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Background: P-glycoprotein plays a role in drug resistance and drug interactions.
Results: Surface plasmon resonance with P-glycoprotein in lipid nanodiscs indicates that inhibitory antibodies uncouple the
ATP hydrolysis of P-gp from its transport function.
Conclusion: Inhibitory antibodies do not prevent P-gp flux through the catalytic cycle, but rather block drug efflux without
inhibiting ATP hydrolysis.
Significance: The results clarify the mechanism of inhibitory antibodies to P-gp.

The human ATP-binding cassette (ABC) transporter, P-gly-
coprotein (P-gp; ABCB1), mediates the ATP-dependent efflux
of a variety of drugs. As a result, P-gp plays a critical role in
tumor cell drug resistance and the pharmacokinetic properties
of most drugs. P-gp exhibits extraordinary substrate and inhib-
itor promiscuity, resulting in a wide range of possible drug-drug
interactions. Inhibitory antibodies have long been considered as
a possible strategy tomodulate P-gp-dependent cancer cell drug
resistance, and it is widely suggested that the antibodiesMRK16
and UIC2 inhibit P-gp by capturing a single isoform and pre-
venting flux through the catalytic cycle. Although the crystal
structures of many bacterial whole transporters, as well as iso-
lated nucleotide-binding domains, have been solved, high reso-
lution structural data formammalianABC transporters are cur-
rently lacking. It has been extremely difficult to determine the
detailed mechanism of transport of P-gp, in part because it is
difficult to obtain purified protein in well defined lipid systems.
Here we exploit surface plasmon resonance (SPR) to probe con-
formational changes associated with these intermediate states
for P-gp in lipid bilayer nanodiscs. The results indicate that P-gp
in nanodiscs undergoes functionally relevant ligand-dependent
conformational changes and that previously described inhibi-
tory antibodies bind to multiple nucleotide-bound states but
not the ADP-VO4-trapped state, which mimics the post-hydro-
lysis state. The results also suggest that the substrate drug vin-
blastine is released at stages that precede or follow the post-
hydrolysis ADP-PO4�P-gp complex.

The ATP-binding cassette (ABC)2 superfamily of proteins
serves a wide variety of functions in all higher organisms and

prokaryotes (1–3). In humans, the isoformABCB1, also known
as P-glycoprotein (P-gp), is an efflux transporter that contrib-
utes to cancer cell drug resistance (4–6), and this has made it a
target for therapeutics that modulate the effectiveness of many
anti-cancer drugs. Early studies explored the utility of inhibi-
tory antibodies, such as MRK16 and UIC2, to increase cancer
drug exposure in target cells (7–10), but no antibodies have
emerged in clinical practice. These antibodies remain as useful
in vitro tools to study P-gp function (11, 12) and expression (13,
14), and it is widely asserted that they capture specific confor-
mations of P-gp and therefore inhibit its flux through the cata-
lytic cycle (12). The widespread observation that vinblastine
efflux is prevented by MRK16 and UIC2 (7–10) suggests the
hypothesis that either the drug is normally released from one of
the P-gp states to which these antibodies bind or the antibodies
prevent drug or nucleotide binding. However, these possibili-
ties have not been clarified.
In addition to the long standing interest in P-gp as a target in

