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Abstract

The ATP binding cassette transporter P-glycoprotein (ABCB1 or P-gp) plays a major role in
cellular resistance to drugs and drug interactions. Experimental studies support a mechanism with
nucleotide-dependent fluctuation between inward-facing and outward-facing conformations,
which are coupled to nucleotide hydrolysis. However, detailed insight into drug-dependent
modulation of these conformational ensembles is lacking. Different drugs likely occupy partially
overlapping but distinct sites and are therefore variably coupled to nucleotide binding and
hydrolysis. Many fluorescent drug analogues are used in cell-based transport models; however,
their specific interactions with P-gp have not been studied, and this limits interpretation of
transport assays in terms of molecular models. Here we monitor binding of the fluorescent probe
substrates BODIPY-verapamil, BODIPY-vinblastine, and Flutax-2 at low occupancy to murine P-
gp in lipid nanodiscs via fluorescence correlation spectroscopy, in variable nucleotide-bound
states. Changes in affinity for the different nucleotide-dependent conformations are probe-
dependent. For BODIPY-verapamil and BODIPY-vinblastine, there are 2-10-fold increases in Kp
in the nucleotide-bound or vanadate-trapped state, compared to that in the nucleotide-free state. In
contrast, the affinity of Flutax-2 is unaffected by nucleotide or vanadate trapping. In further
contrast to BODIPY-verapamil and BODIPY-vinblastine, Flutax-2 does not cause stimulation of
ATP hydrolysis despite the fact that it is transported in vesicle-based transport assays. Whereas the
established substrates verapamil, paclitaxel, and vinblastine displace BODIPY-verapamil or
BODIPY-vinblastine from their high-affinity sites, the transport substrate Flutax-2 is not displaced
by any of these substrates. The results demonstrate a unique binding site for Flutax-2 that allows
for transport without stimulation of ATP hydrolysis.
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P-Glycoprotein (P-gp or ABCBL) plays a critical role in drug disposition and drug resistance
by exporting a wide range of structurally diverse xenobiotics from several cell types.1=3 P-gp
is a member of the ABC transporter family and includes a large membrane domain
comprised of 12 transmembrane helices (TMHSs) connected to N-terminal and C-terminal
domains on the cytosolic side of the membrane. These cytosolic domains bind and hydrolyze
ATP and are termed nucleotide binding domains (NBDs). On the basis of crystallographic
models of mammalian P-gp in the absence of nucleotide,*® and results with a bacterial P-gp
homologue in the presence of nucleotides,® it is well-established that binding and hydrolysis
of ATP are coordinated to large scale conformational changes’8 that lead to alternate
formation of inward-facing and outward-facing states (Figure 1). The binding and hydrolysis
of ATP are coupled to the binding and transport of different drugs in a drug-dependent
manner. One possible outward-facing state is stabilized by addition of ATP or ADP with
vanadate,? and the resulting vanadate-trapped state has provided a model for the hydrolytic
transition state or the posthydrolysis state, and possibly other outward-facing conformations.

However, data suggest that different drugs elicit different conformations and hence
differential coupling between drug transport and nucleotide-bound states. In addition, many
drugs are known to bind with a stoichiometry of more than one drug per P-gp, possibly as
high as four or five drugs per P-gp. It is likely that the two-state nucleotide-dependent
scheme (inward-facing vs outward-facing) is oversimplified, and each of these states may
include substrate-dependent conformational ensembles that depend on both the identity of
the drug bound and the number of drugs bound, as recently emphasized with verapamil.1l

Such mechanistic details have been difficult to study and to relate to actual drug transport /n7
vivo. One source of this difficulty results from a lack of biochemical characterization of
interactions of the drug or probe substrate with P-gp. For example, many /n vitro fluorescent
probe substrates are used in cell-based transport assays, but details of their molecular
interactions with P-gp are not established, making it difficult to relate transport behavior to
molecular mechanism. In effect, rates of probe transport in cell-based assays have not been
related to their fundamental biochemical behavior or their specific interactions with P-gp.
Interpretation of transport behavior of these fluorescent probe substrates would be facilitated
via additional characterization of their interactions with P-gp. Notably, the structures of the
fluorescent probes used here deviate significantly from those of their corresponding parent

Biochemistry. Author manuscript; available in PMC 2017 November 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lietal.

Page 3

drugs, so it should not be assumed that the drug and corresponding fluorophore bind at the
same site.

However, it has been technically difficult to apply many biochemical methods to P-gp in
detergent solution or liposomal preparations. The changes in affinity of several substrates for
P-gp in different nucleotide-bound states have been nicely demonstrated for detergent-
solubilized preparations but contradict analogous nucleotide-dependent changes in affinity
of drugs for P-gp in a lipid bilayer.12-14 In general, additional details concerning the
nucleotide-dependent interactions of probes and drugs with P-gp are required to fully
understand its mechanism, and new methods for studying these interactions may contribute.

We have previously established P-gp in lipid nanodiscs as a platform for its biochemical and
biophysical characterization. For example, conformation specific antibodies against human
P-gp in nanodiscs differentially recognize the vanadate-trapped nucleotide-bound P-gp
versus nucleotide-free and other nucleotide-bound states, as probed by SPR.1> Here we
extend the nanodisc platform with a comparison of DMPC and Escherichia colilipid
nanodiscs to monitor the affinity of probe ligands for different nucleotide-bound states of
murine P-gp using fluorescence correlation spectroscopy (FCS), which has some advantages
over other fluorescence-based approaches. One advantage is the extraordinary sensitivity of
FCS that allows for interrogation specifically of low-drug occupancy states. Here we
demonstrate that the murine P-gp in nanodiscs exhibits nucleotide-dependent changes in
affinity for BODIPY-verapamil (BD-verapamil) and BODIPY-vinblastine (BD-vinblastine),
but the affinity of paclitaxel-Oregon Green 488 (Flutax-2) is unaffected by the nucleotide.
The chemical structure of each is shown in Figure S1 along with the corresponding
unlabeled drug. Most interestingly, Flutax-2 is a transport substrate in murine P-gp vesicles
but does not stimulate ATPase activity in either lipid environment. Together, the results
confirm that P-gp in lipid nanodiscs has distinct ligand binding sites for commonly used
fluorescent probes, at low occupancy, that are differentially coupled to nucleotide binding,
and they demonstrate the utility of FCS with P-gp nanodiscs.

