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ABSTRACT. The reactivity of the ATP-dependent multidrug transporter P-glycoprotein (Pgp) with the
conformation-sensitive monoclonal antibody UIC2 is increased in the presence of Pgp transport substrates,
ATP-depleting agents, or mutations that reduce the level of nucleotide binding by Pgp. We have investigated
the effects of nucleotides and vinblastine, a Pgp transport substrate, on the UIC2 reactivity of Pgp in cells
permeabilized byStaphylococcus aureug-toxin. ATP, ADP, and nonhydrolyzable ATP analogues
decreased the UIC2 reactivity; this effect was potentiated by vanadate, a nucleotide-trapping agent. The
Hill number for the nucleotide-induced conformational transition was 2 for ATP and ADP but 1 for
nonhydrolyzable ATP analogues. The Hill numbers for ATP and ADP were decreased to 1 by mutations
in one of the two nucleotide binding sites of Pgp, whereas mutation of both sites greatly diminished the
overall effect of nucleotides. Vinblastine reversed the decrease in the UIC2 reactivity brought about by
all the nucleotides, including nonhydrolyzable analogues; this effect of vinblastine was blocked by vanadate.
These data indicate that UIC2-detectable conformational changes of Pgp are driven by binding and
debinding of nucleotides, that nucleotide hydrolysis affects the Hill number for its Pgp interactions, and
that Pgp transport substrates promote nucleotide dissociation from Pgp. These findings are consistent
with a conventional E1/E2 model that explains conformational transitions of a transporter protein through
a series of linked equilibria.

Pgp is a membrane transport protein and member of the transported?, 8). ATP hydrolysis by Pgp was shown to be
ATP-binding cassette (ABC) transporter superfamily. It stimulated by its transport substrat&% Oespite this wealth
pumps many anticancer drugs out of tumor cells, causing of information, we do not yet fully understand how Pgp
one of the best-characterized forms of multidrug resistanceinteracts with its transport substrates and nucleotides during
in cancer {—3). Pgp is expressed in many normal tissues its transport cycle.

and is a major component of the bloeldrain barrier 4). Several groups have demonstrated that Pgp undergoes
Pgp encoded by the humaWDR1 gene is a 170 kDa  conformation changes during the process of pumping drugs
glycoprotein composed of two closely similar halves, each gyt of the cell. Zhang and co-workers found that the tryptic
Containing an ABC domain with a nucleotide-binding site digestion patterns of ng were altered by the presence or
(NBS) characterized by consensus Walker A and B sequenceapsence of nucleotides, phosphate and vanadate, suggesting
motifs, and a hydrophobic domain with six transmembrane that the protein existed in at least four different conformations
segmentsH). The hydrophobic domains of the protein appear according to which ligands are bountdy. Liu and Sharom
to contain most of the sites that preferentially interact with labeled Pgp at the nucleotide-binding center with a fluores-
its transport substrated,(6). ATP is hydrolyzed as the  cent reporter group MIANS, whose emission is influenced
protein pumps substrates, with a stoichiometry of 2 (6B2 by the hydrophobicity of its environment. Different confor-
ATP molecules consumed for each substrate molecule mations could be identified according to the ligands (nucleo-
tides or drugs) bound to the proteihlj. Also, by studying
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iodide. integrate the work on conformation changes.
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We have undertaken a detailed investigation of the approximate 50% distribution between permeabilized [pro-
conformation changes that are revealed through the interacpidium iodide (Pl)-positive] and nonpermeabilized (PI-
tion between Pgp and a monoclonal antibody UIC, (L9). negative) staining cells were determined for each cell line
UIC2 blocks the action of Pgp as a functioning transporter in preliminary experiments. A concentrationaftoxin was
when it binds to its epitopes from the external face of the chosen that was effective in 30 min at 37°C. The
cell membraneX8). The reactivity of UIC2 with intact cells  approximate percentage of permeabilization was checked
is increased when Pgp drug substrates are present, when thperiodically under a light microscope via trypan blue staining
cell's ATP levels are reduced by depletion, or when both and counting the percentage of blue cells per high power
nucleotide-binding sites of Pgp are mutated. These high- andfield. Permeabilization was performed in PBS and 1% BSA
low-reactivity states presumably reflect a conformational buffer at a final volume of 10@L containing 1x 1C° cells
transition that the protein undergoes when it interacts with at 37 °C. The reaction was stopped by the addition of 30
ligands (L9). We reasoned that a full analysis of this system, mL of 37 °C PBS, and the cells were centrifuged for 5 min
which is unique in its ability to detect Pgp transitions in at 1500 rpm at room temperature to wash away residual
whole cells and in its native membrane environment, might o-toxin and any substances released from the permeabilized
reveal details of the pump’s action. To this end, we have cells. Following centrifugation, the supernatant was aspirated

worked out a method which enables us to control the type and the remaining cell pellet processed through the flow
and concentration of ligands that bind to Pgp, whether thesecytometry protocol described below.

are membrane permeable or impermeable. Experiments using
this technique enabled us to demonstrate that UICZ-detectabIea
conformational transitions of Pgp are driven by binding and
debinding of nucleotides, that nucleotide hydrolysis affects phosphate-buffered saline (PBS) buffer with 1% bovine
the Hill number for its Pgp Interactions, and t_ha_t Pgp serum albumin (BSA). Cells were reacted with their respec-
transport substrates promote nucleotide disassociation fromtive nucleotides and/or drugs for 5 min at 37°C prior
Pgp. Our results suggest that the mechanism of Pgp functionto the addition of the primary antibody. UIC2 was aliquoted
can be interpreted in terms of a conventional E1/E2 model heated at 48C for 24 h in a thermal c;}cler and stored at 4’