cancer chemotherapy, there is great current interest in modu-
lating P-gp function to improve the absorption, distribution,
and elimination properties of many other drugs, and in partic-
ular, to improve CNS entry of drugs aimed at neurodegenera-
tive diseases (15). High levels of expression of the human
ABCB1 at the blood-brain barrier, intestine, and liver are con-
sistent with its role in the protection of critical organs from
chemical insult (3). In addition, P-gp is unusually substrate-
promiscuous, as expected for a role in detoxification (2, 16).
The x-ray crystal structure of themouse ortholog, Abcb1a (17),
together with numerous structures of bacterial ABC transport-
ers (18–21), indicate that the ABC transporters are complex
transmembrane proteins with several conserved structural ele-
ments. P-gp consists of four core domains: two transmembrane
domains, containing multiple membrane-spanning �-helices
(transmembrane helices (TMHs)), which form the drug-bind-
ing sites, and two nucleotide-binding domains (NBDs), which
utilize the energy released in ATP binding and hydrolysis to
power drug transport by an as yet undetermined mechanism
(22). The NBDs of P-gp share a large degree of sequence iden-
tity with other ABC transporters, suggesting some commonal-
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ity ofmechanism.Conservedmotifs that form theATP-binding
pocket within the NBDs include the Walker A and Walker B
motifs, common to many nucleotide-binding proteins, as well
as the ABC signaturemotif, the hallmark of the ABC superfam-
ily (2). It is clear that large scale conformational changes trans-
mitted between the NBDs and transmembrane domains con-
tribute to the P-gp transport mechanism. Specifically, binding
of ATP induces the engagement of the two NBDs, which likely
transmits conformational change to the TMHs (23, 24). Con-
formational changes in the TMHs are also apparent in the qua-
si-stable ADP-VO4-trapped state, P-gp�ADP�VO4, which mim-
ics the post-ATPhydrolysis state prior to the release of PO4 and
ADP or the transition state leading to it (25, 26). The confor-
mations of the TMHs during the progression of nucleotide-
bound NBD states, in turn, control egress of drug from the
drug-binding sites.
Despite the availability of these structural models (27, 28)

and data from the biochemical studies (29, 30), the molecular
mechanism of ABCB1 and the mechanism by which drugs and
antibodies inhibit P-gp remain unknown. This is, in part, due to
the difficulty in obtaining large quantities of purified P-gp in
well defined membrane environments, and nearly all biochem-
ical experiments are performedwith crudemembrane prepara-
tions (31, 32), detergent-solubilized species (33, 34), or proteo-
liposomes (29, 35, 36) or in whole cell assays (37–39) where
multiple processes contribute to the net flux of drugs across the
membrane. As a result, it has been difficult to study individual
steps in the transport cycle or specific protein conformations
that are populated. In fact, there are competing mechanistic
models that differ in the point at which drug is released (Fig. 1)
(40, 41). Although it is clear that at least one nucleotide-depen-

dent conformational change takes place, the number of confor-
mational states during the reaction cycle, their structural dif-
ferences, and whether they precede or follow drug release have
not been determined. Clearly, new methods are required to
further define these mechanistic details.
Here purified P-gp was captured in lipid membrane nano-

discs, and the nucleotide-dependent conformations of P-gp
were probed using surface plasmon resonance (SPR) and inhib-
itory antibodies. The results provide additional detail about the
mechanism of inhibition by the MRK16 and UIC2 antibodies
and the structure of intermediate conformations. Furthermore,
the results suggest the possible conformations fromwhich drug
is released.

EXPERIMENTAL PROCEDURES

Chemicals—All chemicals were purchased from Sigma
unless otherwise noted and were the highest quality available.
Protein Expression and Purification—Human dodeca-histi-

dine-tagged P-gp was expressed using a baculovirus expression
system in Trichoplusia ni cells and purified via nickel affinity
chromatography as described (42). MSP1D1 was expressed in
Escherichia coli and purified using the hepta-histidine tag via
nickel affinity chromatography (42) as described.
Preparation of P-gp Nanodiscs—P-gp nanodisc preparations

were made as described previously (42). Briefly, E. coli total
lipid extract (Avanti Polar Lipids, Alabaster, AB) was dissolved
in chloroform, dried to a lipid film under N2, and vacuum-
desiccated overnight, prior to solubilization in disc-forming
buffer (DFB: 20 mM Tris, 100 mM NaCl, pH 7.4) with the addi-
tion of 4-fold excess dodecyl �-maltopyranoside (Affymetrix,
Fremont, CA). Purified P-gp, MSP1D1, and lipid were com-
bined at a molar ratio of 0.02:1:35 with the addition of protease
inhibitors, 1 mM benzamidine HCl, 40 �M leupeptin hemisul-
fate, and 1 �M pepstatin A (EMD Biosciences, Rockland, MA),
and incubated at room temperature for 1 h with constant agi-
tation. Prewashed Bio-Beads SM-2 media (Bio-Rad) were then
added at 0.8 g/ml and incubated for 2 h at room temperature to
remove the detergent. Resulting nanodiscs were recovered
from the Bio-Beads using a 25-gauge needle.
Size Exclusion Chromatography—Nanodisc formation was

