7-3 and transfected with vector pTM1-
in resetting the Pgp molecule following the conformational MDR1 wild type or the vector p TMMDR1 mutants were
change that accompanies the transport s 23). The stained with the external epitope-specific monoclonal anti-
results of this study show that the E556Q and E1201Q mutantbody, MRK 16 @9), and analyzed on a FACSort flow
Pgps hydrolyze ATP and allow normal release of ADP cytometer using CellQuest software (Becton Dickinson
during the first step but are defective in the second ATP FACS system, San Jose, CA) as describ&@, (31).
hydrolysis event, and as a result of which, both steady-stateFluorescent drug accumulation assays were performed by
ATP hydrolysis and drug transport activities are abrogated flow cytometry in intact infectedtransfected HelLa cells.
[part of this work has appeared in abstract foi2d)]. We The calcein accumulation assay was performed by adding
suggest that E556 and E1201 residues may reside in acalcein-AM, 0.5uM, to 250000 cells in a reaction mixture
“switch” region of Pgp comprised of the D loop and the ABC of 4.5 mL and incubated at 37C for 10 min, centrifuged
signature region, based on the model of MalK and Btu D for 5 min at 50@, and transferred to ice. The pellet was
NBD dimers @5, 26), which ensures that following the first  resuspended in PBS 0.1% BSA and analyzed by FACSort
ATP hydrolysis reaction at either the N- or the C-NBD, the as described28, 30, 31). The rhodamine 123 efflux assay
alternate site is recruited for the next hydrolysis event. Thesewas initiated by first incubating 250000 intact infected
data also provide strong evidence for the requirement of atransfected HelLa cells with 0,4M rhodamine 123 for 45
second ATP hydrolysis step for the completion of a single min at 37°C to accumulate the drug into the cells. Excess
catalytic cycle of Pgp. Finally, we observed that the Pgp drug was washed off by centrifugation at s0for 5 min,
double mutant (E556/1201Q or E556/1201A) traps{P]- and the cells were resuspended in IMDM5% FBS and
8-azidoADP even in the absence of Vi. We assessed theincubated at 37C for 30 min to allow the cells to efflux
properties of this transition state extensively and determinedthe accumulated rhodamine 123. Following centrifugation
that it was comparable to the P&DP-Vi transition state for 5 min at 50@ the pellet was resuspended in PB®.1%
of wild-type Pgp. This validates the central premises of the BSA and analyzed by FACSort.
use of Vi to study the catalytic cycle of Pgp: that the Pgp Preparation of Crude Membranes from HelLa Cells
ADP-P; and the PgpADP-Vi complexes are equivalent and Infected-Transfected with pTM1 Vector Carrying the Wild-
that the transition state, PgkDP-P,, represents an interme-  Type and Mutant Human MDR1 Gen&ude membranes
diate state during the normal reaction pathway)( were prepared from vTF7-3 infected HelLa cells transfected

with vector pTM1MDR1 wild type, pTM1MDR1-E556Q,

EXPERIMENTAL PROCEDURES pTM1-MDRL-E1201Q, pTMIMDRI-E556/1201Q, pTM1-

Chemicals. Calcein-AM, bodipy-FL-vinblastine, and MDR1-E556A, pTM1MDR1-E1201A, and pTMIMDR1-
rhodamine 123 were purchased from Molecular Probes, Inc.E556/1201A as described previousB8(31) and stored at
(Eugene, OR). Cyclosporin A was purchased from Calbio- —70 °C. Total protein was quantified by the Amido Black
chem (San Diego, CA)!{3]lodoarylazidoprazosin (IAAP), protein estimation method as previously descrit&),(and
2200 Ci/mmol, was obtained from PerkinElmer Life Sciences Pgp expression level was determined by immunoblot analysis
(Boston, MA). [@-32P]-8-AzidoATP (15-20 Ci/mmol), using the monoclonal antibody C218(( 33).
[0-32P]-8-azidoADP (15-20 Ci/mmol), [y-*?P]-8-azidoATP Photoaffinity Labeling with IAAPThe crude membranes
(15-20 Ci/mmol), 8-azidoATP, and 8-azidoADP were (50—70ug of protein) were incubated with IAAP (10 nM)
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for 5 min under subdued light and exposed to UV light (365  Immunoprecipitation of Pgg-ollowing photo-cross-link-
nm) as described2@) for 10 min at 2123 °C. Samples ing (50-70 ug of crude membrane protein in a reaction
were then immunoprecipitated as described below. In somevolume of 10QuL) 800 uL of ice-cold RIPA buffer (20 mM
experiments (as indicated in the figure legend), intact HeLa Tris-HCI, pH 7.5, 150 mM NacCl, 1% Triton X-100, 1%
cells expressing wild-type and mutant Pgps were also labeledsodium deoxycholate, 0.1% SDS, 1 mM EDTA, and 1%
with IAAP. The 500000 cells in IMDM medium containing aprotinin) was added to the reaction mixture. Pgp was
5% FBS were incubated with IAAP (10 nM) for 5 min under immunoprecipitated by incubating with 12 of Pgp-specific
subdued light and exposed to UV light (365 nm) for 10 min monoclonal antibody C219 (1 mg/mL) f&3 h at 4 °C.
at 21-23°C. The cells were centrifuged at 596r 5 min, Subsequent steps were carried out as described previously
and the supernatant was discarded. Cells were then resusfor immunoprecipitation using the polyclonal antibody PEPG
pended in 10Q:L of TD buffer [10 mM Tris-HCI, pH 8.0, 13 (29).
0.1% Triton X-100 (v/v), 10 mM MgSQ 2 mM CaC}, 1%
(v/v) aprotinin, 2 mM AEBSF, 1 mM DTT, and 20g/mL RESULTS
micrococcal nuclease], incubated at 32 for 5 min, and Substitution of the Highly Consezd Residues E556 and
quick-frozen in dry ice. The samples were then thawed and E1201 with Q in the Walker B Domain of the ATP Sites of
sonicated three times in a bath sonicator (1 min per Pgp Does Not Affect Cell Surface Expression but Abrogates
sonication). Samples were then transferred to ice andTransport Functionln this study we aim to understand the
immunoprecipitated as described below. Following SDS role of the highly conserved glutamates within the Walker
PAGE the gels were dried and exposed to X-ray film, and B region of the N- and the C-ATP sites in the mechanism
in addition, the radioactivity incorporated into the Pgp band of ATP hydrolysis by Pgp. We generated the single mutants
was estimated using the STORM 860 phosphorimager systemE556Q and E1201Q and the double mutant E556/1201Q of
(Molecular Dynamics, Sunnyvale, CA) using the software human Pgp and characterized them in a Vaccinia virus based
ImageQuaNT. In phosphorimage analysis radioactivity was expression system. Hela cells infectdtansfected with the
obtained as arbitrary units. wild-type and three mutant Pgps showed comparable cell
Vanadate-Induced 8-AzidoADP Trapping in Pgpe Vi- surfa_c_e expression mea_sured by stainin_g with human Pgp-
induced trapping was carried out as described previoagly (  SPecific monoclonal antibody MRK 16 in a FACS assay
23) with minor modifications in some experiments. Crude (Figureé 1A). The functional status of the wild-type and
membranes were incubated in the ATPase assay buffer (4gnutant Pgps was assessed by using the calcein-AM efflux
mM MES—Tris-HCI, pH 6.8, 50 mM KCI, 1 mM ouabain, @SSy Figure 1B |IIu_strate_s that in a flow cytometry assay
5 mM sodium azide, 1 mM EGTA, 2 mM DTT, and 5 mM HelLa cells expressing wild-type Pgp show reduced ac-

