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Abstract

The P-glycoprotein (Pgp) transporter plays a central role in drug disposition by effluxing a 

chemically diverse range of drugs from cells through conformational changes and ATP hydrolysis. 

A number of drugs are known to activate ATP hydrolysis of Pgp, but coupling between ATP and 

drug binding is not well understood. The cardiovascular drug verapamil is one of the most widely 

studied Pgp substrates and therefore, represents an ideal drug to investigate the drug-induced 

ATPase activation of Pgp. As previously noted, verapamil-induced Pgp-mediated ATP hydrolysis 

kinetics was biphasic at saturating ATP concentrations. However, at subsaturating ATP 

concentrations, verapamil-induced ATPase activation kinetics became monophasic. To further 

understand this switch in kinetic behavior, the Pgp-coupled ATPase activity kinetics was checked 

with a panel of verapamil and ATP concentrations and fit with the substrate inhibition equation 

and the kinetic fitting software COPASI. The fits suggested that cooperativity between ATP and 

verapamil switched between low and high verapamil concentration. Fluorescence spectroscopy of 

Pgp revealed that cooperativity between verapamil and a non-hydrolyzable ATP analog leads to 

distinct global conformational changes of Pgp. NMR of Pgp reconstituted in liposomes showed 

that cooperativity between verapamil and the non-hydrolyzable ATP analog modulate each others 

interactions. This information was used to produce a conformationally-gated model of drug-

induced activation of Pgp-mediated ATP hydrolysis.
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1. INTRODUCTION

P-glycoprotein (Pgp) is an ATP hydrolysis-driven efflux transporter that is part of the ATP-

binding cassette (ABC) superfamily of proteins [1, 2]. The transporter effluxes a chemically 

and structurally diverse range of molecules, including anticancer drugs, neurotherapeutics 

and cardiovascular drugs, from the cytosol to the extracellular space across cell membranes 

[1, 2]. The transporter is expressed at relatively high concentrations in the brain, intestines, 

liver, placenta, and the kidneys [3, 4]. Pgp expression level is also influenced by genetic 

polymorphisms and disease [5, 6]. The transporter functions to protect tissues from chemical 

toxicity, but also leads to drug resistance and can significantly affect drug disposition [1, 2]. 

For example, the transporter protects the brain from chemical insults by effluxing drugs 

across the blood-brain-barrier (BBB) [7], but also makes cancerous tumors overexpressing 

the protein resistant to anticancer drugs [8]. As a result, there has been keen interest in 

unraveling the molecular and structural basis of transport with Pgp. This knowledge is 

critical for the development of novel transport inhibitors, drugs with desirable transport 

properties and improving predictions of in vivo drug disposition from in vitro measurements.

Most of our structural understanding of the transporter comes from X-ray crystallography of 

mouse Pgp (Abcb1a), Caenorhabditis (C.) elegans Pgp and bacterial transporters [9–12]. The 

X-ray crystal structure of mouse Pgp revealed a 170 kD pseudosymmetric monomer, 

consisting of two nucleotide-binding domains (NBDs) and 12 transmembrane (TM) helices 

[9]. The bacterial transporter X-ray crystal structures of MsbA and SAV1866 have only 6 

TM helices, but as dimers these proteins resemble the 3-dimensional fold of mammalian 

Pgps [10, 11]. The bacterial transporter X-ray crystal structures have also been found in 

different conformations with nucleotide cofactors suggesting that conformational changes 

play a role in transport [10, 11, 13]. Since both bacterial and mouse Pgp have conserved 

motifs within the NBDs, including Walker A, Walker B and ABC signature motifs [e.g. 14], 

they are considered to have similar transport mechanisms. From these bacterial transporter 

structures, a conformationally gated transport model was proposed [10, 11].

Despite the availability of X-ray crystal structures, our understanding of the coupling 

between drug binding, ATP hydrolysis and transport remains limited. Cross-linking studies 

of Pgp in human embryonic kidney (HEK) 293 cell membranes suggest that drug-induced 

conformational changes can occur with the NBDs or the transmembrane region [15, 16]. A 

study on human Pgp in nanodiscs with antibodies showed that there are ligand and cofactor-

Ledwitch et al. Page 2

Biochem Pharmacol. Author manuscript; available in PMC 2017 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



dependent conformational changes [17]. A fluorescence study with mouse Pgp found 

differences in fluorescence resonance energy transfer (FRET) with drugs, nucleotide 

cofactors and their analogs suggesting conformational changes [18].

In addition to being substrates for the transporter, a number of drugs are known to activate 

ATP hydrolysis of Pgp, but little is known of the molecular mechanism or its relationship to 

transport. One of the most studied drugs is the cardiovascular drug verapamil (Fig. 1A), 

which is used to treat hypertension, chest pain and arrhythmia [19–22], and can function as 

both a substrate and an inhibitor of the transporter [23]. The drug is known to activate Pgp-

coupled ATP hydrolysis from a number of in vitro studies [e.g. 24, 25]. The kinetics of 

verapamil-induced Pgp-coupled ATP hydrolysis is biphasic [24–27] suggesting at least two 

verapamil binding sites. Biphasic drug-induced ATPase activation kinetics has been 

observed with a chemically diverse range of substrates from amitriptyline to vinblastine [e.g. 

24, 28, 29] implying a common mechanism between these types of substrates and Pgp. 

Despite the large number of studies, the molecular basis for drug-induced ATPase activation 

of Pgp and the underlying interactions between drugs, ATP and Pgp are not well understood.

In the proposed studies, the interactions of verapamil and ATP were investigated with Pgp 

reconstituted into liposomes. To investigate the coupling between verapamil and ATP, 

verapamil-induced activation of ATPase activity was examined with a range of verapamil 

and ATP concentrations. Acrylamide quenching of intrinsic tryptophan fluorescence 

spectroscopy was used to investigate drug and nucleotide-induced conformational changes 

of Pgp. The interactions between verapamil and a non-hydrolyzable ATP analog were 

investigated by the saturation transfer double difference (STDD) NMR technique. These 

results were used to build a model of verapamil-induced ATPase activation of verapamil 

efflux by the transporter. Since similar biphasic drug-induced ATPase activation is observed 

for several Pgp substrates, this mechanism will likely be generalizable [e.g. 24, 28, 29].

2. MATERIALS AND METHODS

2.1. Materials

Adenosine 5’-(β,γ-imido)triphosphate lithium salt (AMPPNP) was purchased from Sigma 

Aldrich (Milwaukee, WI) and verapamil hydrochloride was purchased from Fagron (St. 

Paul, MN). The detergent n-dodecyl-β-D-maltoside (DDM), which is used in protein 

purification, was purchased from EMD Millipore Corporation (San Diego, CA). Escherichia 
coli (E. Coli) total lipid extract powder was purchased from Avanti Polar Lipids Inc. 