analyzed using size exclusion chromatography, which was per-
formed on a Superdex 200 10/300 column (GE Healthcare) at
an isocratic flow rate of 0.5 ml/min, using DFB as the mobile
phase. Gel filtration standards (Bio-Rad) were run on the col-
umn every 6 months to monitor column status.
ATPase Activity Assays—ATPase assays were performed as

described previously (42), with the following modifications.
The antibodies UIC2 (Millipore, Billerica, MA) and MRK16
(Kamiya Biomedical, Seattle, WA) were both purchased with-
out BSA or azide. To determine the effect of UIC2 andMRK16
on ATPase activity of P-gp, the antibodies were first buffer-
exchanged out of PBS and into DFB to minimize phosphate
contamination. Antibody (5�g, or DFB as a control) was added
to 500 �l of P-gp nanodiscs at �80 nM (�1 �g) and allowed to
incubate for 30 min at 4 °C with constant agitation. Empty
nanodiscs were also treated with antibody andDFB and used to
determine the background amount of phosphate in the sam-
ples. Basal and drug (50 �M nicardipine or 10 �M nicardipine)-

FIGURE 1. Schematized P-gp catalytic cycle. The structure of P-gp is sche-
matized with the NBDs (green) undergoing nucleotide-dependent interac-
tions. The TMHs are designated in blue and undergo nucleotide-dependent
and drug (red hexagon)-dependent conformational changes. The model
reflects the uncertainty about the point at which drug is released and the
possibility that multiple states may be capable of releasing drug. At the center
is the crystal structure of drug- and nucleotide-free mouse Abcb1a, Protein
Data Bank (PDB) number 3G5U, with analogous color coding. TMDs, trans-
membrane domains.
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stimulated ATPase activity was determined using a colorimet-
ric phosphate release assay (43). Drugs were made up as
dimethyl sulfoxide (DMSO) stocks, and vehicle was added in
the basal activity.
Nucleotide and Drug Binding to P-gp—Sodium orthovana-

date was prepared by boiling and adjusting the pH of the solu-
tion to 10 until the solution became colorless and the pH stabi-
lized. Nucleotides were made up in 10 mM Tris, pH 7.4. For the
ADP/VO4 samples, ADP was added to the ATPase buffer and
mixed thoroughly prior to the addition ofVO4 to prevent a local
pH change, which would cause VO4 aggregation. All reactions
were carried out in ATPase buffer (50mMTris, 150mMNH4Cl,
5 mM MgSO4, 0.02% NaN3, pH 7.4). P-gp nanodiscs (50 nM)
were incubated in ATPase buffer with in ATPase buffer with or
without nucleotide (5 mM ADP, 5 mM ADP, and 5 mM Vi, or 5
mM AMPPNP) in the presence and absence of 10 �M vinblas-
tine for 30 min at 37 °C. Dilutions of each conformation were
made using the same buffer to maintain the drug, nucleotide,
and/or VO4 concentrations to ensure that the drug or nucleo-
tide was bound for the duration of the experiment.
SPR and Antibody Immobilization—SPR experiments were

performed at the University ofWashington Bioanalytical Phar-
macy Core on a Biacore T100 (GE Healthcare). CM5 chips and
amine-coupling reagents were purchased from GE Healthcare.
The antibodies were diluted into 10 mM sodium acetate buffer
at the appropriate pH at a concentration of 30 �g/ml and
immobilized using amine-coupling chemistry. The level of the
immobilized antibody was 3000 response units, which was
reached using the immobilization wizard of the Biacore T100
controller software. An activated and capped surface without
antibody was used as the reference, which was subtracted from
each of the flow cells containing the antibodies. For all experi-
ments, the running buffer used was DFB, and the surface was
regenerated by two 20-s injections of 10 mM glycine, pH 1.5, at
a flow rate of 30 �l/min.
Antibody Capture Kinetics—P-gp nanodiscs (0–12.5 nM) in