MgCl,) with the indicated nucleotides and 0.25 mM Vi in cumulation of fluorescent calcein, as compared to cells
the dark at 37C for 10 min (in the experiment depicted in infected-transfected with the pTM1 vector alone. However,

Figure 2 the reaction was allowed to proceed for varying C€llS €xpressing equivalent amounts of E556Q, E1201Q, and
times). One of the following nucleotides (as indicated in the E556/1201Q mutant Pgps accumulate high levels of calcein
figure legends) was used in the different experiments: 50 comparable to the HeLa cells infected with the control pTM1
4M [0-32P]-8-azidoATP, 5Q:M [0-32P]-8-azidoADP, or 50 vector. Similar results were also obtained with rhodamine
M [y-22P]-8-azidoATP (2.Ci/nmol). To demonstrate drug- 123 and bodipy-FL-vinblastine (data not given), indicating

stimulated Vi-induced trapping, SEM verapamil was added that the mutant Pgps are defective i.n_ the transport of a
to the reaction mixture prior to addition ofbd*2P]-8- number of fluorescent substrates. Additionally, crude mem-

azidoATP, and 5M [a-*P]-8-azidoATP was used in lieu branes prepared from HelLa ceII_s_expressing the wilg-type
of the 50uM used in other experiments, as stated in the Pgp showed a?asa_l ATPase activity of 9.4 nmol ohfh

figure legends (see Results section and 16f for the (mg of p_rcitlemj » Which was eln.hanced2.5-fold to 23 nmol
rationale). All Vi-induced trapping reactions were stopped of P min (mg of protein™ in the presence qf 5QM.

by the addition of 10 mM ice-cold ATP and placing the verapamil. These values are consistent with earlier published

sample on ice. For experiments using3P]-8-azidoATP, reports 80, 31). However, all three mutant Pgps did not show

each sample was accompanied by a control, which was notVl-sensmve basal or verapamil-stimulated ATPase activity,

photo-cross-linked to correct for incorporation of tHe- thoggh immunoblotting Wit.h t_he Pgp-specific monoclonal
labeledy-phosphate into Pgp by kinase-mediated phospho- anubgdy 021? ;hiwed ”3|m|Iar Ievgls C;f Pg_ﬁid n cruded
rylation. To determine the distribution ai{*?P]-8-azidoADP membranes of Hela cells expressing the wild-type an

in the N- and the C-ATP site of Pgp, the samples were m%zglgt_?roteinéégeese inséeltztglFigure (;LAI)E.556/1201 p
subjected to mild trypsin digestion following photo-cross- 110-Type, .Q' Q an - ) Q Pgps
linking as described previousiyL2). Exhibit Differences in the Trapping off**P]-8-AzidoADP.

T } , The wild-type and all three mutant Pgps bind-$P]-8-
Binding of [a-*?P]-8-AzidOATP or {-?P]-8-AzidoATP to  47jqoATP, and this binding is specific as it is competed by
Pgp. Crude membranes (5670 ug of protein) were incu-  the addition of a 100-fold excess of nonradioactive ATP (data
bated with 10uM [0-*%P]- or [y-*P]-8-azidoATP (1QuCi/ not given). The nucleotide analogue 8-azidoATP is a good
nmol) for 5 min on ice in the ATPase assay buffer, photo- pyqrolysis substrate for Pgp and follows Michaelidenten
cross-linked, and then immunoprecipitated as describedyinetics with aK,, of 400-6004M, which is comparable to
below. the K, for ATP (330uM) under identical conditions36).
ATPase Assaylhe Vi-sensitive ATPase activity of wild-  The maximal velocity of the hydrolysis reaction is about
type and mutant Pgps was determined by using thel®ase 8—10-fold slower with 8-azidoATP compared to ATBG].
assay as described previousB3(34, 35). Furthermore, ¢-2?P]-8-azidoATP is a useful photoaffinity
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mediate, Pgfja-32P]-8-azidoADPVi generated in the pres-
ence 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-}?P]-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 @f{P]-
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 shows1% of the signal in the absence
of Vi. The results with the single mutants E556Q and
E1201Q are consistent with those obtained with the equiva-
lent mutants (E552Q and E1197Q) in mouse Mdi@ (The
double mutant (E552/1197Q) in mouse Mdr3 was not studied

and E556/1201Q. (A) Replacement of the highly conserved residuespreviously.