MATERIALS AND METHODS

Materials

1,2-Dimyristoyl-sr+glycero-3-phosphocholine (DMPC) and r+dodecyl S-D-maltoside
(DDM) were purchased from Avanti Polar Lipids. BODIPY FL verapamil (also known as
Everfluor FL Verapamil) was purchased from Setareh Biotech. Oregon Green 488 Paclitaxel
(Flutax-2), BODIPY vinblastine, Alexa Fluor 488 succinimidyl ester, and DiOC44(3) were
purchased from ThermoFisher Scientific. Unless stated otherwise, nucleotides and other
reagents were from Sigma-Aldrich.

P-gp and MSP1D1 Protein Expression and Purification

Hexahistidine-tagged MSP1D1 was expressed in £. coliand purified via nickel affinity
chromatography as described in detail previously.1® The wild-type mouse P-gp mdrla (or
also known as mdr3) was expressed and purified from Pichia pastoris as described
previously with some modifications.1” Yeast cells were grown and induced with methanol in
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a 32 L DCI-Biolafftte fermentor with a 20 L working volume. Frozen, harvested cells were
thawed before being resuspended in ice-cold homogenization buffer (100 mM Tris, 250 mM
sucrose, 1 mM EDTA, 1 mM EGTA, 100 mM 6-aminohexanoic acid, 2 pg/mL pepstatin A,
2 tg/mL leupeptin, 1 mM PMSF, and 2 mM benzamidine) at a density of 0.5 mg of
cells/mL. Cells were lysed with a French press, and P-gp was solubilized in buffer
containing 1% (w/v) DDM and protease inhibitors, purified by Ni-NTA and DEAE-cellulose
chromatography according to established protocols.

Nanodisc Reconstitution and Purification

P-gp nanodisc formation has been described previously.18 Instead of £. cofitotal lipid
extract, DMPC was used to minimize heterogeneity in lipid composition and to increase the
drug-stimulated over basal activity of murine P-gp. Briefly, DMPC lipid films were
solubilized in disc forming buffer [20 mM Tris and 100 mM NaCl (pH 7.4)] in the presence
of a 6-fold excess of DDM. Purified P-gp, MSP1D1, and lipid were mixed in a 0.1:1:80
molar ratio and incubated for 1 h at room temperature on a nutator. To remove the detergent,
prewashed Amberlite XAD2 resin (Sigma-Aldrich) was added at a concentration of 0.6
g/mL for 2 h at room temperature, and P-gp nanodiscs were recovered by passing the sample
through a 25 gauge needle. P-gp nanodiscs were separated from empty nanodiscs by size
exclusion chromatography and high-performance liquid chromatography (SEC-HPLC)
(Superdex 200 10/300 GL column, GE Healthcare). Fractions containing P-gp nanodiscs
were collected and concentrated using a 100 kDa MWCO centrifugal filter unit (Millipore).
P-gp nanodisc concentrations were estimated by comparing Coomassie-stained P-gp bands
with BSA standards of known concentrations using sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE).

ATPase Activity Assay

Basal and drug-stimulated ATPase activities of P-gp were measured using a colorimetric
assay to monitor the release of inorganic phosphate according to the method described by
Chifflet et al.1® P-gp nanodiscs (0.5 g) were incubated in ATPase buffer [150 mM NH,4CI,
50 mM Tris, 5 mM MgSQy, and 0.02% NaN3 (pH 7.4)] in the presence of 1 mM MgATP for
1 h at 37 °C. Drugs were added from concentrated DMSO stocks, and the final DMSO
concentration did not exceed 1% (v/v). The absorbance intensity from the formation of
phosphomolybdate was measured at 850 nm using a Tecan Infinite M200 microplate reader.

ATPase activity was measured as a function of drug concentration, and rates were fit to the
substrate inhibition equation, as performed in many P-gp studies, which assumes that there
are two drug binding sites on P-gp, one that has a high affinity and stimulates ATPase
activity and a second one that has a low affinity and inhibits ATPase activity:19

Ve K1 Ko Vo+ KoV S+V452
T K K9+ K9S5+52

where Vis the overall rate of ATP hydrolysis, V4 is the basal rate of ATP hydrolysis in the
absence of drug, V1 is the maximal rate of ATP hydrolysis when there is only activation, K
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is the substrate concentration that stimulates half of this maximal increase in ATPase
activity, V; is the rate of ATP hydrolysis at an infinite substrate concentration, and K5 is the
substrate concentration that gives a half-maximal decrease in ATPase activity from the value
of V4 to the value of V).

Fluorescence Correlation Spectroscopy (FCS)

FCS measurements were performed on a home-built instrument, consisting of an inverted
Zeiss Axio Observer D1 (Carl Zeiss Microscopy, Peabody, MA) microscope equipped with
Hydra-Harp 400 detection electronics, a pulsed 485 nm diode laser line, and a Tau-SPAD
photon counting detector (PicoQuant GmbH, Berlin, Germany). The laser power was set at
150 /W to maximize the signal-to-noise level and to minimize excitation saturation effects
and photobleaching. The laser was passed through a 488 nm/10 nm excitation filter and
focused into the sample by a 63x, 1.2 N.A. C-Apochromat water immersion objective. The
resulting fluorescence signal of the sample was collected through the same objective and
separated from the excitation light by a 488 nm dichroic mirror in combination with a 535
nm/70 nm emission filter (all filters from Chroma Corp., Bellows Falls, VT). Emitted light
was focused onto a 50 4/m multimode fiber (OZ Optics, Ottawa, ON) and transmitted to the
Tau-SPAD detector. Autocorrelation and time-correlated single-photon counting of the
fluorescence signal from the detector were performed using the HydraHarp 400 and
SymphoTime 64 software (PicoQuant). Binding titrations were performed by adding
increasing concentrations of P-gp nanodiscs (receptor) to a fixed nanomolar concentration of
the fluorophore (ligand). P-gp and empty nanodiscs were dialyzed in FCS buffer [20 mM
Tris, 150 mM NaCl, 2 mM MgSOy, and 4% glycerol (pH 7.4)] overnight and centrifuged at
17500 rpm and 4 °C for 15 min to remove any aggregates before use. A fixed amount of
empty nanodiscs was added to minimize adsorption of fluorophores or P-gp to tubes and
coverslips. For the data shown, 25 nM BD-verapamil was added to various P-gp nanodisc
concentrations in the presence of 1 £M empty nanodiscs. Similarly, 25.7 nM Flutax-2 was
added to P-gp nanodiscs in the presence of 0.3 M empty nanodiscs, and 50 nM BD-
vinblastine was added to P-gp nanodiscs in the presence of 0.3 M empty nanodiscs. The
effect of nucleotides on binding of the drug fluorophore to P-gp was characterized by adding
1 mM AMP-PNP, or 1 mM ATP with 240 xM V;. Orthovanadate stock solutions (100 mM)
were prepared from NagVVO, (Calbiochem) with boiling at pH 10, and substocks were boiled
for 5 min and diluted with FCS buffer before each use. Fluorophore concentrations were
determined using &M values of 82000 #5000 M~1 cm™1 at 506 nm for BODIPY dyes
(ThermoFisher) and 49100 #1100 M~1 cm~1 at 496 nm for Flutax-2.20