ATPase buffer with and without drug (10 �M vinblastine) and
nucleotide (5 mM AMPPNP, 5 mM ADP, or 5 mM ADP/VO4)
were flowed over the immobilized antibody at a flow rate of 75
�l/min and allowed to associate for 60 s followed by a 120- or
300-s dissociation phase. Due to the lack of dissociation, only
association data were fit using Prism 5 (GraphPad). The tem-
perature of the sample chamber was maintained at 10 °C to
ensure sample stability, and the chip surface temperature was
kept at 25 °C.
Nucleotide Binding to Captured P-gpNanodiscs—P-gp nano-

discs (30 nM) in ATPase buffer without nucleotide were cap-
tured by both antibodies by flowing over the surface at a flow
rate of 75 �l/min for 60 s. After a 120-s stabilization phase,
nucleotides at the same concentrations as before or ATPase
buffer were flowed over the captured P-gp nanodiscs at 75
�l/min for 120 s followed by a 120-s dissociation phase.

RESULTS

ATPase Activity—Human ABCB1 was incorporated into
lipid bilayer nanodiscs as described previously using the engi-
neered apolipoprotein scaffold MSP1D1 and E. coli total lipid
extract. Although the inhibitor effects of MRK16 and UIC2 on

substrate efflux from whole cells are well established, no data
concerning their effects on theATPase functionhave beenpub-
lished. It is reasonable to presume that these antibodies would
also inhibit ATPase function if they capture specific P-gp con-
formations and prevent flux through the catalytic cycle, as
widely suggested. ATPase activity was therefore determined for
P-gp in nanodiscs in the presence or absence of UIC2 or
MRK16. In contrast to expectations, neither antibody inhibited
basal or drug-stimulated ATPase activity (Fig. 2). In fact,
MRK16 slightly activated the basal and nicardipine-stimulated
ATPase activity, with themajor impact on theVmax term.These
data indicate that the NBDs are capable of binding and hydro-
lyzing ATP even in the presence of antibody and that nicardip-
ine (or vinblastine, Km, ATP � 0.4077 � 0.2076 mM, data not
shown) binds and stimulates ATPase activity even with anti-
body present. MRK16 and UIC2 clearly do not prevent the
NBDs from sampling conformations required for drug-stimu-
latedATPhydrolysis, andMRK16 actually stimulates this activ-
ity. The data are summarized in Table 1.
Antibody Binding and SPR—SPR was used to probe the con-

formations of P-gp that bind to the antibodies. Here we use the
term conformation as it relates to the protein structure, which
is presumably linked to varying states of occupancy by drug or
nucleotide. We presume that the antibodies would distinguish
between different states of ligand occupancy only if they were
accompanied by changes in P-gp structure. Conversely, all
ligand-bound states of P-gp that bind to the antibody are not
necessarily identical. TheP-gpnanodiscswere incubated, in the
presence or absence of the transportable substrate vinblastine,
with saturating concentrations of the nonhydrolyzable ATP
analog AMPPNP, ADP, or ADP and VO4 to obtain the well
characterized and quasi-irreversible trapped state that mimics
the post-hydrolysis P-gp�ADP�PO4 complex or the transition
state leading to it. These P-gp nanodiscs complexes were then
analyzed for binding to surface-immobilized antibodies
MRK16 or UIC2 by SPR. The overall experimental design is
summarized in Fig. 3, where the binding (association) of a single
concentration of P-gp nanodiscs, as analyte, to immobilized

FIGURE 2. ATPase activity of P-gp in nanodiscs in the presence of antibod-
ies MRK16 and UIC2. Open squares, buffer control, no drug, no antibody.
Open inverted triangles, with MRK16, no drug. Filled inverted triangles, with
MRK16, � 50 �M nicardipine. Open diamonds, with UIC2, no drug. Filled
squares, no antibody, � 50 �M nicardipine. Filled diamonds, with UIC2, � 50
�M nicardipine. The solid line represents the fit to the Michaelis-Menten equa-
tion, the values of which are reported in Table 1. Error bars indicate S.D.