E556 and E1201 with Q in the nucleotide-binding domain of Pgp
does not affect cell surface expression. The cell surface expressio

of wild-type and mutant Pgps was determined by staining infected

The E556Q and E1201Q Mutant Pgps Are Defexiin

r\?epeated Cycles of Vi-Induced-f?P]-8-AzidoADP Trap-

transfected HelLa cells with human Pgp-specific monoclonal Ping and ReleaseAlthough both the wild-type and mutant

antibody, MRK 16, as describe®@ 31). The inset shows an
immunoblot of crude membranes (4@ 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,

(E556Q and E1201Q) Pgps exhibit Vi-induced-$P]-8-
azidoADP trapping, the mutant Pgps show a complete loss
of steady-state ATP hydrolysis and transport function. A
similar result was obtained previously with E552Q and

respectively. (B) Replacement of the highly conserved residues E1197Q in mouse Mdr310), and the authors speculated
E556 and E1201 with Q in the nucleotide-binding domain of Pgp that these mutants hydrolyze ATP but cannot release either
abolishes substrate transport. The transport assay was performe@ne of the products (ADP or;P Moreover, a subsequent

in infected-transfected HelLa cells using the Pgp substrate calcein-

AM (0.5 uM) and analyzed by flow cytometry as described in the

Experimental Procedures. Panels A and B show HelLa cells infecte

with vTF7-3 and transfected with vector pTM1 (control) or pTM1-
MDR1 wild type (WT), pTM1MDR1-E556Q (E556Q), pTM1-
MDR1-E1201Q (E1201Q), and pTMU#DR1-E556/1201Q (E556Q/
E1201Q, double mutant). (C) Vi-induced trapping of{?P]-8-

azidoADP into wild-type and mutant Pgps. Crude membranes (60

ug of protein) were incubated with 50M [a-32P]-8-azidoATP (2
uCi/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 Pgp-
specific monoclonal antibody C219, and electrophoresed on an 8%

gel. The dried gel was exposed to an X-ray film for B h at
—70°C. The lanes are labeled on the autoradiogram.

study has extended this work and developed a model for the

dATP hydrolysis cycle of Pgp based on this assumptii). (

To identify the defective step in these mutants, we studied
the time course of Vi-induced trapping and release of
8-azidoADP. The experiment in Figure 2A (panel 1) dem-
onstrates that within 10 min wild-type Pgp and the mutants
E556Q and E1201Q show a saturating and similar level of
Vi-induced trapping of ¢-%2P]-8-azidoADP. To test the
hypothesis that these mutants are defective in the ADR or P
release step, we incubated wild-type and mutant Pgps with
[a-3%P]-8-azidoATP in the presence of Vi for 10 min at 37
°C to allow trapping of {-3?P]-8-azidoADP, washed off
excess (-3?P]-8-azidoATP and Vi, and monitored the fate
of the trapped ¢-3?P]-8-azidoADP over time. The results

reagent that has helped to circumvent the technical difficulties of this experiment depicted in Figure 2A (panel Il) demon-

associated with the low affinity of Pgp for the nucleotide
(37, 38). The experimental approaches chiefly rely on the
Vi-induced trapping of ¢-%?P]-8-azidoADP into Pgp fol-
lowed by photo-cross-linking. This reaction also exhibits
Michaelis—-Menten kinetics withK, = 20 uM (36, 39), and

strate that in the mutant Pgp, E556Q, the releas#p]-8-
azidoADP occurs at the same rate as the wild-type Pgp. In
the mutant E1201Q Pgp, the release of nucleoside diphos-
phate is slightly slower, but the extent of release is
comparable to wild-type Pgp. Thus, it is not the failure to

we have demonstrated that results obtained with photo-cross+elease the nucleoside diphosphate that renders these mutants
linking experiments are comparable to those obtained by nonfunctional. Additionally, as Vi-induced trapping of ADP

direct quantification of occludedaf®?P]-8-azidoADP by
using a liquid scintillation counter in the absence of photo-
cross-linking (see Figure S2 in the supplement to4@f
We studied Vi-induced trapping ofxf*?P]-8-azidoADP in

can occur only after release of R is unlikely that this step

is defective in these mutants. We therefore continued to
follow the subsequent steps in the catalytic cycle of Pgp (see
ref 23for a detailed description of this experimental strategy).

the wild-type and mutant Pgps. Consistent with previous Following release of trappedf3?P]-8-azidoADP, we added
findings, we demonstrate in Figure 1C that when wild-type fresh [p-32P]-8-azidoATP and Vi to initiate the next ATP

Pgp is incubated withd-32P]-8-azidoATP alone at 37C,

hydrolysis event and followed the Vi induced trapping over

the radiolabel can be competed out by the excess nonradiotime. We observed (Figure 2A, panel ) that while the wild-
active ATP added at the end of the assay but prior to type Pgp exhibits a second Vi-induced trapping @®fP]-

exposure to UV light. However, the transition state inter-

8-azidoADP comparable to the first Vi-induced trapping
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Ficure 2: Analyses of the various steps in the catalytic cycle of wild-type and E556Q and E1201Q mutant Pgps. (A) Time course of
Vi-induced trapping, release, and retrapping @®fP]-8-azidoADP into wild-type, E556Q, and E1201Q Pgps. Panel I: Crude membranes
were incubated with 5@M [a-32P]-8-azidoATP (2uCi/nmol) and 0.25 mM Vi at 37C in the ATPase assay buffer. Aliquots (66 of

protein) were removed at the indicated time points, and the samples were photo-cross-linked, immunoprecipitated, and electrophoresed as
described in the Experimental Procedures. The dried gel was then exposed to a phosphorimager screen, and the inte#3Bityigrfidhe

in the Pgp band was guantified as describ2®.(The graph shows the time course of?P]-8-azidoADP incorporation in the presence

of Vi. Panel Il: Crude membranes were incubated withu80 [ a-32P]-8-azidoATP (2«Ci/nmol) and 0.25 mM Vi in the ATPase assay

buffer for 10 min at 37°C. The reaction was stopped by adding 10 mM ice-cold ATP and transferring to ice, and the samples were
centrifuged at 3000@Pfor 15 min at 4°C. The pellet was resuspended in the ATPase assay buffer and incubatetiCatAifjuots (60

ug of protein) were removed at the indicated times and processed as in panel I. The graph shows the time aodfB¢&fazidoADP

release. Panel lll: Crude membranes were incubated with\bQa-32P]-8-azidoATP (2:«Ci/nmol) and 0.25 mM Vi for 10 min at 37C,

excess -32P]-8-azidoATP and Vi were washed by centrifugation, and the trappedH]-8-azidoADP was released by incubating at 37

°C as described above. A second cycle of Vi-induced trapping was then initiated*@t 137 adding 5Q«M [a-32P]-8-azidoATP (2uCi/

nmol) and 0.25 mM Vi. Aliquots (6@g of protein) were removed at the indicated times and processed as in panel I. The graph shows the
time course of the second Vi-induced-$2P]-8-azidoADP trapping. Key for panels 1, Il, and 111®] Pgp wild-type, &) Pgp-E556Q, and