(Alabaster, AL) and cholesterol was purchased from Amresco (Solon, OH) for liposome 

preparations. Disodium ATP (Na2ATP) was purchased from Amresco (Solon, OH) and 

sodium orthovanadate (Na3VO4) was purchased from Enzo Life Sciences (Farmingdale, 

NY) for the ATPase activity assays. Acrylamide was purchased from Calbiochem (San 

Diego, CA) for the acrylamide quenching experiments. Deuterium oxide (D2O) was 

purchased from Cambridge Isotope Laboratories (Tewksbury, MA) and deuterated (d10) 

DTT was purchased from CDN Isotopes (Quebec, Canada) for NMR experiments. 

Dithiothreitol (DTT) was purchased from Gold Biotechnology (St. Louis, MO). HEPES was 

purchased from Calbiochem (San Diego, CA). Tris-HCl was purchased from Amresco 

(Solon, OH). MgCl2 and NaCl were purchased from J.T Baker (Center Valley, PA). NH4Cl 
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was purchased from Sigma Aldrich (Milwaukee, WI). MgSO4, NaN3, and potassium 

phosphate were all purchased from Thermo Fisher Scientific (Waltham, MA).

2.2. Pgp purification and reconstitution

The wild-type his-tagged mouse Pgp transporter was purified from Pichia (P.) pastoris and 

reconstituted into liposomes as described previously [30–32]. Briefly, detergent solubilized 

Pgp was reconstituted into liposomes composed of 80% w/v Avanti Escherichia (E.) coli 
Total Lipid Extract (Avanti Polar Lipids, Alabaster, AL) and 20% w/v cholesterol. The final 

lipid to protein ratio was 0.16 mg ml−1 liposomes per µM−1 Pgp. Proteoliposomes were 

stored in aliquots at −80°C in HEPES buffer (20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, 

2 mM DTT, pH 7.4). Protein concentration was determined using the extinction coefficient 

of 1.28 ml mg−1 cm−1 (0.181 µM−1 cm−1) [30] or the DC Protein Assay Kit II (Bio-Rad, 

Hercules, CA).

2.3. ATPase Activity Measurements

The specific ATPase activity of the Pgp transporter was measured using the Chifflet 

colorimetric assay as described previously [33]. The rate of ATP hydrolysis was determined 

by measuring the amount of free inorganic phosphate (Pi) through the formation of Pi and 

ammonium molybdate. This Pi-molybdenum complex produces a strong absorbance signal 

at 850 nm and was measured on a 96-well plate in a FlexStation 3 spectrometer (Molecular 

Devices, Sunnyvale, CA). The ATPase activity with verapamil and ATP was measured with 

50 nM liposome reconstituted Pgp in Chifflet buffer (150 mM NH4Cl, 5 mM MgSO4, 

0.02% w/v NaN3, 50 mM Tris-HCl, 2 mM DTT, pH 7.4). As a control, 200 µM Na3VO4 was 

added to the ATP titration to show Pgp-mediated ATPase activity inhibition.

Linear transformations such as the Hans-Woolf, Lineweaver-Burk (double reciprocal) or 

Eadie-Hofstee plots are classical approaches used to fit enzyme kinetics in the absence of 

computers [34, 35]. These types of plots suffer from a lack of variable independence across 

the axes and biasing of the error and the data points [36–38]. These methods have generally 

been superseded by non-linear regression methods that are significantly more accurate and 

no longer computationally inaccessible [37]. For monophasic ATP hydrolysis kinetics, the 

ATP hydrolysis rate (v), the maximum ATP hydrolysis rate (VMAX), the basal ATPase 

hydrolysis rate (vbasal) and the Michaelis-Menten constant (Km) was estimated with the 

Michaelis-Menten equation (Equation 1) [35, 39].

(1)

In cases where the ATP hydrolysis kinetics was biphasic, the VMAX, Km and the inhibitory 

constant (Ki) were estimated with the substrate inhibition equation (Equation 2) [35, 39].

(2)
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For more complicated kinetics, fitting equations have been developed in some cases, but 

often require specialized numerical methods that result in multiple solutions e.g. [40].

To overcome these challenges, a variety of advanced software modeling packages have been 

developed to fit arbitrary kinetic models including the free Complex Pathway Simulator 

(COPASI) and the proprietary Berkeley Madonna (University of California, Berkeley, CA). 

To estimate the discrete VMAXS and KDS, the ATP hydrolysis kinetics in this study were fit 

to kinetic models using the evolutionary algorithm in the COPASI software [41].

2.4. Saturation transfer double difference (STDD) NMR

The STDD NMR technique is a method for characterizing ligand interactions with 

membrane proteins in the presence of lipids e.g. [31, 42, 43]. With this technique, the 

protein is selectively excited with a radio frequency (RF) outside of the frequency of ligand 

proton NMR peaks, which disperses the RF throughout the protein by spin diffusion. This 

RF saturation is transferred from the protein to protons on the bound ligand, ligand is 

exchanged with the bulk solvent and the 1H STD NMR signal is observed [44]. In the 

presence of lipids such as Pgp reconstituted in liposomes, there will be significant RF 

saturation transfer interference from non-specific interactions between the ligand and the 

liposomes. Utilizing the STDD NMR technique allows the saturation transfer between the 

lipid and the ligand to be subtracted from the 1H STD NMR signal [42, 45].

The STDD NMR procedure for membrane proteins was performed as described previously 

[31, 43]. All the STDD NMR samples contained 1 µM Pgp reconstituted into liposomes in 

80% deuterated 100 mM KPi buffer, pD 7.4. For the STDD NMR experiments, a saturation 

transfer difference (STD) pulse sequence was used with a WATERGATE pulse sequence to 

suppress background water [46], with a 30 ms T1ρ spin lock filter to suppress background 

NMR signals and a train of 50 ms gaussian shaped selective pulses to excite the protein [47]. 

A total of 512 off-resonance spectra were subtracted from on-resonance spectra within the 

pulse program with a 2 sec saturation pulse by phase cycling at 40 and −1.5 ppm, 

respectively. To produce the STDD NMR spectrum, control samples were performed under 

identical conditions with the liposomes and the ligands. The 1H STD NMR spectrum with 

liposomes and ligands was subtracted from the 1H STD NMR spectrum of Pgp reconstituted 

in liposomes with ligands (ΔI) to isolate specific interactions between the ligand and Pgp. 

The STDD amplification factor was calculated using the following equation [31, 44]:

(3)

where [P] is the protein concentration and I0 is the amplitude of the 1H NMR peaks in the 

absence of excitation pulses.

All NMR experiments were performed on an 800 MHz Varian INOVA spectrometer at 25oC 

equipped with a 5 mm z-gradient 1H{13C/15N} cryoprobe. The 1H NMR peaks for 

verapamil and AMPPNP were assigned using standard 1H 1D and 2D NMR techniques. 

NMR spectra were processed using the iNMR software package (http://www.inmr.net) and 
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analyzed using Igor Pro 6.2 (Wavemetrics, Tigard, OR). The molecular structure of 

verapamil and ATP/AMPPNP with the nuclei labeled are shown in Fig. 5A and 5E and 1H 

NMR peak assignments for verapamil and AMPPNP are shown in Fig. 5B and 5F, 

respectively, and were essentially identical to previous 1H NMR assignments [48, 49], [50].