Binding of P-gp in Nanodiscs to MRK16 and UIC2

NOVEMBER 11, 2011 • VOLUME 286 • NUMBER 45 JOURNAL OF BIOLOGICAL CHEMISTRY 39491



antibody is shown. Both antibodies have epitopes on the extra-
cellular surface of P-gp. Fig. 4 and the corresponding parame-
ters in Table 2 demonstrate that the P-gp is clearly capable of
binding to both antibodies in the absence of drug and in the
presence of AMPPNP or ADP. The affinity and on-rates of the
P-gp nanodisc particles were unaffected by the presence of vin-
blastine. The off-rates of the particles were too slow tomeasure
in each case, so only the association rates are reported in Table
2. Although the off-rates were not experimentally recovered
because they are too slow, the limit of the instrument, 1� 10�5

s�1, can be used to approximate the upper limit of the Kd for
each antibody to each state in Fig. 4. Attempts to fit the associ-
ation data to a more complex two-component model (two
binding siteswith different kinetic parameters) improved the fit
slightly. However, although one of the recovered on-rates from
the two-component model was consistently nearly identical to
the on-rate from the one-component fit, the second on-rate
was dramatically slower (�100-fold). Such slow on-rates are
difficult to interpret and likely represent some nonspecific
binding. The likelihood that this slow rate was due to nonspe-
cific binding is supported by the observation that it was nearly

constant across each of the nucleotide-bound states. Because
the fits to the simple binding model adequately demonstrate
the unique properties of the vanadate-trapped state, the results
of the simpler model are reported in Table 2. Themost striking
result is that neither antibody binds to the ADP-VO4-trapped
state, in marked contrast to the other nucleotide-bound states
for which the antibodies have extremely high affinity. Appar-
ently, in the trapped state, the conformation of the extracellular
P-gp epitopes is very different fromany of the other states of the
catalytic cycle that are modeled here.
To confirm this result, a second experimental design was

used wherein P-gp nanodiscs were captured by the antibodies
and ligands were then flowed across the biosensor chip surface
(Fig. 5). In this case, ADP alone or AMPPNP had no effect on
the response units and the affinity of the P-gpnanodiscswas not
decreased. Again inmarked contrast, when both ADP and VO4
were flowed across the surface, the P-gp nanodiscs rapidly dis-
sociated from the immobilized antibody. In effect, formation of
the trapped state released the P-gp nanodiscs from the antibod-
ies. For both antibodies, the data fit best to two dissociation
rates. For UIC2, the rates and fractional contributions were
0.2097 � 0.0017 s�1 (57.6%) and 0.0178 � 0.002 (42.4%). For
MRK16, the rates and fractional contributions were 0.2247 �
0.0014 (63.4%) and 0.0193 � 0.0002 (46.6%). These experi-
ments do not directly reveal the source of heterogeneous kinet-
ics, which is likely due to heterogeneity of the nucleotide-bind-
ing sites. The results further demonstrate that the
conformation of the trapped state is significantly different from
the conformation in the presence of the other ligands, and nei-
ther antibody retains its affinity for this state. The antibodies
are unable to prevent formation of the trapped conformation.

DISCUSSION

The data summarized here demonstrate the utility of lipid
nanodiscs as a platform to study conformational aspects of
P-gp, which have eluded analysis bymany othermethods due to
the difficulty in obtaining adequate quantities in well defined
membrane environments. These results also clarify the mech-
anism of inhibition of P-gp by MRK16 and UIC2, which have
been used extensively tomodulate P-gp in cell-based assays and
which have provided proof of principle for many years that
modulation of P-gp is a reasonable strategy to increase cancer
cell exposure to numerous anti-cancer drugs. Based on the lack
of inhibition of the ATPase function, it is clear that these anti-
bodies do not capture a specific conformation and prevent flux
through the P-gp catalytic cycle. Their effect on the cell efflux of
various drugs, combined with the results here, indicates that
these antibodies uncouple the ATP hydrolysis from transport.
Inasmuch as many small molecule drugs also uncouple ATP
hydrolysis from transport, the antibodies MRK16 and UIC2