(m) Pgp-E1201Q. (B) Binding ofd[-32P]-8-azidoATP to wild-type and E556Q Pgp at various steps in the catalytic cycle. Crude membranes
were incubated with 1 mM 8-azidoATP and 0.25 mM Vi at 7 in the ATPase assay buffer for 10 min at 32. The reaction was

stopped by adding 10 mM ice-cold ATP and transferring to ice, and the samples were centrifuged ag3@0DB0nin at 4°C. The pellet

was resuspended in the ATPase assay buffer and incubated®@tf87 an additional 15 min. Three aliquots were removed (i) before the
addition of 8-azidoATP, (ii) immediately following centrifugation, and (iii) at the end of the second incubatiort@t Riz32P]-8-AzidoATP

(10 uM, 10uCi/nmol) was added to each of these aliquots, and the mixture was incubaté@ d#5 min and then photo-cross-linked,
immunoprecipitated, and electrophoresed as described in the Experimental Procedures. The incorporation of labeled nucleotide was quantified
using a phosphorimager as described previougd. (The indicated steps represent the following: stepd3?P]-8-azidoATP binding in

the absence of any treatment; step &2{P]-8-azidoATP binding following Vi-induced trapping of 8-azidoADP; and stepo332P]-8-

azidoATP binding after allowing release of 8-azidoADP trapped during the first ATP hydroRB®is(C) Binding of IAAP to wild-type

and E556Q Pgp during different steps in the catalytic cycle. Crude membranes were treated as described in (B), except that at step 3
(release of 8-azidoADP) the membranes were incubated &€ 3@r 15 min in the presence of 1 mM ATP. At the end of the pretreatment

IAAP (10 nM) was added to each of the three aliquots, and the mixture was incubated28 22 for 5 min and then photo-cross-linked,
immunoprecipitated, and electrophoresed as described in the Experimental Procedures. The IAAP incorporated into the Pgp band was
guantified as described above at the following steps: step 1, IAAP binding in the absence of any treatment; step 2, IAAP binding following
Vi-induced trapping of 8-azidoADP; and step 3, IAAP binding after incubating Pgp with 1 mM ATP for 15 min°& &¥lowing release

of 8-azidoADP trapped during the first ATP hydrolysis. In (B) and (C) the empty bars represent wild-type Pgp and the filled bars the

E556Q Pgp.

event (Figure 2A, panel 1), the mutants E556Q and E1201Q or the second nucleotide hydrolysis event following ADP
exhibit drastically reduced Vi-induced.{*?P]-8-azidoADP release that is impaired? To address this question, we
trapping <10% compared to wild-type Pgp). These observa- monitored p-*2P]-8-azidoATP binding at 4C to wild-type
tions suggest that the defect in the mutants (E556Q andand E556Q Pgp before and after trapping with 8-azidoADP
E1201Q) arises from their inability to initiate a second ATP and Vi (Figure 2B). We then washed off excess 8-azidoATP
hydrolysis event after the release of the nucleoside diphos-and Vi by centrifugation and incubated the samples at 37
phate. This raises the question, is it the nucleotide binding °C for 15 min to release the 8-azidoADP, brought the
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B 2 of Pgp (PgpMgADP-Vi) has been extensively exploited to

2 4 & - understand the catalytic cycle of Pgg2( 23, 30, 41—-45).

g 2 2 ® Previous studies have clearly demonstrated that the trapped
2 5 45 moiety is always the nucleoside diphosphais, @2, 46).

%E This is also consistent with the mechanistic basis of the

85 inhibition of ATPase activity of Pgp by Vi47). As the Pgp

? 5 double mutant E556/1201Q shows trapping of nucleotide

K even in the absence of Vi, it is not clear whether the trapped
- % K 10 15 nucleotide is ATP or ADP. To address this issue, we

TIME (mi incubated the double mutant E556/1201Q in the absence and
(min) presence of Vi with eitherd-32P]-8-azidoATP or }-32P]-

FiGure 3: Time course of release ofif**P]-8-azidoADP in the  g_a7idoATP. If the “trapped” state is reached following ATP
double (E556/1201Q) mutant Pgp in the presence and absence oﬁ drolvsis. they-32p WiIFI)Ft))e cleaved. and there would %e no
Vi. Crude membranes were incubated with BM [a-32P]-8- ydrolysis, they '

azidoATP (2xCi/nmol) and in the presence and absence of 0.25 fadioactive signal following photo-cross-linking in the Pgp
mM Vi in the ATPase assay buffer for 10 min at 3Z. The time band. A complicating factor in the interpretation of results

S50 g s e o 52 oo 1 o e e <P &a2iGoATP i the fact thl kinase meclated

to FigureQZpA, panel II, in the presenca)(and absences() of0.25g phpsphorylatlon would also 'Fransfer the’* to the ng'

mM Vi. This can, however, be experimentally corrected by using a

control sample that is not photo-cross-linked. The autorad-

samples to £C, and reassessed the photo-cross-linking of iogram depicted in Figure 4A (lanes labeledegsdemon-

[a-32P]-8-azidoATP to Pgp under nonhydrolysis conditions. strates that there is*&P signal associated with the Pgp band

Both the wild-type and mutant E556Q Pgp show a marked when the mutant Pgp (E556/1201Q) is incubated with

decrease in the incorporation of-f2P]-8-azidoATP into Pgp ~ [a-*%P]-8-azidoATP at 37°C, in either the presence or

in the Vi-trapped state (Figure 2B, step 2), consistent with absence of Vi which is not detected when-*fP]-8-

our previous work 23), which is restored to normal levels azidoATP is used in lieu of the-32P (lanes labeled ag).

after dissociation of 8-azidoADP (Figure 2B, step 3). Thus, There is no detectable kinase-mediated transfer of {ff@

the binding of nucleotide is normal, and it is the second ATP as evidenced by the lack of a detectable signal in the absence

hydrolysis event per se that appears to be impaired in theof UV cross-linking, and thus one can conclude that the

mutant E556Q. Similar results were also obtained with the trapped nucleotide is the 8-azidoADP. Similarly, pd2P-

E1201Q mutant Pgp (data not shown). labeled band is visible with the wild-type Pgp, where it has
How do these changes at the ATP site of Pgp affect drug previously been demonstrated using several different ap-

substrate binding? We reported previously that binding of proaches that it is always the nucleoside diphosphate that is

the Pgp photoaffinity substrate analogue IAAP is reduced trapped 89, 42, 46). The binding of {-32P]-8-azidoATP

by >90% in a transition state and, following ADP release, (obtained by incubation at 4C, when measurable ATP

is recovered by incubating Pgp under conditions that permit hydrolysis does not occur) is normal in wild-type and mutant