Experiments examining the competition between the fluo-rescent probes and drug substrates
for binding were performed in the presence of a fixed concentration of P-gp nanodiscs (300
nM) and dye (as used for binding titrations). Drug stock solutions were created in DMSO,
and the final DMSO concentration in FCS samples did not exceed 1% (v/v).

Samples were incubated at room temperature (22.5 #0.5 °C) for 90 min before
measurement; 1 min measurements were recorded for each sample 5-10 times.
Autocorrelation curves with intensity spikes due to aggregation or insolubility were
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removed. A one-component, free diffusion model was used to describe the autocorrelation
function [ G(7)] for single fluorescent molecules:

1 7\ ! T\ Y2
G(T):N<1+T_> (1‘5‘@)

D

where Nis the average number of molecules in the focal volume, zp is the translational
diffusion time of the particles transiting the observation volume, and S (=2y/rp) is the
structural parameter that is the ratio of the axial (£) to lateral dimension (7) of the volume
(fixed at 5.0 for our instrumentation). For single-component samples such as free dye alone
or dye species fully bound to nanodiscs, the equation presented above was used to obtain zp.
The laser point spread function was approximated by a three-dimensional Gaussian model,
and 20 nM Alexa Fluor 488 succinimidyl ester was used for calibration and estimating the
2 value (72 = 4D, where Dis the diffusion coefficient of Alexa Fluor 488 SE, which is
reported to be 414 zm?/s).21 Fitting of autocorrelation curves was performed using lgor Pro
6, which uses the Levenberg-Marquardt nonlinear least-squares fitting algorithm. The
goodness of fit was derived from the ;(2 value or residual plot.

Equilibrium Binding of Fluorophores to P-gp Nano-discs

To analyze a solution containing /7 non-interacting fluorescent species with n different zp,
the overall autocorrelation function is described as

n ) L\
G(T):;bi <1+TL> <1+SQTL>
1= Di Di

where Sis the structural parameter (Z/rp) and b;is the relative amplitude of the components
that is proportional to the concentration of molecules, assuming the constant brightness of
the molecules and the contribution of chemical kinetic processes are negligible.

Here we used the approach of measuring a single, apparent zp, which is a weighted average
of all the 7 components (free dye, empty nanodiscs, and P-gp nanodiscs) in solution to
determine the equilibrium dissociation constant, Ky

Tfree+TE %‘i‘TF %
T. =
D,app 1+jKEE]_+jK_T;}_

where zfree, 7, and zp are the known translational diffusion times of the free fluorophore,
empty nanodiscs, and P-gp nanodiscs, respectively, and [E], [P], Kk, and Kp are the
concentrations and dissociation constants of empty and P-gp nanodiscs, respectively.

The concentrations of the fluorophore and empty nanodiscs added to the samples were
constant and fixed in the equation presented above, and nonspecific binding to the empty
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nanodiscs was accounted for by determining Kg in a separate titration with empty nanodiscs
alone. The dissociation constant of binding of the fluorophore to P-gp was obtained by
plotting the apparent diffusion time versus different P-gp nanodisc concentrations, and
independent data sets collected on different days were globally fitted.

To demonstrate that the FCS binding experiments selectively probe the high-affinity site of
P-gp, and that the equation presented above, which assumes a single binding site on P-gp, is
appropriate, simulations of the fractional occupancy at the high-and low-affinity sites were
performed using the following equation with GraphPad Prism 7, utilizing the parameters
recovered from the fits of biphasic ATPase profiles of these probes as well as incorporating a
component for nonspecific binding to nanodiscs.

[P- gp]
KD 1

P- gp P-gp E
1+ Kl')l + KD2 +%

fractional occupancy=

where Kpj and Kpy refer to the dissociation constants of the high- and low-affinity sites of
P-gp, respectively, assuming that the Ky, values for ATP hydrolysis derived from the activity
assays are close approximations of the Kp values, and [high-affinity sites] = [low-affinity

sites] = [P-gp].

The potencies of the drugs in competing for binding of the fluorophore to P-gp nanodiscs
were assessed using the following nonlinear regression derived from the Hill equation to
determine the ICgq value:

Tmax — Thase

1+ < [drug] ) "
ICxo

TD ,response =Thase

where tmax and yae refer to the apparent diffusion times of the fluorophore when it is
maximally bound to P-gp nanodiscs and when it is unbound, respectively, and nis the Hill
coefficient.

Vesicle-Based Transport Assay of Flutax-2

Transport of Flutax-2 was evaluated using inside-out membrane vesicles containing human
or murine P-gp (GM0015 or GM0004 from GenoMembrane). The assay made use of an
anti-fluorescein antibody [anti-FL 1gG (Thermofisher)] that is membrane impermeant to
quench the fluorescence of free Flutax-2 in solution but not Flutax-2 transported into
vesicles. Fluorescence measurements were performed using a Varian Cary Eclipse
spectrophotometer with a temperature-controlled sample compartment. A 75 L aliquot of
membrane vesicles containing 50 4g of protein was preincubated with 133 nM Flutax-2 in
transport buffer [20 mM Tris, 150 mM NaCl, and 5 mM MgSO,4 (pH 7.4)] at 37 °C for 5
min. To initiate transport, a 10 4L aliquot of ATP or AMP-PNP (control) was added by
mixing for 10 s (effective concentration of 4.7 mM). At various time points, a 15 £ aliquot
of anti-FL 1gG (1 mg/mL stock) was added with 10 s mixing to rapidly quench the
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fluorescence of Flutax-2 remaining outside of vesicles, and fluorescence readings were
collected immediately. The final concentrations of reagents after addition of anti-FL IgG
were 100 nM Flutax-2, 4 mM nucleotide, and 1 /M anti-FL Ab. A control experiment with
100 nM Flutax-2 and 1 /M anti-FL Ab demonstrated that up to 90% of fluorescence
quenching was achieved within the first few seconds of mixing, in agreement with the
results of another study.20 Excitation was set at 495 nm (5 nm slit width), and emission was
recorded from 510 to 650 nm (10 nm slit width). Data were collected at 1 nm intervals, and a
single measurement was completed within 30 s. Because changes in fluorescence intensity
were proportional to the dilution factor, the initial rate of ATP-dependent transport was
approximated by taking the difference between the fluorescence intensity in the presence of
ATP and AMP-PNP after antibody quenching, scaling it to the fluorescence intensity for 100
nM Flutax-2 in the presence of vesicles, and dividing by the amount of protein used and
reaction time (adapted from the GenoMembrane protocol). We recognized that more free
dye remaining in AMP-PNP-containing incubations would result in different extents of
quenching by the antibody, so the subtraction method may be an underestimate of the rate of
transport of Flutax-2.