TABLE 1
Kinetic constants from Michaelis-Menten fit to ATPase assay in the presence and absence of antibodies

Vmax Km

Basal Nicardipine-stimulated Basal Nicardipine-stimulated

nmol Pi/min/mg of P-gp mM

DFB 140.0 � 42.6 571.5 � 64.1 0.964 � 0.632 0.401 � 0.143
MRK16 262.2 � 64.5 688.9 � 24.0 0.723 � 0.449 0.226 � 0.030
UIC2 153.8 � 62.6 568.1 � 35.8 0.860 � 0.824 0.413 � 0.086

FIGURE 3. Experimental design and example of SPR data. The association
phase (indicated by A) and dissociation phase (indicated by D) are shown for
a single concentration of P-gp nanodiscs, 12.5 nM, binding to MRK16 that is
immobilized on the surface. The association phase has not reached equilib-
rium at the time the P-gp nanodiscs are removed from the analyte buffer and
the dissociation phase begins. However, because the dissociation is
extremely slow, even undetectable, the response units (RU) remain nearly
constant during the dissociation phase. In subsequent experiments, only the
association phase was studied.
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may inhibit by a similar mechanism. Drugs that uncouple P-gp
may be trapped within the TMHs without being effluxed and
prevent the efflux of other drugs, without preventing ATP
hydrolysis in the NBDs.
The results further suggest that the species from which vin-

blastine is released to the extracellular milieu is not the post-
hydrolysis P-gp�ADP�PO4 state, to the extent that this state is
mimicked by the vanadate-trapped species. Although some
ATP-hydrolytic enzymes are covalently modified by vanadate
(44), the available data indicate that this does not occur with
P-gp and that the interaction is reversible (25, 45) Here we
presume that the protein conformations of both ligand states
P-gp�ADP�PO4 and P-gp�ADP�VO4 are nearly identical. The

fast dissociation of both antibodies from the vanadate-trapped
species would suggest the possibility of dissociation of vinblas-
tine or other drugs from the structurally similar P-gp�ADP�PO4
state. In contrast, antibody bound to other states in the catalytic
cycle at the extracellular epitopes would sterically block drug
dissociation, although the NBDs apparently cycle through the
conformations required for efficient ATP hydrolysis. An alter-
native possibility is that drugs do dissociate from the post-hy-
drolysis state, but their off-rate is sufficiently slow to not com-
pete with the dissociation and reassociation of the antibodies at
the extracellular surface.
It is interesting to consider the energetic aspects of the con-

formational change associated with forming the trapped state.

FIGURE 4. Association of P-gp nanodiscs, at various nucleotide-bound NBD states to MRK16 and UIC2. A, schematic of ATP hydrolysis reaction with
discreet states probed in the SPR experiments. B, binding to MRK16 in the presence of the indicated nucleotide, with and without 10 �M VO4 (Vi) (drug).
C, binding to UIC2 in the presence of the indicated nucleotide, with and without 10 �M vinblastine. Red, 3.1 nM P-gp nanodiscs. Green, 6.2 nM P-gp nanodiscs.
Blue, 12.5 nM P-gp nanodiscs. Dashed lines are raw data. Solid lines are best fits to the standard SPR binding model. Recovered parameters are summarized in
Table 2.
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From the concentration dependence of the association of anti-
bodies to the nucleotide-bound state other than the ADP-VO4-
trapped state, a crude estimate of Kd for the antibody is 1–10
pM, which in turn corresponds to a �G for binding of �14–16
kcal/mol at 20 °C. Inasmuch as the ADP-VO4-trapped state has
no measurable affinity for these antibodies, the ��G between
the nucleotide-bound states and the trapped state must be at
least �14 kcal/mol. This is a remarkable energy differential,
suggestive of a very large conformational change upon reaching
the post-hydrolysis state prior to the release of PO4. This could
reflect the transfer of exposed extracellular epitopes to a par-
tially membrane-buried state.
The conformational analysis is strikingly analogous to the