ATP hydrolysis 22). As shown in Figure 2C (step 2), Pgps (data not given).

binding of IAAP to wild-type Pgp is decreased when the  We recently reported3Q) that Vi-induced trapping of

membranes are incubated with 8-azidoATP and Vi, and this [a-3?P]-8-azidoADP, under nonhydrolysis conditions (i.e.,

is recovered (Figure 2C, step 3) after the second ATP when Pgp is incubated withof*?P]-8-azidoADP in the

hydrolysis event when the membranes are incubated at 37presence of Vi), is temperature-dependent with an activation

°C with fresh ATP (1 mM) for 10 min (also see ref2 and energy of 152 kJ/mol. We observed that the Vi-induced

23). The mutant (E556Q) Pgp also shows reduced binding trapping of pi-32P]-8-azidoADP is considerably enhanced at

of IAAP in the Vi-trapped state. However, in contrast to wild- 37 °C compared to that at 23C in both the wild-type and

type protein, IAAP binding to the E556Q mutant Pgp is not double mutant (E556/1201Q) Pgp. Moreover, the incorpora-

recovered after incubation with 1 mM ATP, under hydrolysis tion of [a-32P]-8-azidoADP in both the absence and presence

conditions (Figure 2C, steps 2 and 3). of Vi is similarly increased at 37C in the mutant Pgp
The Pgp Double Mutant, E556/1201Q, Does Not Release (Figure 4B).
the Trapped Nucleotiddhe experiment in Figure 1C shows It has previously been demonstrated that drug substrates

that the double mutant E556/1201Q Pgp is able to trap of Pgp stimulate both steady-state ATP hydrolySi4, 36,
[a-32P]-8-azidoADP to the same extent in the absence or 48—52) and Vi-induced §-3?P]-8-azidoADP trapping 3,
presence of Vi, a phenomenon that is distinct from that 52, 53). When [-3?P]-8-azidoATP at low concentration (5
exhibited by wild-type Pgp or the single mutants (E556Q «M) was used, both the hydrolysis and subsequent Vi-
and E1201Q). We compared the time course of nucleotideinduced trapping of nucleotide were found to be about 20
trapping in the absence and presence of Vi for the Pgp doubletimes slower than at saturating concentratioh§).( This
mutant E556/1201Q and determined that the rate of trappingappreciably slower hydrolysis rate allows one to demonstrate
of 8-azidoADP is comparable in the absence or presence ofthe drug-stimulated trapping oft{3?P]-8-azidoADP more
Vi (data not shown). However, unlike the wild type and convincingly. Thus, while studying the effect of verapamil
E556Q or E1201Q mutant, the double mutant failed to (50uM) on the Vi-induced trapping, we used® [ a-2P]-
release -32P]-8-azidoADP trapped in both the presence and 8-azidoATP instead of the 50M routinely used in trapping
absence of Vi (compare Figure 2A, panel Il, and Figure 3). experiments. The results of this experiment depicted in Figure
Characterization of Nucleotide Trapping in the Pgp 4C show that the drug substrate verapamil stimulates Vi-
Double Mutant E556/1201Qhe Vi-trapped transition state  induced trapping+2—2.5-fold) by wild-type Pgp. Similarly,
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Ficure 4: Determination of the nature of the trapped nucleotide in the Pgp double mutant E556/1201Q. (A) Vi-induced trapping in wild-
type and the double mutant E556/1201Q Pgp by incubating wif¥®]-8-azidoATP or $-3?P]-8-azidoATP. Crude membranes (66 of

protein) prepared from HelLa cells infectettansfected with pTMIMDRL wild type or the pTMIMDR1-E556/1201Q double mutant were
incubated either withd-32P]-8-azidoATP or §-32P]-8-azidoATP (5QuM, 0.5 uCi/nmol) and 0.25 mM Vi at 37C in the ATPase assay

buffer for 10 min at 37C. The reaction was stopped by adding 10 mM ice-cold ATP, and samples were photo-cross-linked as described
above. When}-32P]-8-azidoATP was used, two samples were simultaneously processed: one was photo-cross-linked and the other was
not photo-cross-linked to assess the contribution of kinase-mediated phosphorylation of Pgp. Samples were processed as described in the
legend to Figure 1C. (B) Effect of temperature on the trappingre¥P]-8-azidoADP under nonhydrolysis conditions in the wild-type and
mutant E556/1201Q Pgp. Crude membranes /§0of protein) were incubated withof3?P]-8-azidoADP (50uM, 2 uCi/nmol) in the

absence or presence of 0.25 mM Vi in the ATPase assay buffer for 10 min at either 23@r Bfie reaction samples were processed as
described in the Experimental Procedures. (C) Stimulation of trapping-&#]-8-azidoADP in the wild-type and double mutant E556/

1201Q Pgp by verapamil. Crude membranes £§0of protein) were incubated withof3?P]-8-azidoATP (5uM, 10 «Ci/nmol) in the

ATPase assay buffer for 5 min at 3T in either the absence or presence of 0.25 mM Vi. Experiments were performed in duplicate; one
sample was treated with 50M verapamil at 37°C for 5 min prior to the addition of Vi andof-32P]-8-azidoATP while the other was
incubated with an equal volume of M&O. The other details as given in the legend to Figure 1C. (D) Distribution of the trapp@d]f
8-azidoADP between the N- and the C-terminal ATP sites of the wild-type and the double mutant E556/1201Q Pgp. Pgp crude membranes
(60 ug of protein) were incubated with 50M [a-32P]-8-azidoATP (2uCi/nmol) in the ATPase assay buffer for 10 min at 37. The

mutant, E556/1201Q, Pgp was incubated in both the absence or presence of 0.25 mM Vi whereas the wild-type Pgp was incubated only in
the presence of 0.25 mM Vi. The reaction was stopped by adding 10 mM ice-cold ATP, and samples were photo-cross-linked as described
in the Experimental Procedures. Samples were then treated with TPCK-treated trypsjirpéé sample) for 5 min at 37C (12). The

reaction was stopped by adding 3@ of trypsin inhibitor. Control and trypsin-treated samples were processed as described in the Experimental
Procedures. The graph shows the distributionoe?#P]-8-azidoADP in the N- (filled bars) and the C- (empty bars) halves of the wild-type

and mutant E556/1201Q Pgp, which are labeled as N and C on the graph. The error bars represent the standarchde\Bation’gP]-
8-AzidoADP was incorporated into the mutant Pgp in both the presen¢® énd absence of Vi{Vi) whereas in wild-type Pgp, it was
incorporated only in the presence of ViVYi) (see Figure 1C).