The initial rate of transport (calculated from the first two or three time points contributing to
the linear phase) =

difference in fluorescence intensity (ATP—AMPPNP) " amount of substrate in reaction medium (mol)

total fluorescence intensity amount of protein (mg) x reaction time (min)

Homology Modeling

RESULTS

For illustrative purposes, we constructed a homology model of P-gp in the outward-facing
conformation based on crystal structures of homodimeric bacterial ABC transporter
SAV1866. Using the I-TASSER server,22 N-terminal (residues 1-628) and C-terminal
(residues 689-1280) portions of the human P-gp sequence were separately modeled with an
AMP-PNP-bound crystal structure of SAV1866 (Protein Data Bank entry 20NJ) specified as
the primary template and the inward-facing murine P-gp structure (Protein Data Bank entry
4M1M) excluded as a template. This yielded models for the N- and C-terminal halves of P-
gp that were then aligned with the 20NJ crystal structure to provide an outward-facing
model of P-gp (excluding residues 629-688). This model should be considered a rough
approximation of the overall conformation of P-gp and possible inter-helical contacts in one
of many outward-facing states, rather than as an atomically precise structure.

Reconstitution of Mouse P-gp in DMPC Nanodiscs

Previously published results have demonstrated the utility of incorporating human P-gp into
nanodiscs with £. coli mixed lipids.1>16 However, attempts to reconstitute human P-gp into
DMPC nanodiscs were unsuccessful. Surprisingly, murine P-gp, which is 87% identical to
human P-gp, reconstitutes readily into DMPC nanodiscs using MSP1D1 as a scaffold
protein (Figure 2). Size exclusion chromatography and electrophoresis demonstrate that the
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final P-gp nanodiscs are highly purified, with an MSP1D1 scaffold:P-gp ratio of 1.6:1 for
the pooled fractions used (Figure 2). The theoretical ratio is 2:1. A significant advantage of
the DMPC nanodiscs is their increased homogeneity and reproducibility compared to those
of nanodiscs made with £. colilipid extracts. P-gp reconstituted in DMPC nanodiscs is more
homogeneous than nanodiscs with £. col/i lipids based on chromatography, wherein the £.
coli nanodisc preparations yield a slightly broader SEC peak (not shown), with slightly more
variation between different preparations. We do not know the molecular basis for this. In
addition, the basal rate of ATP hydrolysis is higher in the £. coli nanodiscs, as described
further below.

ATPase Activity of P-gp Nanodiscs with Probe Substrates

Although fluorescent analogues of probe drugs are used widely in cell-based assays to assess
P-gp transport activity, their biochemical characterization is reported in only a few cases,
and steady state kinetic parameters and binding constants are particularly sparse for the
murine P-gp. Therefore, we determined the concentration dependence of BD-verapamil,
BD-vinblastine, and Flutax-2 in standard ATPase assays, in comparison to that of the
corresponding unlabeled drugs (Figure 4). For each, the data were fit to a velocity equation
that includes P-gp that is singly or doubly bound with substrate, as described in Materials
and Methods. Whereas BD-verapamil and BD-vinblastine are known substrates for murine
P-gp and human P-gp, biochemical data for Flutax-2 with murine P-gp have not been
reported. The recovered parameters are summarized in Table 1. Consistent with findings that
show that smaller molecules tend to be more stimulatory and larger molecules tend to bind
more tightly with lower levels of ATPase stimulation,23 BD-verapamil and BD-vinblastine
exhibit lower Kj, values for both sites compared to those of their unlabeled analogues. BD-
verapamil and BD-vinblastine stimulate ATP hydrolysis ~8- and ~2-fold over basal ATPase
activity, respectively. Interestingly, BD-vinblastine is much less stim-ulatory than
vinblastine. The Ky, values for high-affinity sites that stimulate ATP hydrolysis are in the
range of 77-330 nM, which are significantly below the corresponding high-affinity Ky
values for verapamil or vinblastine, suggesting tighter binding of BD-verapamil and BD-
vinblastine. Also, both BD-verapamil and BD-vinblastine exhibit clear substrate inhibition
with respect to ATPase activity, as observed for many drugs and probe substrates at higher
concentrations. In contrast, Flutax-2 does not stimulate ATPase activity and modestly
inhibits basal ATPase activity at concentrations approaching the low-affinity K, for
paclitaxel.

For comparison, we also studied the stimulation of ATPase activity for each probe substrate
with P-gp in E. colilipid nanodiscs. The results are summarized in Table 1. Although the
basal ATPase activity is higher in the £. colilipid nanodiscs, the concentration-dependent
effects of the three probes on ATPase activity are qualitatively similar in £. coli lipid
nanodiscs and DMPC nanodiscs. Flutax-2 exhibits no stimulation in either lipid
environment. Neither BD-vinblastine or Flutax-2 stimulated ATPase activity in £. co/f lipids.
In fact, both BD-vinblastine and Flutax-2 are low-affinity inhibitors that decrease the
ATPase activity more in the £. colilipid than in the DMPC nanodiscs (Figure 3).
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In summary, the three probe ligands behave differently with respect to one another in a lipid-
dependent manner, and with respect to their corresponding nonfluorescent analogues, but in
particular, Flutax-2 is distinct in its inability to stimulate ATP hydrolysis in either case. We
note that the value for K5 in DMPC nanodiscs with paclitaxel includes a high level of error
because of insufficient data points at higher concentrations. This was due to the solubility
limits of paclitaxel that prohibited the use of higher concentrations. Similarly, there is
significant error in the K values for the £. co/ilipid nanodiscs, because of minimal
activation. Although we acknowledge the error, the data still demonstrate substrate inhibition
for paclitaxel in DMPC and a behavior distinctly different from that of BD-verapamil in £.
colflipid nanodiscs. We are careful not to overinterpret the recovered parameters, but they
clearly indicate that Flutax-2 behaves differently with respect to the other ligands in DMPC
nanodiscs and differently with respect to BD-verapamil in £. col/i lipid nanodiscs.