results based on two-dimensional crystal analysis wherein the
low resolution electron density suggests a difference in the
accessibility to solvent of the drug-binding site in the trapped
state, which is inaccessible, as compared with the ATP analog-
bound and ADP-bound states, for which the channel is more
open (46). The epitopes for UIC2 and MRK16 are both dis-

continuous and made up of multiple extracellular loops (Fig.
6) (13, 47, 48). Presumably, these loops must undergo con-
formational changes when the TMHs rearrange, as reflected
in the two-dimensional structures, resulting in abolition of
both epitopes at the ADP�VO4-trapped state. The electron
density suggests that the channel is closed in this state. Thus
the two-dimensional crystal data are consistent with the cur-
rent SPR data and suggest that drug is not released from the
trapped state.
A surprising result of our studies is thatMRK16 andUIC2 do

not show differential binding to the P-gp states modeled here,
in contrast to the literature that suggests that UIC2 is “confor-
mation-specific,” whereas MRK16 is not. This difference is
based on studies in whole cells where UIC2 displays increased
immunoreactivity in the presence of P-gp substrates (13), if the
ATP levels within the cell have been depleted (49), or inmutant
P-gps containing a lysine-to-methionine mutation in either of
the NBD Walker A motifs, which are able to bind nucleotide
but are deficient in ATP hydrolysis activity (12). MRK16 shows

TABLE 2
On-rates and upper limit of Kd values for SPR data
Vi, VO4; ND, not determined; NA, not applicable.

Drug-free 10 �M vinblastine
kon Kd

a kon Kd
a

mM�1 s�1 pM M�1s�1 pM
MRK16
Nucleotide-free 3.1 � 106 � 1.7 � 104 3.22 2.6 � 106 � 1.7 � 104 3.85
ADP 3.0 � 106 � 2.2 � 104 3.33 2.7 � 106 � 1.9 � 104 3.71
AMPPNP 3.6 � 106 � 2.4 � 104 2.78 2.4 � 106 � 1.6 � 104 4.17
ADP/Vi ND NA ND NA

UIC2
Nucleotide-free 2.8 � 106 � 1.5 � 104 3.57 2.4 � 106 � 1.3 � 104 4.17
ADP 3.1 � 106 � 2.3 � 104 3.23 1.9 � 106 � 1.2 � 104 5.26
AMPPNP 3.8 � 106 � 2.3 � 104 2.63 2.6 � 106 � 1.4 � 104 3.85
ADP/Vi ND NA ND NA

a The Kdvalues are estimates based on the recovered on-rates and assuming the slowest off-rate, 1 �10�5 s�1, detectable by the instrument.

FIGURE 5. Dissociation of P-gp nanodiscs from UIC2 or MRK16 upon formation of the ADP�VO4-trapped complex. After the P-gp nanodiscs were
captured, ADP and VO4 (green) were flowed across the sensor chip, leading to rapid dissociation from both antibodies. ADP alone (blue) or AMPPNP (red) did
not induce dissociation. Solid lines are best fits of a two-component dissociation model. The recovered off-rates are included in the text. RU, response units; Vi,
VO4. A, dissociation of P-gp nanodiscs from UIC2. B, dissociation of P-gp nanodiscs from MRK16. C, the dissociation curves induced by ADP/VO4 for UIC2 (blue)
and MRK16 (red) are shown with best fits to a two-component model.
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no such differential immunoreactivity for any of these cases.
Possibly, in steady-state efflux experiments in whole cells, P-gp
states are populated that are not accessed in our studies tar-
geted to the discrete states that mimic ATP-bound, ADP-
bound, and ADP�PO4-bound states. If states other than these
are differentially bound by MRK16 and UIC2, then they could
elicit different effects in transport assays without detectable
differences in our studies.
In summary, lipid nanodiscs provide a powerful platform to

probe conformation and mechanism of P-glycoprotein by
methods that have been previously intractable, such as SPR.
The results clarify themechanismof inhibition of the inhibitory
antibodiesMRK16 andUIC2, and they suggest that some drugs
are not released from P-gp into the extracellular space from the
immediate post-hydrolysis state.
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