nucleotide trapping in both the absence or presence of Viistype Pgp 89, 54, 55). We found that the distribution of
stimulated by verapamil in the double mutant (E556/1201Q) [a-32P]-8-azidoADP in the N- and the C-terminal halves of
protein. Therefore, the mutant Pgp, E556/1201Q, supportsthe double mutant E556/1201Q Pgp is comparable to that
at least a single ATP hydrolysis event, and the trapped stateobserved with wild-type protein (Figure 4D), and there was
obtained in the absence or presence of Vi appears to beno difference in the distribution ofaf3?P]-8-azidoADP
similar. To determine whether the N-terminal or the C- whether the nucleotide was trapped in the absence or
terminal ATP site was preferentially utilized in the double presence or Vi. Similarly, the distribution of the trapped

mutant, the distribution of[-32P]-8-azidoADP in both halves

[0-%2P]-8-azidoADP was also found to be more or less equal

(each half containing one ATP site) of the mutant Pgp was in both the N- and the C-terminal ATP sites in the single

measured following mild trypsinization. With the wild-type
protein at saturating concentrations of{°P]-8-azidoATP

in the presence of Vi, d-3?P]-8-azidoADP was trapped
almost equally into both the N- and the C-halves of wild-

mutant Pgps, E556Q and E1201Q (data not given).

Since E556 and E1201 are located next to D555 and
D1200, which are essential for Mg binding (11, 12), it
would be interesting to determine whether mutations of the
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glutamates at positions 556 and 1201 affect interactions with A

divalent cations. We find that the requirement for cations, Wild-type E556/1201Q
during trapping of {-3?P]-8-azidoADP, is similar for the - + - - =+
wild-type and mutant Pgps E556Q, E1201Q, and E556/ _ + - - - - 4+
1201Q. There is a negligible level of trapping in the presence + _ - e b - -
of EDTA (absence of cations), and the divalent cationg™g

and Mr?*t are critical for trapping to occur. Additionally, . Eﬁ j

the monovalent cation Neup to a concentration of 150 mM : - - .
does not permit trapping ofof??P]-8-azidoADP in either '

the wild-type or any of the mutant Pgps in the absence of B

PPi = +

Mg?" (data not shown). Thus, though the conserved residues Wild-type ESS6/1201Q
E556 and E1201 are adjacent to D555 and D1200 which Vi - - +
are involved in the coordination of Mg (11, 12), substitu- ATP - + +

tions at positions 556 and 1201 or both do not affect cation
specificity (data not shown).

Are the Transition States Formed by the Pgp Mutant E556/
1201Q in the Absence and Presence of Vi Comparabies?
results described above indicate that the double mutant E556,

-32 _ _ - g : :
1201Q traps ¢-**P]-8-azidoADP to form a transition state FiGURe5: Characterization obf-32P]-8-azidoADP trapping by the

similar to that of wild-type Pgp. However, as the mutant double mutant E556/1201Q Pgp in the absence and presence of
Pgp generates the “transition state” even in the absence ofvi. (A) Vanadate- and beryllium fluoride-induced trapping of

Vi, it would be important to understand the properties of [a-*?P]-8-azidoADP in wild-type Pgp and the double mutant Pgp
this complex. Previous work has established that beryllium ES56/1201Q. Crude membranes were incubated veitfip]-8-

. P . azidoATP (50uM, 2 uCi/nmol) in the ATPase assay buffer for 10
fluoride (BeFy) inhibits the Pgp ATPase activity by generat- g 3¢ 37¢ under the following conditions: control, no additions:

ing a transition state, PgigADP-Bek;, which is distinct 5 mM sodium pyrophosphate (BP0.25 mM Vi; 0.25 mM Vi+
from the PgpMgADP-Vi transition state 46). The most 5 mM PR, 0.6 mM BeSQ + 2.5 mM NaF (Bek); 0.6 mM BeSQ

significant difference between these two transition states ist 2.5 mM NaF+ 5 mM PR. The samples were processed as

; , ; described in the legend to Figure 1C. (B) Effect of ATP and ATP
that sodium pyrophosphate (fBrotects against the BeF  =*v< -~ photoaffinity labeling of the wild-type and double

induced inhibition of ATE’Qse aCt'V'_ty’ and trapplng.of ADP mutant E556/1201Q Pgp with IAAP. Crude membranes were
but has no effect on Vi-induced inhibition of activity or incubated in the ATPase assay buffer for 10 min a@7under
trapping of nucleotide46). On the basis of these results and  the following conditions: (i) control, no additions; (ii) 1 mM ATP;
the crystal structure of the myosMgADP-BeF, complex, and (i) 1 mM ATP + 0.25 mM Vi. The reaction was stopped by

> ; transferring the samples to ice, and the samples were washed by
the transition state generated by using Be®s been termed centrifugation at 3000apfor 15 min at 4°C. IAAP (10 M) was