2.5. Intrinsic Tryptophan Fluorescence

Fluorescent quenching of tryptophan residues has been used to measure the binding affinity 

of drugs and nucleotides to Pgp [31, 51, 52]. The quenching of protein fluorescence with the 

nucleotide AMPPNP and 1 µM Pgp reconstituted in liposomes was performed as described 

[31] in Chifflet buffer at pH 7.4. Pgp tryptophan residues were excited at 295 nm and the 

fluorescence emission maximum was measured at 333 nm on an Olis DM 45 

spectrofluorimeter. The fluorescence was measured with an integration time of 0.8 s that 

produced an average maximum fluorescence signal at 333 nm of ~200,000. AMPPNP-

induced fluorescent quenching was corrected (Fcorrected) for background fluorescence, 

dilution and inner filter effects with the following equation [53]:

(4)

where F is the measured protein fluorescence, B is the background and [Q] is the quenching 

ligand concentration. The extinction coefficients (ε) for excitation and emission are εex and 

εem, respectively. AMPPNP was essentially transparent above 300 nm and had a ε295 of 0.03 

mM−1 cm−1 at 295 nm. The pathlength (b) along the excitation and emission axes are bex 

and bem, respectively.

Ligand-induced quenching of protein fluorescence can either have a static or a dynamic 

quenching mechanism. Fluorescence quenching caused by complexation of a ligand to a 

protein and related to a ligand’s affinity is known as a static quenching [54]. Alternatively, 

there are instances where random collisions between the ligand and the protein will induce 

fluorescence quenching by a mechanism known as dynamic quenching [53]. Regardless of 

the nature of the quenching, monophasic fluorescent quenching curves were fit to [53]:

(5)

where Fcorrected,0 is the protein fluorescence in the absence of a quenching ligand and K is 

the association constant (KA) or the Stern-Volmer quenching constant (KSV) in the case of a 

static and dynamic quenching processes, respectively. Curves that were biphasic were fit 

with [55]:

(6)
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where F0,L and F0,H are the fluorescence amplitudes and KH and KL are the apparent 

equilibrium constants at low and high concentrations, respectively. The two different 

quenching mechanisms were differentiated by performing the fluorescence titration 

experiments at two different temperatures [53]. In the case of a dynamic quenching 

mechanism, the apparent K value will increase with increasing temperature as a result of 

increases in collisional frequency. For a static quenching process, the K value will decrease 

with increasing temperature as a result of decreases in the residence time of the ligand.

2.6. Acrylamide Quenching

Changes in the accessibility of tryptophan residues in proteins can be used as a tool to assess 

conformational changes upon ligand binding using the collisional quencher acrylamide [51, 

56]. Acrylamide quenches intrinsic tryptophan fluorescence in a dynamic fashion and has 

been used to probe conformational changes of Pgp [51, 56, 57]. For these experiments, 

fluorescence emission with 1 µM Pgp reconstituted in liposomes was measured at 333 nm 

following excitation at 295 nm. Fluorescence intensities were corrected for with Equation 4 

[53]. The Fcorrected,0/Fcorrected was plotted as a function of acrylamide concentration to 

produce the Stern-Volmer plots. The extent of dynamic tryptophan quenching was estimated 

from the slopes of the Stern-Volmer curves, which is related to KSV by Fcorrected,0/
Fcorrected=1+KSV[Q] [53].

3. RESULTS

3.1. The effects of saturating and sub-saturating ATP on verapamil-induced Pgp-coupled 
ATPase activity

Drug-stimulated ATPase activity of Pgp is typically evaluated at saturating ATP 

concentrations e.g. [24, 58–62]. However, in vivo, intracellular ATP concentrations can vary 

widely from submillimolar levels up to 10 mM [63–66]. These values vary depending on 

cell and tissue type [67] and can fluctuate significantly in disease states [68, 69]. 

Intracellular ATP concentration can also affect cellular function [70–73]. Therefore, the 

effect of ATP concentration on verapamil-stimulated ATPase activity with Pgp was 

examined.

Fig. 1 shows the verapamil-induced activation of Pgp ATP hydrolysis in the presence of 3.2 

mM (closed squares) and 0.25 mM (open squares) ATP. Kinetics of Pgp-coupled ATP 

hydrolysis in the presence of saturating ATP (Fig. 1, closed squares) were biphasic with 

substrate activation and inhibition reaching a maximum activation of 3–4 fold at 8 µM 

verapamil and decreasing to basal ATPase levels at saturating verapamil. Fitting the kinetics 

to the substrate inhibition equation (Equation 2) produced values for VMAX, Km, and Ki of 

1623 ± 97 nmol min−1 mg−1, 1.9 ± 0.5 µM and 214 ± 52 µM, respectively, which are similar 

to previous estimates [31]. As suggested previously [31], this characteristic implies a high 

and a low affinity verapamil binding site on Pgp. Biphasic verapamil-induced ATP 

hydrolysis kinetics has been observed in hamster [25–27, 29], mouse [28, 31] and human 

[24] Pgp. Biphasic drug-induced ATPase activation kinetics is also a common feature of Pgp 

substrates including actinomycin D, paclitaxel, valinomycin, progesterone, quinidine and 

dipyridamole [12, 25, 74].
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Surprisingly, when the verapamil-induced ATPase activity was measured at subsaturating 

ATP (Fig. 1, open squares) concentrations, the kinetics became almost monophasic and 

reached a maximum fold-activation close to that observed for Pgp at saturating ATP. Fitting 

the monophasic ATP hydrolysis kinetics to the Michaelis-Menten equation (Equation 2) 

gave a VMAX and Km of 233 ± 8 nmol min−1 mg−1 and 0.94 ± 0.2 µM, respectively. The 

relatively low VMAX is consistent with previous observations at low ATP [75] and the Km at 

this low ATP concentration is very similar to the Km at saturating ATP concentrations (Fig. 

1, closed squares).

To uncover the relationship between ATP and verapamil, the ATP hydrolysis kinetics were 

measured with a range of verapamil and ATP concentrations and fit to the substrate 

inhibition equation (Equation 2). The Km and Ki from the substrate inhibition equation were 

previously attributed to a high and low affinity site on the transporter [31]. Figs. 1B and 1C 

show the effect of ATP concentration on the Km and Ki for verapamil stimulated Pgp 

ATPase activity, respectively. In Fig. 1B, the Km for verapamil over a range of ATP 

concentrations was essentially unaffected, which suggests that verapamil at the Km-

associated binding site and ATP are not cooperative. However, the Ki for verapamil 

dramatically decreases with increasing ATP concentration (Fig. 1C). These results imply that 

verapamil at the Ki-associated binding site and ATP are cooperative. Fig. 1D shows the 

apparent VMAX as a function of ATP concentration. As expected [75], the apparent VMAX 

increased with increasing ATP concentration. Since these are only apparent kinetic 

parameters, further analysis is required to determine the discrete dissociation constants and 

the VMAXS for the individual verapamil and ATP bound states

3.2. Modeling Pgp-coupled ATPase activity with verapamil and a panel of ATP 
concentrations

Fitting the ATP hydrolysis kinetics with the substrate inhibition equation in Fig. 1 implied 

that there is a high affinity non-cooperative verapamil binding site and a low affinity 

cooperative verapamil binding site with ATP. To obtain the microscopic dissociation 

constants and VMAXS, verapamil and ATP were investigated by fitting the verapamil-

induced ATP hydrolysis kinetics over a range of verapamil and ATP concentrations using 

COPASI.