Fluorescence Correlation Spectroscopy and Binding of Fluorescent Probe Substrates at
Low Occupancies

To obtain more details about the behavior of the fluorescent probes observed in fluorescent
transport assays, we measured equilibrium binding affinities for each using FCS. This
method is based on a shift in the diffusion times of the free probe when it binds to a P-gp
nanodisc that has a much slower rate of diffusion. The P-gp nanodisc system is uniquely
suited for FCS. In contrast, P-gp liposomes are not optimal because they provide a a
heterogeneous population of particles with different sizes, and hence different diffusion
properties, and a large membrane reservoir for nonspecific binding of probe ligands. Also,
an important distinction between FCS and other fluorescence-based methods for monitoring
binding is the fact that FCS does not require a change in fluorescence intensity or emission
wavelength associated with binding. The diffusion constants are independent of the intensity.
The experimental design is a reverse titration in which increasing concentrations of P-gp
nanodiscs are added to a low, fixed, concentration of dye, and this selectively probes the
tightest binding interaction between P-gp and ligand, without significantly populating the
low-affinity site(s).

Before monitoring the binding of fluorescent probes to the high-affinity sites of P-gp in
nanodiscs, we needed to calibrate the diffusion times of empty nanodiscs and P-gp
nanodiscs, to account for any binding of the probe to the lipid bilayer of the nanodisc. This
was accomplished by incorporating a trace amount of DiOC1g(3) into empty nanodiscs and
also into P-gp nanodiscs in a molar ratio of 1:160 (dye:lipid) to determine the diffusion
properties of nanodiscs with or without P-gp. The autocorrelation curves fit well to the one-
component model, and the average diffusion times of empty and P-gp nanodiscs were 1.71
#0.07 ms (n=5) and 3.02 #£0.18 ms (n=12), respectively (Figure S2). These values were
used in subsequent experiments in which P-gp nanodiscs were titrated into solutions of BD-
verapamil, BD-vinblastine, or Flutax-2.

The addition of P-gp nanodiscs to solutions of each fluorescent probe, in the absence of
nucleotide, resulted in concentration-dependent shifts in their diffusion times as shown in
Figure 4.
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In addition, we monitored the binding of each fluorophore to empty nanodiscs. At the
concentrations used, BD-verapamil exhibited negligible binding to the lipid nanodiscs
whereas Flutax-2 and BD-vinblastine yielded apparent Kp values of 3.6 and 1.7 i/,
respectively, which are more than an order of magnitude higher than the Kp values
recovered for the tight binding site on P-gp in each case. A comparison of binding to P-gp
nanodiscs versus empty nanodiscs is shown for each dye in Figure S3. In binding
experiments with P-gp nanodiscs, the P-gp nanodisc-induced shift in fluorophore diffusion
time was corrected for the membrane partitioning of the dye, as described in Materials and
Methods, to obtain an apparent Kp specifically for binding to P-gp. The recovered values are
listed in Table 2. The fact that the limiting values of zin the binding isotherms of Figure 4
do not reach the theoretical limit of the bound diffusion time (= ~ 3 ms) likely arises from
some impurity or heterogeneity of the dye in solution, wherein a fraction of fluorescent
species that contribute to = do not bind. Also, it is important to emphasize that with this
experimental design, in which P-gp nanodiscs are titrated into a limiting concentration of
probe, to a first approximation only the highest-affinity site is occupied throughout the
titration. Higher-occupancy states are minimally populated. This is demonstrated with
simulated binding isotherms based on the experimentally determined Kp values and the
experimental conditions in Figure S4.

The binding affinity of each probe was determined also in the presence of a saturating
concentration of AMP-PNP, which is a nonhydrolyzable analogue of ATP, and in the
vanadate-trapped state. The vanadate-trapped state is widely used to mimic the
posthydrolysis transition state or the transition state.24:2 It is established that binding of
AMP-PNP or vanadate trapping leads to a shift in the conformational ensemble toward an
outward-facing conformation with NBDs in the proximity of one another, and with
rearrangement of the TMHSs. These nucleotide-bound states are expected to be
predominantly outward-facing, although they are likely different from one another and
possibly drug-dependent and isoform-dependent.8:26.27

These results included interesting complexity. We observed that addition of P-gp nanodiscs
to BD-verapamil or BD-vinblastine, but not Flutax-2, is accompanied by an increase in
fluorescence intensity. Therefore, we measured the brightness per molecule with increasing
concentrations of P-gp nanodiscs. Surprisingly, the brightness per molecule did not change
with an increasing fraction bound (4. Instead, the data indicate that increasing the
concentration of P-gp nanodiscs leads to a change in the apparent Ny, More detail
concerning this result, including additional data, is provided in Figure S5a—c. The change in
Napp likely results from the recruitment of BD-verapamil or BD-vinblastine from weak
nonspecific binding sites on the glass surfaces to the experimental focal volume upon
binding. As a result of this complexity, the reported Kp values are apparent Kp’s and should
be considered as relative values.

Regardless of this complexity, the results, with binding parameters summarized in Table 2,
clearly demonstrate that BD-verapamil and BD-vinblastine have decreased affinity for their
high-affinity site in the vanadate-trapped state, with increases in Kp of 10.3- and 6.8-fold,
respectively. Interestingly, the results with AMP-PNP are more substrate-dependent upon
comparison of BD-verapamil and BD-vinblastine. With BD-verapamil, addition of AMP-
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PNP induces a 5.1-fold increase in Kp, but an only 1.9-fold increase in Kp for BD-
vinblastine. Furthermore, the results with Flutax-2 suggest a very different behavior.
Specifically, the high-affinity binding of Flutax-2 is relatively insensitive to AMP-PNP
binding or vanadate trapping. This result is examined in greater detail below.