of conformational transitions of a transporter protein. °C prior to use. It was determined that this treatment did
not affect the reactivity of the antibody to Pgp in the presence
of substrate, but decreased the reactivity of the antibody to
Materials. ATP, ADP, AMP-PNP, ATRS, 8-azido-ATP, Pgp in the absence of substrate (our unpublished data).
AMP, CTP, UTP, ITP, GTP, MgS§) vinblastine, cyclo- Hence, the sensitivity of UIC2 for conformational transitions
sporin A, propidium iodide, and the ATP Bioluminescent was increased. The concentration of the primary antibody
Somatic Cell Assay Kit were from Sigm&taphylococcus  that was used (1ag/mL) had been previously determined
aureuso-toxin was purchased initially from Calbiochem and as a saturating concentration of antibody for all available
then from List Biological Labs. Sodium orthovanadate was binding sites on 1x 10 cells. Following addition of the
from Fisher Scientific. The goat anti-mouse IgG2a fluores- primary antibody, the reaction mixture was held at &7
cein isothiocyanate (FITC)-conjugated antibody was obtained for an additional 30 min. Primary antibody reactions were
from Caltag Laboratories. The MRK16 monoclonal antibody stopped by the addition of 5 mL of ice-cold PBS buffer and
was generously provided by T. Tsuruo (University of Tokyo, the cells then centrifuged for 5 min at°€ and 1500 rpm.
Tokyo, Japan). The isolation and preparation of the mono- Pellets were resuspended in 100 of PBS and 1% BSA
clonal antibody UIC2 have been previously describEg).( buffer containing 25:g/mL goat anti-mouse FITC-conju-
Cell Lines.LMtk ~ murine fibroblast cell lines, KK-H, KM-  gated secondary antibody. The reaction mixtures were left
H, MK-H, and MM, were derived after transfection with on ice (to prevent Pgp function) for 30 min before being
either the wild-type (KK) or mutant (KM, MK, and MM)  stopped by the addition of 5 mL of ice-cold PBS buffer and
forms of human MDR1 cDNAZ0) and were maintained in  centrifuged for 5 min at 4C and 1500 rpm. Immediately
Dulbecco’s modified Eagle’s medium containing 10% fetal prior to analysis in the fluorescence-activated cell sorter
bovine serum, 1% glutamate, and a 1% penicillin/strepto- (FACS), each pellet was resuspended in-3500uL of PBS
mycin mixture. Site-directed mutagenesis was used toand 1% BSA buffer containing kg/mL PI. Two-color

Fluorescence-Actated Cell Sorting Assay#ll primary
ntibody staining reactions were carried out in a final volume
of 200 uL containing 1 x 1CF cells/reaction mixture in

EXPERIMENTAL PROCEDURES

generate the MK, KM, and MM mutants, which contain
amino acid substitutions at either one (KM or MK) or both
(MM) conserved lysine residues in the Walker A motifs of
the N-terminal or C-terminal nucleotide-binding sites, K433M
and K1076M, respectively.

The K562/i-S9 cell line was derived from human K562
leukemia cells by infection with a recombinant retrovirus
carrying the human MDR1 cDNA followed by subcloning
(without cytotoxic selection) and immunostaining for Pgp
(22). K562/i-S9 cells were maintained in RPMI 1640 medium

cytofluorometric analysis was performed by acquiring at least
10 000 individual events using a Becton Dickinson FacSort
flow cytometer.

Flow cytometric data were analyzed by using the Becton
Dickinson Information Systems CellQuest software. This
analysis included cells contained in two specified regions,
R1 and R2. The R1 region was defined by forward scatter,
the measure of cell size, versus propidium iodide (PI)
fluorescence, which distinguishes cells on the basis of their
Pl permeability. The R2 region was defined by forward

containing 10% fetal bovine serum, 1% glutamate, and a 1% scatter versus side scatter, the measure of cellular granularity.

penicillin/streptomycin mixture.

S. aureusx-Toxin PermeabilizatioriThe concentration and
time course ofS. aureusa-toxin necessary to yield an

For all intact cell experiments, the R1 region was defined in
such a way as to exclude all Pl-positive cells and include
only Pl-negative cells.
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For experiments in which permeabilized cells were studied, 450
the R1 region was reset to include both Pl-positive and PI-
negative populations. The total number of acquired cells was 400 1
increased to 25 000 to have a statistically significant number
of gated events in both the Pl-positive and Pl-negative — 350 1
populations. For a given experiment, neither the size nor the z
granularity acquisition parameters were altered so as not to g 300 1

include artifactual events (e.g., membrane fragments) during &
the data analysis. g 250 A
After acquisition had been completed, the FACS data were @
analyzed as follows. First, R1 and R2 regions that would be _g 200 1
applied consistently to all reactions in a given experiment ':
were defined. A single analysis (where the R1 region & 150
included only Pl-negative cells) was performed for experi- ‘@
ments in which intact cells were studied. Two separate = 100 1

analyses were performed for experiments in whietoxin-

treated cells were studied (one where the R1 region included 50 1
only the PI-positive population and another where the R1

region included only the PI-negative population). For each 0
reaction, all acquired cells falling within both R1 and R2
regions were displayed in a separate histogram and the [vinblastine] uM

statistics for each histogram, as determined by the CellQuestrgure 1: Effect of increasing concentrations of vinblastine on
software, were calculated. These statistics included thethe fluorescence signal of intact K562/i-S9 cells stained with the
median fluorescence (in arbitrary units) of the histogram UIC2 antibody. On thé&X axis is plotted the micromolar concentra-

; i i ; tion of vinblastine. On th& axis is plotted the median fluorescence
population, which is the primary measurement of the UIC2 of cells treated with UIC2 (arbitrary units). Cells were treated with

reactivity men_tioned throughout the;e §tudies. vinblastine for 15 min at 37C prior to staining with UIC2 for 30
Data AnalysisWe determined the kinetic parameters from min at 37°C: (@) median fluorescence. The solid line is the best-

the CellQuest-derived data using the SigmaPlot program. fit regression using eq 1 in Experimental Procedures, whl, af

This gave us (1) the maximum or minimum fluorescence 0-79% 0.03uM and ann of 1.64+ 0.10. The dotted line is the
. . . best-fit regression witm held at 1.