Fig. 2A shows the model used to fit the ATP hydrolysis kinetics and is the simplest that 

could fit all the data. The verapamil interactions leading to biphasic ATP hydrolysis kinetics 

in Fig. 1A (closed squares) is represented by EV and EVV for binding of one and two 

verapamil molecules, respectively. The affinity of verapamil to E and EV is defined by KD1 

and KD2, respectively. Nucleotide binding to Pgp is shown as E-ATP, EV-ATP and EVV-ATP 

with affinities of KD3, KD4 and KD5, respectively. Pgp-mediated ATP hydrolysis from these 

states is defined by VMAX0, VMAX1 and VMAX2.

Fig. 2B (closed squares) shows the effect of ATP concentration on the basal activity of Pgp 

in the absence of verapamil and has a hyperbolic shape; therefore, the curve was fit to the 

Michaelis-Menten equation (Equation 1). The fit gave a VMAX of 619 ± 18 nmol min−1 

mg−1 and a Km of 879 ± 69 µM. In the presence of 200 µM of the Pgp inhibitor Na3VO4 and 

a range of ATP concentrations (Fig. 2B, open squares), the amplitude of the hyperbolic 
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curve was relatively weak. Fitting the ATP hydrolysis kinetics with Equation 1 gives a 

VMAX of 172 ± 24 nmol min−1 mg−1 and Km of 906 ± 476 µM. The large decreases in Vmax, 

but no significant change in Km, demonstrate that Na3VO3 is a non-competitive inhibitor of 

Pgp-mediated ATP hydrolysis as has been previously noted [76]. The difference in VMAXS 

gives a Na3VO4 sensitive VMAX for Pgp of 447 ± 30 nmol min−1 mg−1. The fitted values are 

within range of VMAX and KmS observed in the literature of 500 to 2000 nmol min−1 mg−1 

and 0.3–1 mM, respectively [27, 51, 59, 61, 77, 78].

Fig. 2C through 2G shows the verapamil-induced Pgp-coupled ATPase activity over a range 

of ATP concentrations starting at saturating ATP (3.2 mM) and decreasing to sub-saturating 

ATP (0.25 mM). These kinetics were fit using the COPASI software package. The average 

basal ATPase activity of Pgp (i.e. VMAX0) determined from fitting with COPASI was 672 

± 93 nmol min−1 mg−1 and the average KD3 for ATP in the absence of ligands was 1163 

± 110 µM. The average fitted KD1 and KD2 values for verapamil to E and EV were 1.11 

± 0.50 µM and 270 ± 45 µM, respectively, which was similar to previous estimates [31].

In the presence of a single bound verapamil molecule (i.e. EV), the average affinity of ATP 

was not significantly perturbed and had an average KD4 of 1242 ± 217 µM. This result 

suggests that verapamil and ATP are not cooperative with respect to binding within the EV-

ATP complex, which is consistent with the lack of ATP concentration dependence for the 

verapamil Km in Fig. 1B. However, Pgp mediated ATP hydrolysis was activated about 4-fold 

in the presence of a single bound verapamil molecule to a VMAX1 of 2561 ± 295 nmol min−1 

mg−1. Thus, verapamil and ATP are positively cooperative with respect to ATP hydrolysis 

within the EV-ATP complex. Non-competitive inhibitors have analogous effects with 

enzymes, except they inhibit enzyme activity [35] rather than activate it. Therefore, a single 

verapamil molecule bound to Pgp behaves like a “non-competitive activator” of Pgp.

In the presence of two bound verapamil molecules, the average ATP affinity increased ~4-

fold with a decreased KD5 of 257 ± 44 µM. This correlates well with the decreased Ki 

observed at increasing ATP concentration that is shown in Fig. 1C. The increased affinity of 

ATP shows that verapamil and ATP are cooperative with respect to binding within the EVV-

ATP complex. Fitting also revealed that there was more than a two-fold decrease in the 

maximum ATP hydrolysis rate with a VMAX2 of 760 ± 147 nmol min−1 mg−1. The decreased 

VMAX is in line with the reduced ATP hydrolysis activity that was observed at high 

verapamil concentration (Fig. 1A, closed squares). The decrease in VMAX shows that ATP 

and verapamil are negatively cooperative with respect to ATP hydrolysis within the EVV-

ATP complex. A complete list of kinetic and thermodynamic parameters used to fit the 

curves is shown in Table 1. In all cases, the R-correlation values for the fits were greater than 

0.988.

3.3. The binding affinity of AMPPNP to Pgp by tryptophan fluorescence

The non-hydrolyzable ATP analog AMPPNP has been used as a surrogate for ATP to study 

nucleotide interactions with Pgp [51, 79–81]. The ATP analog is advantageous for 

investigating nucleotide interactions with Pgp because several analogous bacterial 

transporter X-ray crystal structures have been solved with it [10, 82, 83]. In addition, 

AMPPNP does not undergo ATP hydrolysis like other nucleotide analogs [84].
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To ensure that saturating AMPPNP concentrations were used in this study, AMPPNP 

interactions were investigated by nucleotide-induced quenching of Pgp tryptophan 

fluorescence (Fig. 3). Fig. 3A shows the effect of a range of AMPPNP concentrations on the 

Pgp tryptophan fluorescence, which decreases about 15% at saturating AMPPNP 

concentration. The corrected fluorescence amplitude (i.e. Fcorrected) at 333 nm was plotted as 

a function of AMPPNP concentration in Fig. 3B. The quenching of tryptophan fluorescence 

was biphasic with a low and a high concentration phase, which was fit to equation 6 (Fig. 

3B, solid line). The fraction quenched for the low (FL/F0) and high concentration (FH/F0) 

phases from the fit were 0.16 and 0.074, respectively. The K1 and K2 values extracted from 

the fit were 6.66 +/− 3.41 µM −1 and 0.022 +/− 0.006 µM −1, respectively. Ligand-induced 

quenching can occur by a static mechanism, which correlates to a ligand’s affinity, or by a 

dynamic mechanism [54]. To determine the quenching mechanism of each phase, the 

AMPPNP titration with Pgp was repeated at 37 °C as described [31, 53]. At this higher 

temperature, the K1 associated with the low concentration phase increased to 8 µM−1, while 

the K2 associated with the high concentration phase decreased to 0.017 µM−1 (data not 

shown). These results show that the low concentration-quenching phase resulted from 

dynamic quenching, while the high concentration-quenching phase resulted from static 

quenching. Therefore, the high concentration phase corresponds to a KD of 45 +/− 13 µM 

for AMPPNP. This KD value is considerably lower than AMPPNP binding to detergent-

solubilized hamster Pgp [80], which likely represents differences between detergent-

solubilized Pgp and Pgp reconstituted in liposomes in this study.