of the High-Affinity Site for Flutax-2 with Other Probes

It is reported that Flutax-2 is a transport substrate for human P-gp, but no additional
characterization has been reported.?8 Because Flutax-2 exhibited a high-affinity interaction
with the murine P-gp (Kp = 519 nM), with no effect on ATPase activity in this concentration
range, we hypothesized that Flutax-2 binds at a site distinct from that of drugs that stimulate
ATPase activity. Therefore, we performed competition experiments to determine whether it
binds competitively with verapamil or vinblastine. For comparison, we also determined
whether BD-verapamil and BD-vinblastine bind competitively with these substrates. In
separate experiments, each fluorescent probe was poised at a concentration (25-50 nM) that
partially saturated the high-affinity site on P-gp, in the presence of excess P-gp nanodiscs
(300 nM), and each nonfluorescent drug was titrated into the sample. As the nonfluorescent
drug displaces the fluorescent dye, the apparent diffusion time of the dye decreases. This
approach revealed whether each dye was competitively displaced by each drug. Results for
the titration of verapamil or vinblastine into solutions containing the [P-gp nanodisc-BD-
verapamil] or [P-gp nanodisc:Flutax-2] complex are shown in Figure 5 and Figure S5, and
the results for each of the dye combinations are summarized in Table 3.

For vinblastine and paclitaxel binding, the data did not fit to a simple 1:1 binding isotherm
and a Hill equation was used. Hill coefficients of ~0.5 were recovered for binding of
vinblastine and paclitaxel to P-gp complexed with BD-vinblastine, consistent with multiple
bindings of these drugs. For binding of verapamil to the complex of BD-verapamil with P-
gp, the recovered Hill coefficient was 0.95, suggesting that the binding of multiple verapamil
molecules occurs with similar sequential Kp values and no cooperativity. Whereas
vinblastine and verapamil each displaced BD-verapamil, paclitaxel did not displace it.
Furthermore, vinblastine and paclitaxel each displaced BD-vinblastine, but verapamil did
not. These results are consistent with previous models that suggest multiple, partially
overlapping drug binding sites in P-gp,29-30 although a detailed molecular model for the
binding sites was not pursued here. However, the results demonstrate the ability of the FCS
approach to monitor overlapping or competitive binding sites. Most striking is the fact that
none of the drugs displaced Flutax-2 from its high-affinity site, indicating that it does not
overlap substantially with verapamil, vinblastine, or paclitaxel high-affinity sites. Flutax-2
does not compete for the binding sites of vinblastine, verapamil, or paclitaxel.

Transport of Flutax-2

Whereas some probes are known both to be transport substrates for P-gp and to stimulate
ATP hydrolysis, there are some that are transported despite the lack of ATPase stimulation.3!
Because Flutax-2 exhibited a high affinity for P-gp without having any effect on ATPase
activity, we determined whether it is a transport substrate for murine P-gp. The human P-gp
has been reported to actively transport Flutax-2, but corresponding experiments with the
murine protein have not been reported.28 Murine P-gp vesicles were used as described in
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Materials and Methods, and we exploited an anti-fluorescein antibody (anti-FL IgG) to
monitor the concentration of Flutax-2 remaining outside the vesicles after the addition of
ATP or AMPNP. The anti-FL IgG added at various times quenches the fluorescence of free
Flutax-2 but not the Flutax-2 that is transported to the inside of the vesicle. As a result, the
fluorescence intensity remaining after addition of ATP and anti-FL IgG represents the
Flutax-2 that is transported. For comparison, we also measure the transport of Flutax-2 by
human P-gp vesicles. The results are shown in Figure 6. Both human and murine P-gp
clearly transport Flutax-2 in an ATP-dependent process, with similar initial transport rates of
approximately 51 and 42 pmol (mg of total protein)~1 min~1, respectively.

In light of the combined results that indicate that Flutax-2 is transported (Figure 6) but its
binding is unaffected by the nucleotide (Figure 4), we considered whether Flutax-2
stimulated ATPAse in the GenoMembrane system. We performed ATPase assays in both
mouse and human P-gp vesicles, and the results are shown in Figure S7. Notably, the
GenoMembranes exhibit a basal ATPase activity lower than that of P-gp in nanodiscs.
Whereas verapamil exhibited substrate inhibition with a maximal apparent 1.4-fold
stimulation of ATPase activity in both human and mouse P-gp vesicles, Flutax-2 did not
stimulate ATPase activity in the concentration range studied.

Finally, we note that there is apparent binding of Flutax-2 to the vesicles, distinct from
transport, based on the background fluorescence in the samples containing AMP-PNP
(Figure 6, insets). To determine whether this resulted from some background P-gp transport
that was insensitive to AMPPNP, we also examined the effect of vanadate trapping (Figure
S8). Vanadate trapping, like AMP-PNP, completely inhibited the time-dependent increase in
fluorescence without decreasing the time-independent background fluorescence.

DISCUSSION

The results described here contribute to three aspects of P-gp research. The first aspect is the
demonstration that murine P-gp can be functionally reconstituted into lipid nanodiscs with
DMPC. This is interesting because our attempts to reconstitute human P-gp into DMPC
nanodiscs have not been successful, despite successful incorporation into nanodiscs made
from E. colilipid extract. It is established that the mouse P-gp and human P-gp have distinct
lipid requirements,32 but it is difficult to predict how efficiently various membrane proteins
can be incorporated into nanodiscs. Therefore, we considered the possibility that the murine
P-gp could be successfully incorporated into nanodiscs with DMPC. The verapamil-
stimulated and vinblastine-stimulated ATPase activities of the murine P-gp nanodiscs are
nearly identical to previously published results for P-gp in membranes or a detergent
solution.33:34 Moreover, larger molecules such as BD-verapamil and BD-vinblastine have an
affinity for P-gp higher than that of the unsubstituted drugs verapamil or vinblastine, and this
finding further confirms the catalytic and conformational integrity of the P-gp in this lipid
environment. As noted elsewhere, incorporation of membrane proteins into lipid nanodiscs
allows the application of several biochemical techniques that are difficult or impossible in
other membrane platforms.3>-37 The ability to reconstitute mouse P-gp into lipid nanodiscs
allows for the application of new approaches to its characterization.
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The second contribution of this work is the application of FCS to characterize P-gp, which is
uniquely permitted by the nanodisc platform. FCS is particularly useful because many in
vitro probes of P-gp transport are fluorophores. In fact, many /n vitro transport assays utilize
fluorescence to monitor uptake into cells, via flow cytometry or fluorescence microscopy.
However, understanding the specific interactions of these probes with P-gp requires purified
preparations and different methods, and FCS provides some advantages. Neither detergent-
solubilized preparations nor proteoliposomes are expected to be optimal with FCS because
of heterogeneity in micelle or liposome dimensions. The monodisperse P-gp nanodiscs with
a single P-gp per particle, and with both NBDs and cytosolic drug binding sites accessible to
solution, are optimal for FCS. FCS provides a previously unexploited approach for
characterizing the interactions of commonly used fluorescent transport probes with P-gp and
hence better relating biochemical parameters to transport behavior. One potential advantage
of FCS is that it does not rely on changes in the emission intensity of ligand fluorescence or
P-gp intrinsic fluorescence. Fluorescent probes that undergo no change in emission intensity
can be studied by FCS. An additional significant advantage of the FCS is its high sensitivity,
which requires minimal amounts of pure protein and allowed for the specific interrogation of
low-occupancy states of P-gp in the studies presented here.