(Fmax OF Fmin, respectively) at asymptotically high or low

levels of vinblastine, nucleotide, or vanadate, (2) the

concentration of vinblastine, nucleotide, or vanadate at which

half of the maximal change in fluorescence occls)( and the appropriate nucleotide and an excess of Mg®01 h

(3) the .Hi” number,n. The best-fit .regress_ion through thg at 37 °C before proceeding through the aforementioned
respective data points was determined using the appropriate- , ~g protocol

binding isotherm, as follows. We used eq 1 for cases where
the fluorescence signdt, increases witl, the concentration  ResyLTS

of ligand, and eq 2 for those cases in which the fluorescence
decreases, as stated in the text. Effects of Vinblastine and Vanadate on UIC2 Reatsti

in Intact Cells We have applied quantitative ligand-binding

—r _E \R" n analysis to characterize interactions between Pgp and various
F = Foin + (Froc = FriBY(Kn + BY) (1) drug and/or nucleotide ligands, which can be detected by
FodK (K "+ B (2) altered UIC2 reactivity. As previously reportedi%j, UIC2
reactivity is increased by Pgp substrates, such as vinblastine,
and ATP-depleting agents, such as sodium azide or oligo-
mycin. These changes in antibody reactivity were interpreted
to represent changes in Pgp conformation. In the study
presented here, we have extended this analysis by using the
same wild-type Pgp-expressing cell lines, K562/i-S9 and KK-
H, that were used in the previous worQj. Figure 1 depicts

0.1 1 10

a-toxin-treated cells, the cells were first treated witoxin,
washed, and then reacted with vanadate in the presence of

F=Fun+[(F

min max
Bioluminescent Assay for ATPrior to ATP assessment,
the cells were washed twice in room-temperature PBS by
centrifugation at 1500 rpm for 5 min. Following washing
and the aliquoting of 1000 cells per reaction, ATP-dependent

luciferase bioluminescence was measured in a scintillation
counter by using the protocol and reagents provided with the effect of increasing concentrations of vinblastine on the

the ATP Bioluminescent Somatic Cell Assay Kit. fluorescence of KK-H cells after indirect immunofluores-
Vanadate Treatmen§odium orthovanadate was prepared gonce staining with UIC2 at 3PC. The fluorescence
fresh before each experiment by making a 100 mM stock jncreases steadily with increasing concentrations of vinblas-
solution and boiling the solution for 3 min prior to use. In - tine The solid line through the data points is the best fit
intact cell experiments, & 10° cells were incubated in PBS  ging eq 1, a ligand binding isotherm with concentrations
and 1% BSA buffer containing vanadate at a final volume entering to the powen. The best-it value for thep
of 100uL for 1 h at 37°C.2 The reaction was stopped by  parameter, which represents the apparent affinity of the
the addition of 5 mL of ice-cold PBS and the mixture regpective ligand for Pgp, was 0.790.03uM. The best-fit
centrifuged at 1500 rpm for 5 min. In experiments involving 1, yajue (the Hill number) was 1.64- 0.10, which is
significantly greater than 1 gt < 0.01, as can also be seen
2S. Dey, personal communication. by a comparison between the solid line and the dotted line,




P-Glycoprotein Conformational Changes Biochemistry, Vol. 40, No. 14, 2004315

which represents the best fit with fixed at 1. The Hill 400
number represents tmeinimumnumber of ligand molecules A KK-H
that are being bound in the reaction that is being studied.

Thus, a Hill number of 1.64 is consistent with at least 2 300 - —L—A\A
molecules of vinblastine being required to bring about the
conformation change from a low to a high UIC2 accessibility.

This high Hill number and the value &, found in Figure 200 4 . ﬁ.i’é’fw B
1 are both in excellent agreement with the results of other o uicz

studies that measured the affinity and stoichiometry of

vinblastine’s interaction with Pgp (see the Discussion). S 100

Our previous study suggested that the substrate-induced @
conformational transition of Pgp could be due to the g
stimulation of ATP hydrolysis or disassociatioh9dj. This S
hypothesis predicts that irreversible nucleotide bindingto Pgp & °© ' ' j ) j
should interfere with the substrate-induced increase in UIC2 “5’ 00 05 10 1 20
reactivity. We have asked therefore if the effects of vinblas- ,_,—:’_ .
tine on UIC2 reactivity would be affected by vanadate, an S 400 - B a K562/i-S9
agent that inhibits the ATPase activity of Pgp in isolated © 2
membrane fraction2@) and in whole cell5by forming an 2
irreversible ternary complex with ADP and Pgp2). The 300 A
effects of increasing concentrations of vanadate on the UIC2 A MRK16
reactivity of KK-H cells are shown in Figure 2A and for the <.> 8:8?' 1ouMLE

K562/i-S9 cell line in Figure 2B. Cells were held in the 200 -
presence of the indicated concentrations of vanadate for 1 h
at 37 °C. Then, in the appropriate reaction mixtures,
vinblastine was added and the mixture held for an additional 100 1
15 min at 37°C prior to the addition of UIC2 and for an
additional 30 min at 37C. Due to the slow rate at which
vanadate crosses the intact plasma membrane, we reasoned
that vanadate should be added and allowed to incubate prior
to the addition of vinblastine. Cells stained with UIC2 in [Vanadate] (mM)
the absence of vinblastin®) exhibit a slight decrease in  FiGure 2: Effect of increasing concentrations of vanadate on UIC2
UIC2 reactivity as the concentration of vanadate increases.ggclilsMWReﬁG rfgtér\gg\t/gé/';g ir?tiicéiflié(r-;]t(é()) gggﬂﬁgﬁgﬂfgf s/Ba)ng%g;é
In cells stained Wlt.h U.I.C2 in the presence of V!nblasFlié,( and washeg prior to the addition or omission of:@@ vinblastine
vanadate strongly inhibits the ability of vinblastine to increase o 15 min at 37°C followed by the addition of antibody for an
UIC2 reactivity, as predicted by our hypothesis. Vanadate additional 30 min at 37C. White circles ©) depict data for cells
exhibits maximal inhibition of the UIC2 reactivity at 4 mM  stained with UIC2 in the absence of vinblastine, and black circles
inthe K562/-59 cells and at 2 mi nthe KKCH cel. Higher  (®) St 48, o 22i saree i LICE v, e posence,
vanadate concentrations distorted the morpholqu_ of the MRK16 in the absence %f vinblas?ine. In both panels, the solid line
KK-H cells to the extent that made FACS analysis impos- s the best-fit regression using eq 2 in Experimental Procedures.
sible. Cellular reactivity toward MRK16, another Pgp-
specific mAb, which reacts indifferently with the presence PI staining and UIC2 reactivity of KK-H cells in three
of ATP or drugs 19), was not affected in the presence of separate reaction mixtures under three differaertoxin
vanadate 4£), indicating that vanadate does not alter the treatment conditions. The top row of panels shows the
number of Pgp molecules on the cell surface. fluorescence of cells that were not treated veittoxin. The
Analysis of UIC2 Reactity in Cells Permeabilized with  cells are negative for PI fluorescence and have a typical UIC2
the S aureusa-Toxin Up to this point, our studies have reactivity profile. The middle panels show cells that had been
been carried out exclusively in intact cells. These studies treated with 25ug/mL o-toxin (Calbiochem) at 37C for
could not definitively establish whether the UIC2-detectable 30 min. Pl staining reveals one population that is positive
conformational change was due to ATP hydrolysis or to the and one population that is negative for Pl fluorescence, with
binding and debinding of nucleotide. To determine if both populations showing normal UIC2 reactivity profiles.
nucleotide binding affects UIC2 reactivity, we needed to As described in Experimental Procedures, each population
permeabilize the cells to nucleotides in a way that would can be analyzed individually to avoid artifacts introduced
preserve their morphology for FACS analysis. After some by the inclusion of other populations of cells or membrane
preliminary trials, we selected ti& aureus-toxin as the fragments. The lower panels show cells that had been treated
permeabilizing agent. Th8. aureust-toxin forms a hydro- with 75 ug/mL a-toxin. These cells are almost entirely
philic, aqueous pore within the plasma membrane, allowing positive for PI fluorescence. However, the morphology of
the free passage of ions and molecules up to a molecularthe cells was so damaged that no reliable UIC2 reactivity
weight of 4000 23). To identify permeabilized cells, we used measurements could be ascertained with the FACS. On the
propidium iodide (PI), which is commonly used in FACS basis of these results, we decided to use a reginoetokin
assays as a marker for dead cells or other cells with atreatments that yielded an approximate 50% distribution
compromised plasma membrane. Figure 3A compares thebetween Pl-positive and Pl-negative cells.
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Ficure 3: Effect of a-toxin permeabilization on fluorescence signals and intracellular ATP concentration. (A) Fluorescence profiles of
KK-H cells stained with either PI (left column) or UIC2 (right column), pretreated for 30 min &C3With increasing concentrations of
thea-toxin: 0, 25, and 7&xg/mL (Calbiochem) from top to bottom. (B) K562/i-S9 cells were either pretreated witlgbsOL o-toxin (List