3.4. Verapamil and nucleotide-induced conformational changes of Pgp

Acrylamide quenching of tryptophan fluorescence has been successfully used to probe 

changes in tertiary conformation of Pgp with a wide range of ligands and nucleotide 

cofactors [51, 56, 57, 80, 85]. In this study, this technique was performed with Pgp in the 

presence of verapamil and the non-hydrolyzable ATP analog AMPPNP to determine the 

effect of verapamil-nucleotide cooperativity on Pgp conformation.

Fig. 4 shows acrylamide quenching of Pgp with verapamil and AMPPNP represented as 

Stern-Volmer plots with the slopes reflecting the degree of tryptophan quenching. The Stern-

Volmer plot for Pgp without ligands had a KSV value of 1.55 ± 0.04 M−1 (Fig. 4A, closed 

squares), which is similar to the KSV value for mouse [31] and hamster Pgp [80]. Significant 

verapamil-induced changes in the KSV values of Pgp in the absence of nucleotides were 

observed in the Stern-Volmer plots. In Fig. 4B, the addition of 8 µM verapamil increases the 

KSV value to 3.06 ± 0.21 M−1, while saturating verapamil concentrations (1 mM) increased 

the KSV value further to 3.81 ± 0.26 M−1 (Fig. 4C). The similarities in the KSV values 

suggest that their verapamil-bound Pgp conformations are similar, and that the largest 

conformational shift occurs at low verapamil concentration. This observation is consistent 

with verapamil-induced Pgp conformational changes deduced from crosslinking of [15, 16, 

86], trypsin digestion of [87], and antibody competition with Pgp [88].

In the presence of 250 µM AMPPNP (Fig. 4D), the KSV value from the slope of the Stern-

Volmer plot for Pgp decreased from 1.55 M−1 to 0.84 ± 0.07 M−1, suggesting that the 

tryptophans became less accessible in the presence of the nucleotide analog and this is 
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similar to the KSV value determined for hamster Pgp with a nucleotide analog [56]. The 

AMPPNP-induced changes in the KSV value in the presence of 8 µM verapamil were more 

dramatic in Fig. 4E. The KSV value decreased more than 4-fold from 3.81 M−1 to 0.88 

± 0.03 M−1. In contrast, the KSV value remained relatively constant in the presence of 1 mM 

verapamil and 250 µM AMPPNP (Fig. 4F) at 3.77 ± 0.33 M−1.

In the presence of saturating (3.2 mM) AMPPNP (Fig. 4G), the slope of the Stern-Volmer 

plot for Pgp remained relatively constant at 0.97 ± 0.16 M−1, when compared to the Stern-

Volmer plot for Pgp with 250 µM AMPPNP in Fig. 4D. The slope of the Stern-Volmer plot 

also remained relatively constant with the addition of 8 µM verapamil with a KSV value of 

0.70 ± 0.11 M−1 (Fig. 4H). In contrast, the KSV value decreased from 3.77 M−1 to 2.28 

± 0.21 M−1 in the presence of 1 mM verapamil and saturating AMPNP (Fig. 4I). The 

relatively modest AMPPNP-induced shift in KSV values in the presence of 1 mM verapamil, 

when compared to KSV value shifts with 8 µM verapamil, implying stabilization of the 

ligand-bound Pgp conformation.

3.5. Verapamil and AMPPNP interactions with Pgp probed by STDD NMR

The STDD NMR technique was used previously to deconvolute the interactions of 

verapamil and digoxin with Pgp and showed that verapamil competitively displaces digoxin 

[31]. In Fig. 5, the technique was used to investigate the cooperative molecular interactions 

of AMPPNP and verapamil with Pgp. To probe the high and low affinity verapamil sites on 

Pgp, we used 8 µM and 1 mM verapamil, respectively.

Fig. 5A shows the molecular structures of verapamil with the nuclei labeled. Structurally, 

verapamil has two dimethoxyphenyl groups that are connected together by an alkyl chain. 

The 1H STDD NMR spectrum of verapamil is shown with the 1H NMR peaks labeled in 

Fig. 5B. The STDD amplification factors for verapamil were also significantly larger than 

previously observed [31] as a result of using a higher frequency NMR spectrometer, which 

allowed us to investigate several weaker verapamil 1H NMR peaks labeled K, I, B, G and H 

(Fig. 5B). In the NMR spectrum, 1H NMR peaks emanating from the dimethoxyphenyl 

groups are located downfield above 3.5 ppm, while 1H NMR peaks associated with the 

connecting alkyl chain are found up field below 3.5 ppm. Protons in the dimethoxyphenyl 

group closest to the tertiary amine group are labeled M, N, O, and P and those farthest from 

the tertiary amine are labeled C, D, E, and F. The connecting alkyl chain between the 

dimethoxyphenyl functional groups consists of 1H NMR proton peaks labeled G, H, I, K, L 

and Q and a propyl group with protons labeled A’, A, and B.

Fig. 5C shows the Pgp specific 1H STDD amplification factors for 1 mM verapamil in the 

absence of AMPPNP after subtracting STD NMR contributions from the liposomes. 

Previously, we showed by STDD NMR that dimethoxyphenyl groups of verapamil were 

involved in direct interactions with Pgp [31]. The average STDD amplification factor for the 

dimethoxyphenyl functional groups of verapamil was 163 ± 12. The relative amplitudes of 

these STDD amplification factors were similar suggesting that all the protons of this 

functional group have similar interactions with Pgp. STDD NMR of Pgp and 8 µM 

verapamil was attempted to probe the high affinity verapamil binding site, but no 

verapamil 1H STDD NMR peaks were observed because of the low concentration and 
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broadening of the verapamil 1H NMR peaks (data not shown). Therefore, the 1H STDD 

NMR amplitudes and amplification factors of 1 mM verapamil primarily reflect interaction 

with the low affinity verapamil binding site of Pgp.

Fig. 5D shows the effect of low (open columns) and high (closed columns) concentrations of 

AMPPNP on the 1H STDD amplification factors of 1 mM verapamil. At low AMPPNP 

concentration (Fig. 5D), the 1H STDD NMR amplification factors of the dimethoxyphenyl 

functional group decreased ~43% from the amplification factors in the absence of 

AMPPPNP (cf. Fig. 5C and Fig. 5D, open columns). There were also significant changes 

in 1H STDD amplification factors for the protons labeled A and A’. The 1H STDD 

amplification factor for the proton labeled A increased 13%, and the 1H STDD amplification 

factor for the proton labeled A’ decreased more than 40%. In the presence of saturating 

AMPPNP (Fig. 5D, closed columns), the 1H STDD amplification factors for the protons 

labeled A and A’ were not significantly different from the amplification factors at low 

AMPPNP concentration. However, the average STDD amplification factor of the 

dimethoxyphenyl functional group increased more than 2-fold (Fig. 5D, closed columns). 