The third aspect of P-gp research that is flushed out here concerns the additional detail of its
interactions with probe substrates revealed by the combination of FCS with functional
activity assays. It is well established that drugs and modulators differentially couple ATP
hydrolysis by P-gp to transport and that nucleotides may also alter the affinity of the drug for
P-gp. Among the studies that have explored the functional linkage between drug binding
sites and NBDs, nucleotide analogues yield variable effects on drug affinity when comparing
different drug analogues. For example, “classic” studies indicate that the ATP-vanadate-
trapped P-gp has lower affinity for the photo-affinity analogue of prazosin, whereas another
study showed that nucleotide binding, even in the absence of ATP hydrolysis, is capable of
decreasing drug affinity.12:14 Despite these, and other, elegant studies by a range of
investigators, the mechanism by which drug binding is coupled to transport is not
completely defined, and there may be drug-dependent mechanisms.

Whereas interactions of BD-verapamil and BD-vinblastine with human P-gp have been
studied in various biological systems,38:39 their nucleotide-dependent interactions with
murine P-gp have not been described under any conditions to the best of our knowledge. As
noted above, the results of interactions of murine P-gp in nanodiscs with verapamil and
vinblastine were consistent with previous studies in other lipid or detergent systems, thus
validating the utility of the FCS and nanodisc platform. Specifically, AMP-PNP-bound and
vanadate-trapped-P-gp demonstrate 5- and 10-fold decreases in affinity for BD-verapamil,
respectively, compared to 1.5- and 3.5-fold decreases in affinity for BD-vinblastine,
respectively. The results for BD-verapamil and BD-vinblastine support the well-known
behavior of P-gp, wherein the equilibrium affinity of drugs may be decreased in the presence
of nucleotides, but the magnitude of the decrease in affinity can be drug-dependent and
nucleotide-dependent. Addition of AMP-PNP to the complex of BD-vinblastine with human
P-gp is sufficient to “release” drug,3° but here the nucleotide causes an increase in Kp for
BD-vinblastine of only 2-fold.
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The human P-gp transports Flutax-2 in cell-based systems, but its binding affinity for any P-
gp has not been determined. Interestingly, Flutax-2 is distinct from the other probes or
substrates studied here, inasmuch as it causes no detectable stimulation of ATP hydrolysis
when bound to its high-affinity site and inhibits only modestly at higher concentrations that
approach the low-affinity Ky, for verapamil. Presumably, the transport of Flutax-2 that we
observe requires the well-established conformational switching of Pgp, without formation of
the same “NBD dimer” conformation that hydrolyzes ATP at accelerated rates observed with
other substrates. The combined results demonstrate that Flutax-2 binds with high affinity to
murine P-gp at a site that is distinct from verapamil, paclitaxel, or vinblastine. On the basis
of the transport results, two possibilities are evident. The high-affinity Flutax-2 binding site
is not coupled to ATP hydrolysis; however, nucleotide-dependent switching between inward-
facing and outward-facing conformations still occurs, without an increase in its level over
that of basal ATP hydrolysis, and Flutax-2 can dissociate from the outward-facing
conformations even though its affinity is not decreased. Alternatively, the transport observed
in our assay with vesicles occurs from P-gp complexes with multiple Flutax-2 molecules
bound. Possibly, nucleotides do lower the affinity of Flutax-2 at high Flutax-2:P-gp
stoichiometries, which are not probed in our FCS experiments, and this would facilitate
transport. However, even if this occurs, it does so without stimulation of ATP hydrolysis,
based on the lack of an effect of Flutax-2 on ATP hydrolysis even at high concentrations. On
the basis of gel electrophoresis (not shown), we estimate that the transport assays contained
150-200 nM P-gp, similar to the level of P-gp expression in vesicles reported by others.40
With 117 nM Flutax-2 in the assays, and dramatically different Kp values for the first and
second Flutax-2 binding sites, this would be expected to result in minimal P-gp with
multiple Flutax-2 molecules bound in the transport assays. Therefore, it is unlikely that the
observed transport requires multiple Flutax-2 bindings, and we propose that the first
possibility is operative. Apparently, binding to this high-affinity site is not coupled to ATP
hydrolysis but allows for transport. Flutax-2 is among the murine P-gp transport substrates
that do not stimulate ATP hydrolysis. The combined results are summarized in Figure 7,
which emphasizes the similarities and differences between the probes studied here.
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Figure 1.
P-gp in inward-facing and outward-facing conformations. (A) Crystal structure of apo

murine P-gp (Protein Data Bank entry 4Q9H) and (B) illustrative homology model of human
P-gp (see Materials and Methods) manually docked with a discoidal HDL model. Colored
segments are transmembrane domains 1 (yellow) and 2 (blue) and nucleotide binding
domains 1 (green) and 2 (red). The OPM databasel® was used for the spatial arrangement of
P-gp with respect to the lipid bilayer (white). The red helical peptides around the lipid
bilayer represent the MSP protein of the nanodisc.
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Separation of P-gp-embedded nanodiscs from empty nanodiscs. (A) SEC-HPLC elution
profile of the nanodisc reconstitution mixture (blue) and purified P-gp nanodiscs (red). (B)
Visualization of eluted fractions of the nanodisc reconstitution mixture from 15 to 28 min,
by Coomassie staining of reducing SDS—-PAGE. Fractions containing P-gp that co-eluted
with histidine tag-cleaved MSP1D1 were pooled together (fractions 17-20) and concentrated

using a 100 kDa MWCO spin filter.
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100 1000

Modulation of ATPase activity of P-gp by drugs and fluorescent analogues. P-gp DMPC
nanodiscs (0.5 £g), in the presence of 1 mM ATP, were used for ATPase activity assays with
ligand: (A) (O) verapamil and (H) BD-verapamil, (B) (O) vinblastine and () BD-
vinblastine, and (C) (O) paclitaxel and (M) Flutax-2. (D) Effect of fluorescent probes on the
ATPase activity of P-gp reconstituted into £. coli nanodiscs. See ref 16 for details about £.
colflipid nanodisc reconstitution. Each data point represents the mean + standard deviation
of triplicate measurements.