Biologicals) for 15 min at 37C or untreated, stained with PI, and then sorted with a FACS. Following sorting, the intracellular ATP
content of cells was measured using luciferase luminescence (see the text). Each column represents the mean of five separate determinations
with bars indicating the standard error. The right-most column is the water-only blank.

We determined the extent of ATP depletion in th&oxin- saturating concentration of vinblastine afteitoxin treat-
treated cells using a luciferase assay. Figure 3B shows thement. The results of these assays for KK-H cells are shown
luciferase bioluminescence of K562/i-S9 cells that were held in Table 1; essentially the same results were obtained with
either in the presence or in the absence of an intermediateK562/i-S9 cells (data not shown). The values in Table 1 are
concentration of thex-toxin for 30 min at 37°C, washed, listed as the percent staining as compared to cells stained
and then sorted according to their PI fluorescence with the with UIC2 in the presence of 10M vinblastine alone, this
FACS. Pl-positive cells exhibited the same amount of giving the high level of UIC2 reactivity. Merely permeabi-
luciferase fluorescence as the background water blank,lizing the cells and thereby removing intracellular ATP gave
indicating nearly complete ATP depletion. In contrast, cells Pl-positive cells a UIC2 reactivity that was comparable to
that had been treated with theetoxin but remained PI-  the high level seen in the presence of vinblastine. The UIC2
negative had a reduced, but far from zero, content of ATP. reactivity of Pl-positive (but not Pl-negative) cells is
Permeabilization and washing thus eliminates the intracellular significantly decreased in the presence of 4 mM ATP and
stores of ATP in Pl-positive but leaves substantial amounts its hydrolyzable analogue 8;NTP, as well as ADP and the
of ATP in Pl-negative cells. (The difference in ATP content nonhydrolyzable ATP analogues AMP-PNP and ABPIn
between the Pl-positiva-toxin-treated cells and untreated contrast, AMP, ITP, CTP, UTP, and GTP had little or no
cells is possibly due to the membranes of the Pl-negative effect. Washing of the cells at 3T for 5 min reversed the
cell population being destabilized lytoxin exposure. While  nucleotide-induced decrease in UIC2 reactivity. The addition
these cells were sufficiently intact not to take in Pl prior to of 10 uM vinblastine after the nucleotide addition and prior
FACS sorting, partial loss of ATP could have occurred during to UIC2 staining also reversed the decrease in UIC2 reactivity
the FACS sorting and centrifugation prior to ATP analysis.) that was induced by ATP, 844TP, ADP, and the nonhy-
Apparently, the Pl-negative cells in the-toxin-treated drolyzable ATP analogues. When the same assays were
samples maintained a sufficient amount of ATP for all the carried out in the presence of 1 mM vanadate, all the tested
Pgp interactions, since these cells demonstrated levels ofnucleotides at 2 mM (with a possible exception for AMP)
UIC2 reactivity that were essentially identical to those of produced a decrease in the UIC2 reactivity. In the presence
untreated intact cells, in the presence of all the tested Pgpof vanadate, the effect of the nucleotides was not reversed
ligands (data not shown). The PI-negative population, even by 2QuM vinblastine (Table 2). None of the manipula-
therefore, provided an excellent internal control for the PI- tions described above altered cellular reactivity toward
positive cells, as both populations aftoxin-treated cells MRK16, indicating that these changes were specific for

were analyzed within the same reaction mixtures. UIC2-detectable conformational transitions (Table 1 and data
Effects of Nucleotides and Vinblastine on the UIC2 not shown).
Reactvity of Permeabilized CellsWe compared the UIC2 Figure 4A depicts quantitative analysis of the effects of