There were also large increases in the 1H STDD amplification factors of alkyl protons 

labeled L and B. These differences in amplification factors between low and high AMPPNP 

concentration likely reflect differences in AMPPNP occupancy of Pgp. Overall, these 

AMPPNP-induced changes in the 1H STDD NMR amplification factors of verapamil 

suggest that nucleotides modulate verapamil interactions when verapamil occupies the low 

affinity binding site.

Fig. 5E shows the molecular structure of AMPPNP with the nuclei labeled, which is 

comprised of a ribose and a purine functional group. Fig. 5F shows the 1H STDD NMR 

spectrum of 3.2 mM with 1H NMR peaks labeled with significant 1H STDD NMR peaks for 

ribose and purine ring protons. Protons from the aromatic purine functional group are 

downfield from 6.0 ppm and are labeled g, f and e. The protons emanating from the ribose 

are upfield from 6.0 ppm and are labeled a, b, c and d.

Fig. 5G shows the 1H STDD NMR amplification factors for 250 µM and 3.2 mM AMPPNP 

concentration with 1 µM Pgp. At low AMPPNP concentration (open columns), we were not 

able to reliably estimate 1H STDD NMR amplification factors for the ribose protons (labeled 

a-d) because the 1H NMR amplitudes were very weak (data not shown). The 1H STDD 

NMR amplification factors for the aromatic purine protons were considerably stronger with 

proton f producing the strongest 1H STDD amplification factor. At high AMPPNP 

concentration (solid columns), the average STDD amplification factor for AMPPNP was 63 

± 51 (Fig. 6D, closed columns). The average STDD amplification factor for the purine base 

was 79 ± 64 with proton f exhibiting the strongest STDD amplification factor. In contrast, 

the STDD amplification factors were considerably weaker for the ribose sugar. The average 

STDD amplification factor for this group was 40 ± 11. These results suggest on average that 

stronger interactions occur between the purine base and Pgp than the ribose functional 

group. This is consistent with AMPPNP interactions observed for AMPPNP bound in the X-

ray crystal structure of the analogous bacterial transporter SAV1866 [83] (PDB ID: 2ONJ). 

In the bacterial transporter structure, the purine ring of AMPPNP was sequestered by four 
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residues (i.e. V476, K477, Y359 and Y391), while the ribose functional group interacted 

with a single I356.

In Fig. 5H, the STDD amplification factors for 250 µM and 3.2 mM AMPPNP concentration 

are shown in the presence of 8 µM or 1 mM concentrations of verapamil. Because of the 

weak 1H NMR amplitudes for ribose at low AMPPNP concentration (open and hashed 

columns), only 1H STDD NMR amplification factors were measured for the purine base. 

The relative amplitudes of the amplification factors were similar to the amplification factors 

of 250 µM AMPPNP shown in Fig. 5G (open columns) with the strongest amplification 

factors emanating from proton f. At high AMPPNP concentration and 8 µM verapamil (gray 

columns), the average STDD amplification factor decreased 15%. The relative amplitudes of 

the STDD amplification factors remained relatively unperturbed with respect to the STDD 

amplification factors in the absence verapamil (cf. Fig. 2G, closed columns and Fig. 2H, 

gray columns), which is consistent with the lack of verapamil-induced effects on the Km 

(Fig. 1B) and the KD (Fig. 2). In the presence of saturating 1 mM verapamil (closed 

columns), the average 1H STDD amplification factors of AMPPNP increased more than 

20%. As observed under other conditions in this study, the purine protons had larger STDD 

amplification factors on average than the ribose protons. A notable difference in the 1H 

STDD amplification factors of AMPPNP with saturating 1 mM verapamil is that the 

AMPPNP ribose proton labeled d was more than double the other STDD amplification 

factors observed under the other conditions. This implies that the Pgp-bound orientation of 

the ribose functional group of AMPPNP is perturbed in the presence of 1 mM verapamil and 

might be a contributing factor to the decreased Pgp-mediated ATP hydrolysis at high 

verapamil concentrations. Interestingly, of the non-exchangeable protons in AMPPNP, this 

proton is positioned closest to I356 in the AMPPNP-bound X-ray crystal structure of 

SAV1866 (PDB ID: 2ONJ) [83] that sequesters the ribose.

4. DISCUSSION

A conformationally-gated model of cooperativity between verapamil and nucleotides is 

presented in Fig. 6. The model is based on our results and the conformational changes that 

Pgp is known to undergo in the presence of nucleotides and drugs [10, 15, 16, 18, 83]. The 

model is simply presented by three conformations: “open”, “closed” and “intermediate” as 

described previously [31]. In reality, the model represents a structural ensemble of Pgp 

conformations. When the nucleotide binding domains (NBDs) are relatively far apart, Pgp is 

in the “open” conformation where the cytosolic side is exposed to the bulk solvent. When 

the NBDs come together, Pgp is in the “closed” conformation and the extracellular side is 

exposed to the bulk solvent. Instances where the extracellular and cytosolic sides are equally 

exposed to bulk solvent is the “intermediate” Pgp conformation, which is in-between the 

“open” and “closed” states.

Ligand-induced changes in tryptophan accessibility deduced from the acrylamide quenching 

experiments of Pgp with verapamil and the non-hydrolyzable ATP analog AMPPNP in Fig. 

4 suggest that their interactions significantly affect the tertiary conformation of Pgp. Ligand-

induced decreases in KSV values of Pgp reflect decreases in tryptophan accessibility and 

imply shifts toward a “closed” Pgp conformation. The similarity of KSV values of Pgp in the 
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presence of low and high verapamil concentration suggest that the verapamil-bound 

conformations are similar. This information should be used cautiously to assign a specific 

drug- or nucleotide-bound Pgp conformations, since the fluorescence quenching studies 

were done with a non-hydrolyzable ATP analog rather than ATP. Therefore, the 

conformational assignment was additionally weighted on the rates of Pgp-mediated ATP 

hydrolysis. Our rational was based on the fact that cross-linking studies with Pgp, site-

directed mutagenesis of Pgp, cryo-electron microscopy studies with Pgp and structural 

studies with bacterial transporters with nucleotide analogs have shown that the interaction of 

the Pgp nucleotide domains with each other is essential for ATP hydrolysis [89–94]. In our 

model, the average distance between the Pgp NBDs was correlated to the ATP hydrolysis 

rate. For example, Pgp that has relatively high and low ATP hydrolysis rates is assumed to 

be in “closed” and “open” conformations, respectively. The ligand-induced changes in 

tryptophan accessibility of Pgp deduced from acrylamide quenching of tryptophan 

fluorescence were used to gauge the degree of conformational shift.