Biochemistry. Author manuscript; available in PMC 2017 November 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Lietal.

Page 22
BD Verapamil BD Vinblastine Flutax-2
- Apo - Apo - Apo
o AMP-PNP @ AMP-PNP = AMP-PNP
2.0 4 ATP +Vi & ATP+VI 25 4 ATP +Vi
w w w20
£ £ E
a a ‘; 1.5
& s g 1.0
g g € o5
0.0 .0 0.0
0 200 400 600 800 1000 0 200 400 600 800 0 200 400 600 8001000
[P-gp Nanodiscs], nM [P-gp Nanodiscs], nM [P-gp Nanodiscs], nM
12 BODIPY Verapamil BODIPY Vinblastine 12 Flutax-2
. 001 01 1 10 100 1000 001 04 1 10 100 1000 001 04 1 10 100 1000
5 —_ gy
= 12 O =12
T 08 AMP-PNP o ogf AMP-PNP T g AMP-PNP
N 8 N
,—Eu 0.4 % 0.4 E 0.4
£ =
g 0‘0 L L d L J 6 0.0 d L L d ) J g 0.0 i) L L A J
001 04 1 10 100 1000 2 o001 01 1 10 100 1000 001 04 1 10 100 1000
12, 12p 120
0.8F" ATP+Vi 08f ATP+Vi 08 ATPHVI
0.4 0.4 0.4
0.0 . . ) - . 0.0 0.0
001 01 1 10 100 1000 001 04 1 10 100 1000 001 04 1 10 100 1000
T (ms) T (ms) T (ms)
Figure 4.

Equilibrium binding of fluorescent probes to P-gp nanodiscs under different nucleotide-
bound conditions. The top row of three panels shows saturation binding isotherms plotted as
the apparent diffusion time of probes as a function of P-gp concentration. The bottom three
rows of three panels show the normalized FCS autocorrelation curves of fluorescent probes
with increasing nanodisc concentrations (shifts from red to purple from left to right,
respectively).
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Comparison of the dose-dependent effect of drugs on fluorescent probes binding to P-gp
nanodiscs. Apparent diffusion times of BD-verapamil (O) and Flutax-2 (A) measured as a
function of the concentration of unlabeled drug verapamil (left) or vinblastine (right). For
this experiment, 25 nM BD-verapamil or 26 nM Flutax-2 was used in the presence of 300
nM P-gp nanodiscs. Error bars represent the standard deviation of five measurements.
Verapamil and vinblastine displace BD-verapamil but not Flutax-2. The results of this
experiment and competition experiments are summarized in Table 3.
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Transport of Flutax-2 into human or mouse P-gp vesicles. P-gp vesicles (50 pg of protein)
were incubated in the presence of 117 nM Flutax-2 and 4.7 mM ATP or AMP-PNP for
various times before the remaining free dye was quenched by anti-fluorescein 1gG. Overlaid
emission spectra of Flutax-2 incubated with human (left) or mouse (right) P-gp vesicles,
excited at 495 nm, with fluorescence intensity normalized to the intensity measured after
addition of nucleotides (gray, taken to be 100%). Normalized emission spectra measured
immediately after addition of anti-fluorescein IgG to incubations with ATP or AMP-PNP are
depicted as solid black and dotted lines, respectively. The insets show the normalized
emission intensity measured at 526 nm, after being quenched with an antibody, plotted as a

function of time.
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Figure 7.
Venn diagram summarizing the interactions of drugs and fluorescent analogues used in this

paper with P-glycoprotein in DMPC nanodiscs and GenoMembranes. The dotted circle
represents compounds that stimulate ATPase activity and also inhibit activity at high
concentrations. Transport of compounds has been demonstrated for both human MDR1 and
mouse mdrla.41~43 The asterisk indicates transport of BD-vinblastine demonstrated for
human MDR1.39
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Kinetic Parameters for Substrate Inhibition (two binding sites) of ATPase Activity with Drugs and Fluorescent

Analogues
V; (nmol of P min"tmg™)  V, (nmol of P; min~! mg™1) K1 (UM) Ky (UM)
DMPC Nanodiscs
verapamil 1004 #160 >0d 55.7 #14.8 118.9 #38.8
BD-verapamil 492 #10 107 #13 0.08 +0.008 121 +16
vinblastine 276 £31 >0d 2610 40.1 £9.7
BD-vinblastine 150 21 +4 0.04 #£0.01 0.7 #0.1
paclitaxel 199 #23 48 £6 13#05 16.3 +24.7€
Flutax-2 650 18 #2 03 2079 138 3
E. coli Lipid Nanodiscs

BD-verapamil ~ 627.5 #11.2 218.4 +223.9 0.07 2002 1135 +118.4€
BD-vinblastine 4656 156.5 #24.8 0.05 #0.1¢ 11204
Flutax-2 500% 33.2£46.8 0.2 #0.3¢ 26209

a . . .
The parameter is reaching a constraint set at >0.

b
The parameter held at a constant value.

[ A . .
Large errors due to only modest inhibition at the highest drug concentration used.

dAmbiguous, because of a lack of ATPase stimulation by these ligands (V1 is close to V(). Fits for the DMPC nanodiscs and £. co/i nanodiscs

with three probes are shown in Figure 4.
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Table 2

Nucleotide-Dependent Changes in Affinity for Fluorescent Probe Ligands?

nucleotide-bound state  BD-verapamil Kp (uM)  BD-vinblastine Kp (UM)  Flutax-2 Kp (UM)

apo (control) 0.23 #0.08 0.042 +0.006 0.52 +0.09
AMP-PNP 116 #0.3 0.083 #0.012 0.53 #£0.09
ATP and V; 2.35#0.7 0.29 #£0.04 0.49 #0.08
empty nanodiscs ND? 1.67 £0.46 3.63 #0.32

a : ) . .
Average values calculated on the basis of global fits of at least two independent experiments.

Not determined because of minimal binding at the nanodisc concentrations used.
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