reactivity of Pl-positive cells stained in the presence of increasing ATP levels on the UIC2 reactivity of Pl-positive
different nucleotides and in the presence or absence of aK562/i-S9 cells. The solid line through the data points is
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Table 1: Reactivity ofx-Toxin-Treated KK-H Cells to UIC2 or Table 2: UIC2 Reactivity of PI-Positive K562/i-S9 Cells in the
MRK16 in the Presence or Absence of Nucleotides with or without Presence or Absence of 1 mM Vanadate with or without Nucleotide
Vinblastiné and/or Vinblasting
uic2 MRK16 uic2 MRK16 UIC2 staining,
Pl-positive Pl-positive PI-negative Pl-negative Pl-positive cells
o-toxin only 87.5 95.6 25.3 96.3 o-toxin only 95.6
VLB 100.0 100.0 100.0 100.0 VLB only 100.0
ATP 38.2 92.2 21.3 90.4 VAN only 93.9
ATP and VLB 101.8 90.6 94.7 97.2 VLB and VAN 108.4
ATP and wash 93.9 ND 27.6 ND ATP and VAN 37.2
ADP 50.9 93.9 22.3 86.1 ATP, VAN, and VLB 39.0
ADP and VLB 99.1 96.5 111.0 87.2 ADP and VAN 50.0
AMP-PNP 54.2 107.5 23.7 75.5 ADP, VAN, and VLB 414
AMP-PNP and VLB  107.5 98.2 102.7 79.7 AMP-PNP and VAN 67.9
8-N;ATP 33.7 ND 26.1 ND AMP-PNP, VAN, and VLB 64.4
8-N;ATP and VLB 89.8 ND 112.4 ND ATPyS and VAN 20.9
ATPyS 16.1 ND 12.8 ND ATPyS, VAN, and VLB 20.9
ATPyS and VLB 64.9 ND 93.1 ND 8-NzATP and VAN 42.2
8-N;ATP, VAN, and VLB 47.4
uiCc2 uiCc2 AMP and VAN 90.6
Pl-positive Pl-negative AMP, VAN, and VLB 79.1
o-toxin only 98.2 53.3 GTP and VAN 53.8
VLB 100.0 100.0 GTP, VAN, and VLB 56.2
ITP and VAN 73.7
AMP 96.9 433 ITP, VAN, and VLB 71.7
AMP and VLB 103.7 103.7 ' ! :
CTP and VAN 58.8
TP 84.3 65.5 CTP, VAN, and VLB 53.8
ITP and VLB 83.5 108.4 ' J :
CcTP 898 59 4 UTP and VAN 53.3
CTP and VLB 92.2 104.6 UTP, VAN, and VLB 56.7
UTP 95.6 59.4 aK562/i-S9 cells were first permeabilized as described in the Results.
UTP and VLB 109.4 107.5 Cells were held in the absence or presence of vanadate with or without
GTP 7.7 53.3 2 mM nucleotide fo 1 h at 37°C. After 1 h, 20uM vinblastine was
GTP and VLB 85.8 100.9 added or omitted, and each reaction mixture was held for 15 min at 37

aKK-H cells were pretreated with 2Bg/mL a-toxin for 30 min at °C prior to the addition of UIC2 for an additional 30 min at 3C.
37°C and washed. At 4 mM. nucleotide was added or omitted for 15 Ce€lls were stained with PI, and the UIC2-associated fluorescence of
min at 37°C followed by the addition or omission of 0V vinblastine the Pl-positive cell population was analyzed with a FACS. The median
for 15 min and then antibody for an additional 30 min at°&7 Prior fluorescence values were normalized to that of vinblastine with no
to FACS analysis, cells were stained with Pl and antibody-associated Nucleotide set at 100.
fluorescence was analyzed separately for Pl-positive and Pl-negative

cell populations. In each column, all values of the median fluorescence . .
were normalized to that of vinblastine with no nucleotide set at 100. shown to bind, but not hydrolyze, nucleotid20[ and to

ND, not determined. increase their UIC2 reactivity in the presence of Pgp
substrates or ATP-depleting agent8)( As shown in Figure
5A, increasing concentrations of ADP decrease the UIC2
reactivity of the MK-H and KM-H cells. In contrast to cells
expressing the wild-type Pgp, the Hill numbers for MK-H

the best-fit regression using eq 2 (Experimental Procedures)
while the dotted line is the best fit withhfixed at 1. TheK,
for the ATP-dependent decrease in UIC2 reactivity was and KM-H cells were close to 1 (1.3 0.19 and 1.04k

62+ 038 mM, _and the Hi" numb_er was Z.'ﬁ 0.8. The 0.50, respectively). Similar experiments using either ATP
results of a.S|m_|Iar experiment using ADP instead of '_A‘TP or AMP-PNP instead of ADP also resulted in Hill numbers
are shown in Figure 4B®&), where theKn, of the best-fit o \were not significantly different from 1 (data not shown).

rzegris(s;%n \)Ivvrics:he\./%sog rr?h[\i/lcaanr;Id tgi?fetg:]tn# ?rge{ Vfll_?]se We have also analyzed the effects of nucleotides on the
aa dition. O’f > mM vana dgte decreyase d the for ADP' o U!C2 react_ivity (_)fa-toxin-treate_d MM ce_IIs th_at express Pgp
210 + 30 uM [Fi 4B OV Th ffect with mutations in both nucleotide-binding sites. These cells
H [Figure ( ). The same effects were were shown to have a strongly decreased level of nucleotide
observed with KK-H cells (Flgu_re 4C), where ADP produced binding and a high UIC2 reactivity, which was unaffected
aKp of 4.7+ 0.5 mM and a Hill number of 2.8 0.8, but by drug substrates or ATP-depleting agertg @0). In the
vanadate decreaseq th, to 140 uM. The presence of absence of vanadate, the high UIC2 reactivity of Pl-positive
vanadate therefore increases the apparent affinity of ADP MM cells was almost unaffected by ADP [Figure 58){
for Pgp by more than 30-fold, in agreement with the known or by 4 mM ATP, AMP-PNP, or AMP (data not shown), as
nucleotide-trapping activity of vanadate. expected from mutations in both NBD domains of MM. In
Analysis of UIC2 Reactity in P-Glycoprotein Nucleotide-  the presence of 1 mM vanadate, however, ADP significantly
Binding Domain MutantsTo determine whether the Hill  decreased the UIC2 reactivity of the MM cells witliKa of
numbers for ATP and ADP, which we found to be close to 4 mM [Figure 5B @)], and substantial decreases in UIC2
2, reflect the binding of these nucleotides to the two reactivity were obtained with all the tested nucleotides (5
nucleotide-binding sites of Pgp, we have used LMtk mM), with the exception of AMP and CTP (data not shown).
transfectants carrying human Pgp with mutations in the The largest decrease in UIC2 reactivity (as compared to that
Walker A motif of a single N-terminal (MK-H) or C-terminal  with vinblastine alone) was seen in the presence of vanadate
(KM-H) NBS. In previous studies, these mutants have been with ATP (40.3%), ADP (47.0%), and AT (43.3%).
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Ficure 4: Effect of increasing nucleotide concentrations on the UIC2 reactivity in Pl-positive K562/i-S9 (A, B, and D) and KK-H (C)
cells. The median fluorescence of Pl-positive cells stained in the abs@®yaz (n the presenced) of vanadate was measured in the
presence of increasing concentrations of ATP (A), ADP (B and C), on/ST{®). The inset in panel D shows the effects of A/Bin the
absence4) or in the presencea() of 10 uM vinblastine. The solid line is the best-fit regression using eq 2 in Experimental Procedures,
and the dotted line (A and B) is the best-fit regression witheld at 1. K562/i-S9 cells were treated with B@/mL a-toxin for 15 min

at 37°C, and nucleotide with or without 2 mM vanadate was added for 1 h, followed by staining with UIC2 for an additional 30 min at
37 °C. KK-H cells were permeabilized with 1/g9/mL a-toxin for 20 min at 37°C, and nucleotide with or without 1 mM vanadate was
added for 1 h, followed by staining with UIC2 for an additional 30 min at’@7