The locations of the verapamil binding sites on Pgp have not yet been resolved. Verapamil 

ATP hydrolysis kinetics is biphasic, which suggests a high and low affinity verapamil-

binding site on Pgp as previously reported [32] and shown in Figs. 1 and 2. Several studies 

of residues within the extracellular side of Pgp [58, 95–97] and G185 (G181 for Pgp in this 

study) within the transmembrane region of Pgp [98–100] had significant effects on 

verapamil-induced ATPase kinetics and Pgp-mediated transport of verapamil. Several 

mutations of residues on the extracellular side of Pgp caused marked decreases in transport 

of a fluorescent verapamil analog [58]. Dramatic decreases in the Km for ATPase activation 

of Pgp by verapamil were observed when residues between 78 and 97 were deleted [95]. 

Labeling an I306C mutant, which is located on the extracellular side of Pgp, with a thiol-

reactive verapamil analog lead to permanent verapamil-induced activation of Pgp [96]. 

Verapamil also inhibited crosslinking between residues C332 and C975 within the 

extracellular side of Pgp [97]. Mutating the G181 residue to valine within the 

transmembrane region of Pgp had strong effects on the VMAX of verapamil-induced ATPase 

activation [98–100]. The G181V mutation had little effect on the Km of verapamil-induced 

ATPase activation [98, 99], but a recent study showed that it had significant effects on the Ki 

for substrate inhibition of Pgp [99]. By affecting the Ki from substrate inhibition and not the 

Km implies that G181 is near an alternate verapamil-binding site. Therefore, we placed the 

low-affinity (L) verapamil-binding site near G181 in the transmembrane region of Pgp and 

the high-affinity (H) verapamil-binding site near the extracellular side of Pgp.

The conformation of Pgp in the absence of ligands is known from the X-ray crystal structure 

to be in the “open” conformation [9] as shown in Fig. 6A. Acrylamide quenching 

experiments in Fig. 4 showed that nucleotides reduced tryptophan accessibility of Pgp 

implying a shift toward the “closed” conformation. However, the VMAX deduced from 

fitting the Pgp-coupled ATPase activation kinetics was inefficient at 500–700 nmol min−1 

mg−1. Therefore, we propose that ATP shifts Pgp to an “intermediate” conformation in Fig. 

6B, which keeps the NBDs apart and presents an energetic barrier for ATP hydrolysis.

At low verapamil concentrations, the drug binds near the extracellular side of Pgp in our 

model (Figs. 6C and D) at the H-site. Because the rate of Pgp-mediated ATP hydrolysis was 
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very high at ~3000 nmol min−1 mg−1, we propose that verapamil-bound Pgp is in the 

“closed” conformation in the presence of ATP in Fig. 6D. In the absence of nucleotides, the 

acrylamide quenching experiments in Fig. 4 suggested that low concentrations of verapamil 

induce significant changes in the tertiary conformation of Pgp. There were also significant 

differences in tryptophan accessibility in the absence (Fig. 4B) and presence (Figs. 4E and 

H) of AMPPNP at low verapamil concentration suggesting that they are in very distinct 

conformations. Therefore, we propose that verapamil bound at the H-site of Pgp, but in the 

absence of ATP, is in an “intermediate” conformation. By shifting to an “intermediate” 

conformation, the verapamil molecule reduces the energetic barrier for the NBDs to come 

together and the subsequent Pgp-mediated ATP hydrolysis and transport that follows. By 

reducing the ATP energetic barrier for hydrolysis, this single bound verapamil molecule is 

positively cooperative with respect to ATP hydrolysis. With respect to binding, verapamil 

and ATP are essentially not cooperative as deduced by fitting of the verapamil-induced 

ATPase activation kinetics in Figs. 1 and 2. The lack of binding cooperativity is consistent 

with the H-site being far from the NBDs.

At saturating verapamil concentrations, the drug will bind near the L-site that we 

hypothesize lies within the transmembrane region near G185 (G181 for the Pgp in this 

study). The activation of Pgp-mediated ATP hydrolysis decreased to about ~700 nmol min−1 

mg−1, which was a little bit higher than basal ATPase activity. As deduced from the slopes of 

the Stern-Volmer plots in Figs. 4B and C, tryptophan accessibility of Pgp in the absence of 

an ATP analog was just slightly higher at saturating verapamil concentration than low 

verapamil concentration implying that they have relatively similar conformations. Therefore, 

Pgp is shown in an “intermediate” conformation in the absence of ATP at low and saturating 

verapamil concentrations (Figs. 6C and E). Fitting of the ATP hydrolysis kinetics in Fig. 2 

revealed that the ATP affinity to Pgp increased 4-fold in the presence of saturating verapamil 

and that ATP and verapamil binding to Pgp is positively cooperative at saturating verapamil 

concentrations. Also, addition of an ATP analog only induced a relatively small decrease in 

tryptophan accessibility in the presence of saturating verapamil (cf. Figs. 4C and 4I) 

implying that Pgp’s tertiary conformation was not significantly shifted by the ATP analog, 

when compared to the nucleotide-induced conformational change of Pgp in the presence of 

low concentrations of verapamil (cf. Figs. 4B and 4I). Therefore, we hypothesize that 

binding cooperativity between verapamil and ATP stabilizes Pgp in an “intermediate” 

conformation shown in Fig. 7E and 7F. With the NBDs relatively separated in the 

“intermediate” conformation compared to the “closed” conformation explains why ATP 

hydrolysis is lower at high verapamil concentration and is similar to the basal ATP 

hydrolysis rate. In other words, two Pgp-bound verapamil molecules are negatively 

cooperative with respect to ATP hydrolysis.

In Figs. 6D and F of the model, verapamil transport rates are shown to correlate to verapamil 

occupancy of Pgp and verapamil-stimulated ATP hydrolysis rates. This relationship is 

supported by a study with spin-labeled verapamil and Pgp that found similar Km and Ki 

values for verapamil transport and verapamil-stimulated ATPase activity [101]. This 

correlation is also supported by several independent studies that have shown that Pgp-

mediated transport of verapamil [102–105] and verapamil-simulated ATP hydrolysis 

decreased at higher verapamil concentrations [24, 28, 29, 31].
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In summary, Fig. 6 shows a model for Pgp-mediated verapamil transport involving 

conformational changes and cooperativity between verapamil and ATP. In the absence of 

verapamil, Pgp is in an “open” conformation (Fig. 6A), and is shifted to an “intermediate” 

conformation by ATP (Fig. 6B). In this conformation, the ATPase activity will be low 

because the separation in NBDs represents an energetic barrier for ATP hydrolysis. At low 

concentrations, verapamil will occupy the H-site on Pgp and will shift the transporter into an 

“intermediate” conformation in Fig. 6C. Since the H-site is within the extracellular domain 

far from the NBDs, verapamil occupancy at the H-site will not significantly affect the 

binding affinity of ATP. In other words, verapamil and ATP are not cooperative with respect 

to binding. However, because Pgp is an “intermediate” rather than an “open” conformation, 

verapamil reduces the energetic barrier for ATP hydrolysis and transport (Fig. 6D). 