the “prehydrolysis state”56). We exploited this system t0  aqqded to each of these aliquots, and the mixture was incubated at
understand whether the trapping of nucleotide by the Pgp 23°C for 5 min and then photo-cross-linked, immunoprecipitated,
double mutant (E556/1201Q) in the absence of Vi is and electrophoresed as described in the Experimental Procedures.
equivalent to the Vi- or BeFinduced transition state
conformation of wild-type Pgp. We demonstrate in Figure on the other hand, shows reduced binding of IAAP when
5A (left panel) that in wild-type Pgp the Vi-induced trapping incubated with ATP alone or in the presence of ATP and Vi
is not significantly inhibited by PR5mM) whereas BeF  prior to labeling with IAAP (Figure 5B, right panel). This
-induced trapping is inhibited by>90%. However, we  experiment further supports the view that the transition state
observe that for the Pgp double mutant, E556/1201Q, generated by the Pgp double mutant E556/1201Q in the
trapping under all three conditions (absence of any P absence of Vi has a conformation similar to that of the-Pgp
analogue, presence of Vi or BgFs unaffected by PP ADP-Vi-trapped state of the wild-type protein.
(Figure 5A, right panel). This would suggest that following Intact HelLa Cells Expressing the Mutant (E556Q, E1201Q,
ATP hydrolysis the double mutant spontaneously traps the and E556/1201Q) Pgps Show Reduced Binding of the Drug
resultant nucleoside diphosphate in a transition state that,Substrate, IAAPThe experiments described above have been
by this test, does not differ from the one generated in the conducted using crude membrane preparations of HelLa cells
presence of Vi in wild-type Pgp. overexpressing the wild-type and mutant Pgps. The crude
The Double (E556/1201Q) Mutant Pgp in the Trapped membranes are prepared and stored in media, which contain
State Generated in the Absence of Vi Exhibits Reducedno ATP. Pgp exhibits a very low affinity for ATPKg, of
Binding of the Drug Substrate, IAARur recent studie2@, approximately 0.3 1 mM), and it is unlikely that there would
23, 35) show that though binding of nucleotide to Pgp per be any ATP associated with the membrane preparations.
se does not affect its interactions with the substrate, the Vi- Intact cells, on the other hand, would contain physiological
trapped conformation of Pgp binds substrates with drastically levels of intracellular ATP. Thus the mutant Pgps in these
reduced affinity (also see Figure 2C, step 2). Consistent with cells would, following an initial ATP hydrolysis event, be
these studies, Figure 5B (left panel) shows that the binding trapped in a conformation(s) that does not favor the binding
of IAAP to wild-type Pgp is unaffected by incubating crude of the drug substrate, IAAP (see Figure 2C, step 2, and Figure
membranes with ATP alone at 3T prior to incubation with 5B, right panel). To test this hypothesis, intact HeLa cells
IAAP. However, the binding of IAAP is considerably overexpressing the wild-type or the mutant (E556Q, E1201Q,
diminished when the crude membranes are incubated withE556/1201Q) Pgps were incubated with IAAP and photo-
ATP in the presence of Vi. The mutant Pgp E556/1201Q, cross-linked. The photolabeled Pgp was immunoprecipitated,
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Wild-type E556Q  E1201Q E556/1201Q [o-32P]8azidoATP [y-32P]8azidoATP
CSA - + - + - + = + Vi - + - - + +
. = <-Pgp

Cross-linking 3+ 4 - e = 4
Ficure 6: Photoaffinity labeling of wild-type and mutant (E556Q,

- Ficure 7: Determination of the nature of the trapped nucleotide
E1201Q, and E556/1201Q) Pgps in intact HeLa cells. Infeeted | .
transfected HeLa cells (500000 cells resuspended in IMDM medium I the Pgp double mutant, ES56/1201A, in the presence and absence

+ 5% FBS) were labeled with IAAP (10 nM) in either the absence ©f Vi using [a-%P]-8-azidoATP or §-2°]-8-azidoATP. Crude
or presence of &M cyclosporin A (CSA) and photo-cross-linked membranes (6@g of protein) were incubated in the ATPase assay

as described in the Experimental Procedures. The experimentalPuffer for 10 min at 37C under the following conditions:af*P]-
conditions are given on the autoradiogram. 8-azidoATP (5QuM, 0.5 uCilnmol); [a-*2P]-8-azidoATP (SQuM,
0.5 uCi/nmol) + 0.25 mM Vi; [y-3?P]-8-azidoATP (50uM, 0.5
. . .. uCilnmol); [y-32P]-8-azidoATP (5Q:M, 0.5 uCi/nmol) + 0.25 mM
and Figure 6 demonstrates that wild-type Pgp shows blndlngVi. The reactions were stopped, and samples were processed as

of IAAP (which is sensitive to the Pgp modulator cyclosporin  described in the legends to Figures 1C and 4A.
A), whereas the mutant Pgps (E556Q, E1201Q, and E556/
1201Q) show significantly reduced binding of IAAP. These Vi by the double mutant E556/1201A is not sensitive t¢ PP
data indicate that in intact cells the mutant proteins are (data not given), similar to the observation with the E556/
trapped into an intermediate conformation of the catalytic 1201QA double mutant (Figure 5A). Thus, Pgp mutants with
cycle that prohibits the completion of one cycle and, substitution of E556/1201 with either Q or A exhibit similar
consequently, the initiation of the next cycle. properties, and these data indicate that E556 and E1201
The Pgp Double Mutant E556/1201A Also Exhibits residues do not function as catalytic carboxylates.
[a-32P]-8-AzidoADP TrappingThe experiments described
above indicate that substitution of E556, in the N-terminal DISCUSSION
ATP site, or its equivalent residue (E1201) with Q, in the
C-terminal ATP site, or both (E556Q, E1201Q, or E556/  The superfamily of ABC transport proteins represents
1201Q) does not have any significant effect on the cleavagenumerous therapeutic targets).(Pgp is one of the most
of ﬂ—y-phospha’[e bond of ATP per se but affects SubsequentextenSively studied ABC transport prOtEinS as its reversal
steps in the catalytic cycle of Pgp. This is particularly could contribute significantly to overcoming clinical MDR
significant because E556 or E1201 (and its homologues inand itis a good model system to understand ABC transport-
other ABC transporters as well as other ATPases) has beerfrs in general. Building upon the model proposed by Senior
implicated as the catalytic carboxylated( 13, 57). To assess and associategl{), we have in recent years elucidated the
whether a Glu to Ala substitution will affect the cleavage of catalytic cycle of Pgp in considerable detdP(23, 36, 39,
the S—y-phosphate bond of ATP, we generated the mutant 40). The essential feature of our model is that ATP hydrolysis
Pgps where Glu was replaced with Ala (E556A, E1201A, results in a dramatic conformational chgnge where Fhe affinity
and E556/1201A). Characterization of these mutants showedof both the substrate and the nucleotide for Pgp is reduced
that (1) they exhibited comparable cell surface expression, >30-fold and the hydrolysis of an additional molecule of
(2) similar to E— Q (see Figure 1A), E~ A substitutions nucleotide is obligatory to “reset” the molecule. In this study
also resulted in loss of transport activity, and (3) the single We investigated the role of highly conserved glutamate
mutants E556A and E1201A, similar to E556Q and E1201Q residues at positions 556 and 1201 in human Pgp to
(see Figure 1C), showed some trapping of-3}P]-8- determine the following: (i) Is the presence of glutamate at
azidoADP in the absence of Vi, which was enhanced in the these positions mandatory for cleaving fhey-phosphate
presence of 0.25 mM Vi (data not Shown)_ To determine bond of ATP? (||) Does substitution of these residues with
the nature of the nucleotide trapped in the double mutant, 9lutamine or alanine affect human Pgp function, and if so,
E556/1201A, the Vi-induced trapping was carried out using What is the mechanistic basis?
[0-32P]-8-azidoATP as well asyf®?P]-8-azidoATP. The Human Pgp mutants of the conserved glutamate residue
double mutant E556/1201A shows-f2P]-8-azidoADP trap- in the Walker B region (E556Q, E556A, E1201Q, E1201A,
ping in both the absence and presence of Vi (Figure 7, left E556/1201Q, and E556/1201A) showed cell surface expres-
panel), which is comparable to the double mutant E556/ sion levels comparable to that of the wild-type protein, but
1201Q (Figure 4A). Furthermore, there was no discernible the transport function was abrogated in all of the mutant Pgps
band when the double mutant E556/1201A was incubated (Figure 1A,B; data for E556A, E1201A, and E556/1201A
with [y-32P]-8-azidoATP in either the absence or presence not shown). Moreover, our results are in agreement with the
of Vi (Figure 7, right panel). The results from this experiment findings in Mdr3 that show that replacement of Glu 556 or
suggest that the glutamate residues at positions 556 and 120GIu 1201 with GIn causes a loss of steady-state ATPase
in human Pgp may not be critical for the cleavage of the activity but permits Vi-induced trapping ofaf®?P]-8-
B—v bond of ATP per se by Pgp. Moreover, the double azidoADP (Figure 1C and refl0). These observations
mutant E556/1201A when incubated with ATP in either the suggest that these Pgp mutants can catalyze a single ATP
absence or presence of Vi at 3Z showed reduced affinity  hydrolysis event. But, whether the glutamate residue is
for IAAP (data not given), which is comparable to the finding necessary for ATP hydrolysis cannot be addressed on the
with the double mutant E556/1201Q (Figure 5B). Addition- basis of this evidence as only one of the two ATP sites is
ally, the trapping of §-3°P]-8-azidoADP in the absence of modified and there is the confounding influence of the
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substrate binding to “ON” site is not recovered