Effect of ATR'S on UIC2 Reactity in the Presence of AMP-PNP, also gave a Hill number that was not significantly
Vinblastine The nonhydrolyzable ATP analogue A}® different from 1 (not shown), in striking contrast to ATP
consistently provided the greatest decrease in UIC2 reactivityand ADP (which gave a Hill number close to 2).
when compared to any other nucleotide, suggesting that it As shown in Table 1, vinblastine reversed the decrease in
has the highest affinity for Pgp. Figure 4D demonstrates the UIC2 reactivity by all the tested nucleotides, whether
effect of increasing concentrations of AJ® in Pl-positive hydrolyzable or not. The quantitative analysis of the effect
K562/i-S9 cells ©). The best-fit regression lines, fit using of vinblastine on ATPS is shown in the inset of Figure 4D,
eq 2, show that thK, for ATPyS was 332+ 111uM. While where white trianglesA) depict data for control cells (stained
not as dramatic as for ADP, vanadate improved the affinity in the absence of vinblastine) while the black triangle}¥ (
of even this high-affinity nucleotide analogue by 3.7-fold depict data for cells stained in the presence of /N
(®@). The Hill numbers for ATRS, both in the presence and vinblastine. The&,, for ATPyS in the absence of vinblastine
in the absence of vanadate, were 1-52.13 and 0.96+ was 0.31 mM compared tol&, of 23 mM in its presence;
0.24, respectively. Another nonhydrolyzable ATP analogue, i.e., vinblastine decreased the apparent Pgp affinity of
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Ficure 5: Effect of increasing concentrations of ADP on the UIC2 reactivity in Pl-positive KM-H and MK-H (A) and MM cells (B). For
each set of data, the solid line is the best-fit regression using eq 2 in Experimental Procedures. In panel AaKadhtHNIK-H (@) cells
were treated with 1.xg/mL o-toxin for 20 min at 37°C. Thereafter, nucleotide was added for 15 min followed by staining with UIC2 for
an additional 30 min at 37C. In panel B, MM cells were permeabilized with Ju§/mL o-toxin for 20 min at 37°C, and nucleotide with

(O) or without @) 1 mM vanadate was added for 1 h, followed by staining with UIC2 for an additional 30 min €37

E,ADPS,

ATPyS, the strongest conformation-affecting nucleotide, by ~ E;ADPVi<===E,ADPViS, == E,ADPS,
more than 60-fold. For all other nucleotides that decreased ‘

UIC2 reactivity, the reversal of their effect by vinblastine
was even stronger than for AJB and too strong to

E,ADP-PiS
accurately measure th€, (data not shown). ! s

Transport

DISCUSSION

Using the UIC2 reactivity shift as an assay for Pgp
conformational transitions, we have investigated mechanistic
aspects of the interactions between Pgp, nucleotides, and the
Pgp transport substrate, vinblastine. We suggested in our
previous study19) that the change in mAb UIC2 reactivity
of Pgp represents a conformational change in the protein.
Indirect evidence suggested that this conformational change
might be due to whether ng was bound to nucleotide. In All E, forms have low UIC2 reactivity, all E; forms have high reactivity

the work presented here, we were able to prove this ] ] ) )
Ficure 6: Proposed mechanism of Pgp function. E1 is defined as

hypOth.eS'S’ by deve!oplng a quantltatlve prqqedure for the state of the enzyme where the substrate-binding face of the
analyzing UIC2 reactivity phanges n perm_eab!hzed Cel_ls. protein is in an intracellular location. E2 is defined as the state of
We have shown that the binding of nucleotide, irrespective the enzyme where the substrate-binding face of the protein is in an
of ATP hydrolysis, decreases UIC2 reactivity. Similarly, the extracellular location. In this model, E1 is equated with a low-

ability of vinblastine to increase UIC2 reactivity also does #'ChZLgleggtiVity t(_:o_?forme;tion Otf ngf. \IIDVh”eL'JEIZCiZS fqtuategIWith a
; ; ; ; igh- reactivity conformation of Pgp. -detectable con-
not require nucleotide hydrolysis but can be explained by formational transitions of Pgp occur during the E1ADPS1 to

the stimulation of nucleotide debinding from Pgp, a previ- g>aApps2 and E2 to E1 reactions. The presence of vanadate (V
ously unknown effect of Pgp transport substrates. traps Pgp in a highly stable ternary compl@®)(that maintains a
We have previously shown that Pgp transport substrates low UIC2 reactivity. In this scheme, the idle cycle refers to the

. . .. 'basal level of ATP hydrolysis demonstrated by Pgp, while the
ATP-depleting agents, or mutations of both Walker A motifs - pinqing“of substrate (S) commits Pgp to the transport cycle that

in the NBS of Pgp increase UIC2 reactivity9). We have  yitimately releases S on the extracellular surface of the plasma
now demonstrated that nucleotide binding to Pgp producesmembrane.

the opposite effect, a decrease in UIC2 reactivity. We have

shown this at first indirectly, by finding that vanadate, an analyzing the UIC2 reactivity of the permeabilized cells in
agent that is known to trap nucleotides onto P@Q),( the presence or absence of different added nucleotides.
decreases the UIC2 reactivity of intact cells (Figures 2 and a-Toxin permeabilization, which depletes the intracellular
6). We have also demonstrated the effect of the nucleotideslevel of ATP, results in high UIC2 reactivity and is consistent
directly, by permeabilizing cells with thex-toxin and with our previous findings for ATP depletion using metabolic