Therefore, verapamil occupancy at the H-site is positively cooperative with respect to ATP 

hydrolysis and transport.

At high concentrations, verapamil will occupy both the H and L sites on Pgp as shown in 

Fig. 6E. Occupancy at both sites of Pgp also shifts Pgp into an “intermediate” conformation. 

In contrast with the H-site, the L-site on Pgp is located within the transmembrane region 

closer to the NBDs. Verapamil binding to the L-site increases the affinity of ATP to the 

NBDs. In this case, verapamil and ATP are positively cooperative with respect to binding to 

Pgp. Occupancy of verapamil at both sites stabilizes the “intermediate” Pgp conformation 

and prevents ATP from driving Pgp to the “closed” conformation in Fig. 6F. This reduces 

verapamil transport and verapamil-stimulated ATP hydrolysis by Pgp. In this case, verapamil 

occupancy at both sites on Pgp is negatively cooperative with respect to ATP hydrolysis and 

transport.
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ABREVIATIONS

AMPPNP adenosine 5’-(β,γ-imido)triphosphate

COPASI complex pathway simulator

DDM n-dodecyl-β-D-maltoside

F0,H initial fluorescence intensity at the high concentration phase

F0,L initial fluorescence intensity at the low concentration phase

KA association constant

KD dissociation constant

KH equilibrium constant at high concentration
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KL equilibrium constant at low concentration

KSV Stern-Volmer quenching constant

L ligand

NTA nickel-nitrilotriacetic acid

PAGE polyacrylamide gel electrophoresis

Pgp P-glycoprotein

Pi inorganic phosphate

RF radio frequency

SDS sodium dodecylsulfate

Q quenching ligand

STD saturation transfer difference

STDD saturation transfer double difference
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FIGURE 1. 
The effect of ATP on verapamil-induced ATPase activation of Pgp. A) The Pgp-coupled 

ATPase activity as a function of verapamil concentration in the presence of 3.2 mM (closed 

squares) and 0.25 mM ATP (open squares). The kinetic fits are shown as a dashed and solid 

line and were fit to equation 1 and 2, respectively. B) The Michaelis-Menten constant (Km), 

C) the inhibition constant (Ki) and D) the VMAX for verapamil-induced Pgp ATPase activity 

as a function of different ATP concentrations. Error bars represent the standard deviation and 

the points represent the average of at least three independent experiments.
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FIGURE 2. 
Deconvoluting the Pgp-mediated ATP hydrolysis kinetics in the presence of verapamil and 

ATP. A) The verapamil-nucleotide cooperativity model used to fit the ATP hydrolysis 

kinetics. Horizontal and vertical left/right arrows denote the equilibria between bound states. 

The vertical arrows at the top of the panel represent the ATPase activity from the bound 

states. E and V correspond to Pgp and verapamil, respectively. B) Pgp-mediated ATP 

hydrolysis activity as a function of ATP concentration. Verapamil-induced activation of Pgp-

mediated ATPase activity at C) 3.2, D) 2.0, E) 1.0, F) 0.5, and G) 0.25 mM ATP. For 
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comparison, the kinetics in panel C at 3.2 mM ATP is shown as a dashed line in panels D 

through G. The error bars and the points represent the standard deviation and average, 

respectively, of three independent experiments.
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FIGURE 3. 
Characterization of AMPPNP binding to Pgp by tryptophan fluorescence. A) Pgp 

fluorescence spectra in the presence of a range of AMPPNP concentrations after exciting at 

295 nm. The spectrum at 0 µM and 1.4 mM AMPPNP are shown as thick and thin lines, 

respectively, while intermediate concentrations of AMPPNP are shown as gray lines. B) 

Corrected Pgp fluorescence emission at 333 nm as a function of AMPPNP concentration. 

The average and standard deviations are represented as points and bars, respectively, and 

reflect at least three independent experiments.
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FIGURE 4. 
Conformational changes of Pgp in the presence of AMPPNP and verapamil characterized by 

acrylamide quenching of Pgp tryptophan fluorescence. A) The Stern-Volmer plot of Pgp in 

the absence of drugs. The Stern-Volmer plots of Pgp in the presence of B) 8 µM and C) 1000 

µM verapamil. D) Stern-Volmer plot of Pgp in the presence of 0.25 mM AMPPNP. The 

Stern-Volmer plots of Pgp in the presence of 3.2 mM AMPPNP and E) 8 µM and F) 1000 

µM verapamil. G) Stern-Volmer plot of Pgp in the presence of 3.2 mM AMPPNP. The Stern-

Volmer plots of Pgp in the presence of 3.2 mM AMPPNP and E) 8 µM and F) 1000 µM 

verapamil. For comparison, the slope in panel A is presented as a dashed line in panels B 

through F. The error bars and the points reflect the standard deviation and average, 

respectively, of at least three independent experiments.
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FIGURE 5. 
Molecular interactions of verapamil and AMPPNP with Pgp probed by saturation transfer 

double difference (STDD) NMR. Molecular structures of A) verapamil and E) AMPPNP 

with the nuclei labeled. A representative 1H STDD NMR spectra with B) 1 mM verapamil 

and F) 3.2 mM AMPPNP with 1 µM Pgp. The 1H STDD NMR amplification factors for C) 

1 mM verapamil in the absence of AMPPNP with 1 µM Pgp. D) The STDD amplification 

factors for 1 mM verapamil in the presence of 0.25 mM (open columns) and 3.2 mM (solid 

columns) AMPPNP with 1 µM Pgp. E) Molecular structure of AMPPNP with the nuclei 
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labeled F) A representative 1H proton STDD NMR spectrum of 3.2 mM AMMPNP with 1 

µM Pgp. G) The STDD amplification factors of 0.25 mM (open columns) and 3.2 mM (solid 

columns) with 1 µM Pgp. H) The STDD amplification factors for 0.25 mM AMPPNP in the 

presence of 8 µM (open columns) and 1 mM verapamil (hashed columns) and 3.2 mM 

AMPPNP in the presence of 8 µM (gray columns) and 1 mM verapamil (solid columns) with 

1 µM Pgp. STDD amplitudes in the figure with an asterisk were too small to be accurately 

measured.
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FIGURE 6. 
Model of drug-nucleotide cooperativity for verapamil-induced activation of Pgp-mediated 

ATP hydrolysis. The figure shows cartoons of Pgp in the “open”, “closed” and 

“intermediate” conformations in the A,C,E) absence and B,D,F) presence of ATP, and in the 

presence of C,D) one and E,F) two verapamil molecules. Verapamil molecules are shown as 

gray diamonds and N represents ATP. The proposed high and low affinity verapamil binding 

sites of Pgp are shown as H and L, respectively. The horizontal arrows reflect equilibria 

between the verapamil-bound conformational states of Pgp. The middle vertical arrows 

reflect the degree of ATP binding to Pgp, while the arrows at the top of the figure and their 

size represent the degree of verapamil transport.
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