Ficure 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 e&8erThe 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 Il: ATP is hydrolyzed, and the drug is moved to the lower affinity OFF site. StepdltelPased, 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 Vlis 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 2@lé&{nce 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;-pénels |

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 in both the absence or presence of Vi is stimulated by
mutant, where residues in both ATP sites are simultaneouslyverapamil in the E556/1201Q Pgp (Figure 4C). As drug
modified (E556/1201Q or E556/1201A). substrates have no effect on the binding per sexe®p]-
There is a general consensus that when Vi-induced 8-azidoATP to Pgp 43), the stimulation of nucleotide
trapping of nucleotide is observed, at least one ATP trapping strongly indicates the occurrence of ATP hydrolysis.
hydrolysis event (or “half-cycle”) has necessarily occurred It could be argued that when the conserved glutamates
(39, 42, 46). However, as the double mutant (E556/1201Q) were substituted with glutamines, these could also activate
incorporates nucleotide in both the absence or presence ofa water molecule to attack thephosphate of ATP. However,
Vi (Figure 1C), we cannot assume that ATP hydrolysis has the double mutant E556/1201A also shows a phenotype
necessarily occurred and that the mutant Pgp does not merelysimilar to the mutant E556/1201Q, in that it traps the
trap ATP tenaciously. We therefore used several approachesiucleoside diphosphate in both the absence and presence of
to address this issue. We compared the trapping of theVi (Figure 7). These results thus suggest that activation of a
nucleotide by using both the-3?P- and they-3?P-labeled water molecule by the glutamate residues at positions 556
8-azidoATP and found that when£?P]-8-azidoATP was  and 1201 in human Pgp is not obligatory for the cleavage
used, there was n¥P signal associated with the Pgp band of the bond between thg andy-phosphates of ATP. It has
(Figures 4A and 7), though in nucleotide binding experiments been argued largely on the basis of the fact that the mutant
carried out at 2C, botha-32P- andy-*?P-labeled 8-azidoATP  E171Q (equivalent to E556 or E1201 of human Pgp) in
were incorporated equally into the Pgp protein (data not MJ0796 of Methanococcus jannaschiiad undetectable
shown). This implies that in the Pgp double mutants E556/ steady-state ATPase activity that these residues are catalytic
1201Q and E556/1201A the trapped moiety is the 8-azi- carboxylates in ABC transport protein®g 59). This
doADP in both the absence and presence of Vi. Moreover, observation in itself is consistent with our finding with human
the effect of temperature on the trapping of 8-azidoADP in Pgp and that of Urbatsch et allQ) with mouse Pgp. We
the double mutants (Figure 4B) is consistent with the demonstrate here a single ATP hydrolysis event using Vi
energetics of trapping rather than binding (see 3@ffor -trapping to generate the transition state conformation of Pgp.
details). Finally, we determined that the nucleotide trapping Similar experiments with MJ0796 in the presence of the
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membrane subunits to form a “transport-competent complex” (22, 23). These residues are likely to be a part of the switch
to generate the Vi-induced transition state conformatér-( region of ABC transport proteins deemed to be involved in
62) will be required to determine whether the residue E171 transmission of interdomain signals from the substrate-
is a catalytic carboxylate. Other candidates for activation of binding sites via the D loop and the ABC signature region
the attacking water for ATP hydrolysis in Pgp, Q471 and (25, 26). If this were the case, one would expect that
Q1114, in NBDs of mouse Mdr3 have also been shown not mutations in some of the conserved residues in the D loop
to play such a rolel). It is thus plausible that the nucleotide (10) or the ABC signature region6b) might also exhibit
itself may be the base and that water transfers its protonsimilar behavior. The ability of the double mutants (E556/
directly to they-phosphate as in the case in myosin (for 1201Q or E556/1201A) to generate the transition state in
review see re63). What then is the role of the residues E556 the absence of Vi or BgHs quite unique and has not yet
and E1201 in Pgp? been reported for any other ABC transporter. It is, however,
The mutations studied here provide additional evidence unclear how the double mutants (E556/1201Q and E556/
for the occurrence of two ATP hydrolysis events in a single 1201A) generate the transition state intermediate by trapping
catalytic cycle of Pgp22, 23), and their mechanistic basis the [0-*2P]-8-azidoADP in the absence of Vi or BeFhe
is illustrated in Figure 8. The Pgp mutants E556Q and resolution of the structure of the Pgp molecule and additional
E1201Q might be expected to be fully functional as both work on site-directed mutagenesis of residues in ATP sites
NBDs hydrolyze ATP and release ADP to the same extent should provide insight into the formation of the transition
as wild-type Pgp. However, the finding that the mutation in state in the double mutants.
a single ATP site (either the N- or the C-terminal) obstructs
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