E,
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inhibitors (19). The addition of either hydrolyzable or and AMP-PNP) on UIC2 reactivity (Figure 4D). This
nonhydrolyzable nucleotides decreased UIC2 reactivity, surprising finding can be explained by the suggestion that a
indicating that ATP hydrolysis is not required for UIC2- steric restriction exists that prevents 2 molecules of ATP or
detectable conformational transitions of Pgp. its analogues from being simultaneously bound to Pgp.
The K, for the decrease in UIC2 reactivity was high for However, no such restriction exists for 1 ADP and 1 ATP
both ATP and ADP,~6 mM. This is nearly 1 order of = molecule or for 2 ADP molecules. The hypothesis that 2
magnitude higher than th€,, determined for the effect of =~ ATP analogues cannot bind to Pgp at the same time is further
ATP on the ATPase activity of Pgja4, 25) or for the effect corroborated by a paradoxical observation of Muller et al.
of ADP on inhibiting this activity. Possibly, these high levels (20). These authors showed that Pgps carrying mutations in
of added nucleotide are needed to offset the effects of either of the 2 Walker A motifs undergo photolabeling
endogenous ATPasds:, values found for transport systems  (which prevents nucleotide hydrolysis) witFP]-8-N;ATP
are complex functions of a number of linked chemical to the same maximal extent as wild-type Pgp. This finding
reactions (such as those shown in the model of Figure 6,can be interpreted by suggesting that the wild-type Pgp can
which is described later in this section) and need not reflect bind only 1 molecule ofP]-8-N;ATP, without hydrolysis.
the parameters of any particular stdg) TheKn,, however, It has been previously suggested that the 2 ATP binding sites
provides a measure of apparent affinity, which can be usedact in tandem so that ATP hydrolysis at 1 NBD is stimulated
as a relative parameter to evaluate the effects of differentby ATP binding at the other NBD1g). Hence, the two-site
treatments. binding that we observed for ATP can be interpreted as
The apparent affinity of nucleotide for Pgp was greatly reflecting the coupled process of ATP hydrolysis at one site
increased by the simultaneous presence of vanadate, whiclkand binding at the other site, which cannot occur with the
has been previously shown to increase the apparent affinitynonhydrolyzable analogues.
of ATP and ADP by promoting nucleotide occlusion at Pgp ~ We have also used the UIC2 reactivity shift assay to
(22). The presence of vanadate decreaseXtheore than characterize the interaction of Pgp with its transport substrate,
30-fold for ADP (Figure 4B,C) and nearly 4-fold for A8 vinblastine. The results of our quantitative analysis of the
(Figure 4D), which is consistent with a nucleotide-trapping effect of vinblastine on UIC2 reactivity in intact cells showed
activity of vanadate in our system. This interpretation is good agreement with the conclusions of other investigators.
supported by the fact that only in the presence of vanadateThe K, determined for the vinblastine-dependent increase
did the MM mutant form of Pgp [which cannot hydrolyze in UIC2 reactivity Kn = 0.79+ 0.03uM; Figure 1) is the
but does, albeit poorly, bind ATP2()] demonstrate a  same as the value of 0.4 0.03uM reported by Liu and
substantial decrease in UIC2 reactivity in the presence of Sharom 11) for the effect of vinblastine on quenching the
ADP [Figure 5B ©)]. In addition to ATP and ADP, we have fluorescence of the probe MIANS bound near the ATP-
found that the effects of many nucleotides on UIC2 reactivity binding site of Pgp. It is also close to th&, of 0.87 uM
were potentiated by vanadate (Table 2), including nonhy- reported for the effect of vinblastine on competing with Pgp’s
drolyzable ATP analogues and non-adenine trinucleotides.pumping out of daunomycin3( 28, 29). These apparent
These findings suggest that the stabilizing effect of vanadateaffinities of the nucleotide, observed in studies that measured
on the binding of these ligands does not require their Pgp conformation changes in the presence of nucleotide,
hydrolysis. This result was somewhat unexpected, sinceeither directly or as induced from transport events, are,
vanadate-mediated occlusion is usually viewed as the forma-however, far higher than the values found in direct binding
tion of a highly stable transition state analogue during ATP assays in the absence of nucleoti@é-32), indicating that
hydrolysis consisting of vanadate, Pgp, and ADP 32). theKy, value for substrate binding is also a complex function,
Our results, however, are consistent with a report demon- as discussed above for the apparent affinities of nucleotides.
strating that ADP can be trapped by vanadate without any The deduced Hill number for the effects of vinblastine
ATP being present and that poorly hydrolyzable and non- suggests that the binding of 2 vinblastine molecules is
hydrolyzable nucleotides also react with vanadate, inactivat- required to trigger the conformation change from low- to
ing the ATPaseZ2). high-level UIC2 binding. This conclusion is consistent with
The Hill number describing the nucleotide-dependent a number of similar findings. Thus, in the studies of Ayesh
decrease in UIC2 reactivity was determined to be signifi- et al. 33), who measured the ability of vinblastine to block
cantly greater than 1 and close to 2 (Figure -4@), the Pgp-mediated transport of daunomycin, of Litman et al.
suggesting that pairs of ATP or ADP molecules are needed(29) regarding the stimulation of the ATPase activity of Pgp
to decrease UIC2 reactivity. This result is consistent with by vinblastine, and of Shapiro and Ling)(regarding the
the presence of 2 nucleotide-binding sites in each wild-type ability of vinblastine to block the efflux of both rhodamine
Pgp molecule and with our finding that the Hill number for and Hoechst 33342, which bind to different sites on Pgp,
ADP was decreased to 1 by mutations in either the N- we find evidence for two sites for vinblastine. In the
terminal or C-terminal NBS (Figure 5A). The binding of 2 homologous LmrA ABC transporter frotractococcus lactis
nucleotides to Pgp is also in agreement with the reports thatequilibrium binding studies of vinblastine also show clear
2 molecules of ATP are hydrolyzed for each substrate evidence for two nonidentical sites on the pump for this drug
molecule that is transported, (7) and that both ATP-binding  (34). The authors find a clear stoichiometry of 2 drug
sites must be intact if ATP hydrolysi®Q@, 24), vanadate molecules bound per molecule of transporter, which de-
trapping (L7, 26), or drug efflux @7) is to occur. creases to 1 in the presence of vanadate.
In contrast to the case for ATP and ADP, a Hill number  One of the most surprising results of this study is the
of 1, or not significantly different from 1, was determined finding that vinblastine is able to reverse the decrease in
for the effect of nonhydrolyzable ATP analogues (A/EP UIC2 reactivity induced in permeabilized cells by all the
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tested nucleotides, whether hydrolyzable or not. Even with binding of the drug from side 1, a protein conformation
the nucleotide exhibiting the highest innate apparent affinity, change that allows the drug to access side 2, followed by
ATPyS, vinblastine gave a 60-fold increase in Kg(Figure debinding of the drug at side 2, and a conformation change
4D, inset), and this effect of vinblastine was even stronger to bring the drug-binding sites back to side 1. Figure 6 also
with the other nucleotides. The ability of vinblastine to includes the “idle cycle”, a hydrolysis step not linked to drug
reverse the effect of nonhydrolyzable nucleotides can be movements and meant to account for the basal level of ATP
explained by proposing that the Pgp transport substrates notydrolysis in the absence of added drug. The idle cycle may
only promote ATP hydrolysis by Pgpo,(22) but also conceivably be activated by the binding of the hypothesized
stimulate nucleotide debinding from Pgp. This novel effect “endogenous substrate”. The scheme also shows interactions
of Pgp transport substrates can also explain our finding thatbetween vanadate (Mand the pump in the presence or
vinblastine can reverse the effects of ATP and ADP on the absence of drug.
UIC2 reactivity of the KM and MK mutants, which have For simplicity, we have depicted a particular case in which
been shownZ0) to be capable of nucleotide binding but nucleotide binds before drug, although a random order of
not ATP hydrolysis. binding is probably the truer situation. This highly simplified

It is informative to compare the results of this study with scheme also does not show that pairs rather than single
earlier studies of Pgp conformation changes. Liu and Sharommolecules of ATP or drug interact with the pump during a
(11), using the fluorescence quenching of MIANS-labeled transport cycle. Note that the two sites for vinblastine binding
Pgp, found that ATP, as well as Pgp-transported drugs, suggested by our data are not the S1 and S2 sites of Figure
reduced the fluorescence signal and that these changes weré. In Figure 6, and in all similar schemes in the transport
additive between the nucleotide and the transport substrates literature (5), states ES1 and ES2 interconvert and only one
In contrast, we find that the addition of nucleotides or drugs substrate molecule is bound to the transporter at any one
shifts the UIC2 fluorescence signal appositedirections. time. For the glucose transporter of the human red blood
Clearly, our probe (which binds to an extracellular epitope) cell, GLUT1, Carruthers and his colleagu8s)(have shown
and theirs (which is bound at the cytoplasmic face of the that binding sites at both faces of the membrane can be
pump) are reporting on different regions of the Pgp molecule. present simultaneously, when the transporter exists as a
The study by Sonveaux and colleagu&8)(is very much homodimer. It is reasonable to speculate that Pgp may behave
complementary to ours. They studied the effect of a water- in a similar fashion.
soluble quenching agent (acrylamide), present at the cyto- The E1/E2 model of Figure 6 allows one to interpret the
plasmic face of Pgp embedded in vesicles, on the quenchingresults of this study by hypothesizing that the E1 conforma-
of the intrinsic fluorescence of Pgp’s tryptophan residues. tion of Pgp exhibits low UIC2 reactivity, whereas the E2
These studies indicated that the nucleotides were forcing Pgpconformation has a high UIC2 reactivity. The finding that
into a conformation in which most tryptophan residues were ATP-depleted cells in the absence of transport substrates
in a hydrophilic environment (susceptible to acrylamide demonstrate high UIC2 reactivity suggests that the equilib-
guenching), whereas anthracycline substrates of Pgp had theium between free E1 and free E2 is in favor of E2 (i.e., E2
opposite effect. The complementary nature of these two happens to be the form with a lower free energy). We further
studies suggests that portions of the Pgp molecule could behypothesize that substrate-bound ES2 forms are more stable
physically shiftedacross the plane of the membrane, accord- than ES1 forms. When a nucleotide is present, the E1 state
ing to whether the nucleotide is bound or not bound. Such predominates and the UIC2 signal is low. In contrast, binding
a shift is consistent with the results of Wang et &0)( who of vinblastine shifts the system to the E2 state, resulting in
showed that the patterns of proteolytic digestion of Pgp in a high UIC2 signal. All equilibria are assumed to be
membrane vesicles were altered by the addition of various conventionally reversible. Therefore, the excess of drug, even
nucleotides and vanadate. Interestingly, the list of nucleotidesin the presence of a bound nucleotide, will shift the system
that altered the UIC2 reactivity in our study (Table 1) to an E2 state. The concentration of drug required to do so
matches closely the list of nucleotides that were found by may well be far larger than would be required to bring about
Wang et al. {0) and Julien and Grosl1p) to alter the such a shift in the absence of nucleotide, or at low nucleotide
proteolytic patterns of Pgp. Thus, several independent typesconcentrations. Similarly, stabilization of the E1 state in the
of analysis have produced consistent results regarding thepresence of nucleotide would require high concentrations of
conformational transitions that Pgp undergoes during its vinblastine to bring about the shift to E2. Such shifting
transport cycle. equilibria are conventionally invoked to account for the

To integrate the results of this study with other work different apparent affinities that various ligands have for a
analyzing various aspects of the mechanism of Pgp function,pumping system 14). Binding of Vi has the effect of
we propose the generalized scheme depicted in Figure 6.‘pulling” the linked equilibrium between E1 and ADP away
This scheme is based on the conventional two-conformationfrom E2 forms, thus increasing the apparent affinity of the
model that has proven to be very helpful in understanding nucleotide. Finally, we can explain the stimulation of
transport events in a wide range of systeri¥)(Here, E1 nucleotide debinding by vinblastine by assuming that the loss
and E2 are two conformations of the pump protein, where of ADP or any other bound nucleotide from E2 occurs more
E1l has its drug (substrate) binding sites available at thereadily than from E1. Further studies should verify the
cytoplasmic face of the membrane (side 1) and E2 has itsvalidity of the essential aspects of this proposed model.
drug binding sites accessible to the extracellular phase (side
2). S1 and S2 represent drug at sides 1 and 2 of theACKNOWLEDGMENT
membrane, respectively. The “transport cycle” involves the ~ We thank Dr. Takashi Tsuruo for the gift of the MRK16
binding of ATP to the pump, its hydrolysis to ADP and P antibody, Dr. Eugene Mechetner for providing some of the
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