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ABSTRACT 

 Molecular “efflux” pumps belonging to the ATP-binding cassette (ABC) superfamily 

such as P-glycoprotein use energy from ATP hydrolysis to drive drug export across cell 

membranes back to the extracellular space. The Pgp transporter is widely recognized for its 

unusual ability to bind many clinically relevant drugs that are chemically and functionally 

diverse. This drug promiscuity poses challenges in the clinic because Pgp confers multidrug 

resistance (MDR) in cancer cells and mediates drug-drug interactions (DDIs). One of the most 

recognized DDIs with the Pgp transporter is between the two cardiovascular ion channel 

inhibitors verapamil and digoxin. Despite many in vitro and in vivo studies, the mechanistic and 

structural basis of verapamil and digoxin interactions with the P-glycoprotein transporter and 

how drug binding is coupled to ATP hydrolysis is quite elusive. To shed light on this Pgp-

mediated DDI, we probed verapamil and digoxin interactions with Pgp using several NMR 

techniques (STDD NMR, PRE NMR), fluorescence and the kinetic fitting software COPASI. 

From this work, we generated a comprehensive molecular model of the DDI between verapamil 

and digoxin with Pgp encompassing competitive and noncompetitive inhibition of digoxin 

transport by verapamil. We also showed that coupling between verapamil and ATP binding to 



the transporter and verapamil-induced ATP hydrolysis occurs in a cooperative fashion. 

Excitingly, a model of digoxin bound to Pgp was determined using PRE NMR derived distance 

restraints to drive molecular docking in the HADDOCK software. To our knowledge, this will be 

the first model demonstrating the bound location of a drug to the Pgp transporter. This 

information will guide the rational design of effective cancer drugs and Pgp inhibitors and guide 

better predictions of safe multidrug regimens that bypass Pgp-mediated DDIs in the clinic.  
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CHAPTER 1 

CARDIOVASCULAR ION CHANNEL INHIBITOR DRUG-DRUG INTERACTIONS WITH 

THE P-GLYCOPROTEIN TRANSPORTER1 

 

                                                
1 Ledwitch, K. V. and A. G. Roberts (2017). The AAPS Journal. 19, 409-420. Reprinted here 
with permission of publisher. 
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1.1. ABSTRACT 

P-glycoprotein (Pgp) is an ATP-binding cassette (ABC) transporter that plays a major 

role in cardiovascular drug disposition by effluxing a chemically and structurally diverse range 

of cardiovascular therapeutics. Unfortunately, drug-drug interactions (DDIs) with the transporter 

have become a major roadblock to effective cardiovascular drug administration because they can 

cause adverse drug reactions (ADRs) or reduce the efficacy of drugs. Cardiovascular ion channel 

inhibitors are particularly susceptible to DDIs and ADRs with Pgp because they often have low 

therapeutic indexes and are commonly coadministered with other drugs that are also Pgp 

substrates. DDIs from cardiovascular ion channel inhibitors with the transporter occur because of 

inhibition or induction of the transporter and the transporter’s tissue and cellular localization.  

Inhibiting Pgp can increase absorption and reduce excretion of drugs, leading to elevated drug 

plasma concentrations and drug toxicity. In contrast, inducing Pgp can have the opposite effect 

by reducing the drug plasma concentration and its efficacy. A number of in vitro and in vivo 

studies have already demonstrated DDIs from several cardiovascular ion channel inhibitors with 

human Pgp and its animal analogs, including verapamil, digoxin, and amiodarone. In this review, 

Pgp-mediated DDIs and their effects on pharmacokinetics for different categories of 

cardiovascular ion channel inhibitors are discussed. This information is essential for improving 

pharmacokinetic predictions of cardiovascular therapeutics, for safer cardiovascular drug 

administration and for mitigating ADRs emanating from Pgp. 

 

1.2. INTRODUCTION 

Cardiovascular drug prescriptions have significantly increased over the past decade with 

over 15% of patients on multidrug regimens (a.k.a. polypharmacy) (Kantor et al., 2015). Of 
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hospitalized patients on cardiovascular medications, ∼4% exhibited serious adverse drug 

reactions (ADRs) (Zaidenstein et al., 2002). Cardiovascular ion channel inhibitors, which are 

used to treat cardiac arrhythmia and hypertension, represent a major contributor of 

cardiovascular drug ADRs (Gholami et al., 2008; Tabrizchi, 2010). These drugs target channels 

and enzymes that control the flow of ions in vascular smooth muscle cells and the 

cardiomyocytes (Tabrizchi, 2010). This serves to regulate cardiac inotropy, maintain the resting 

potential of cardiovascular cells, and control blood pressure (Tabrizchi, 2010). Unfortunately, 

many of these drugs such as digoxin have a low therapeutic index, so any changes to their 

plasma concentration can potentially lead to ADRs (Tabrizchi, 2010). Many cardiovascular drug 

fatalities from ADRs are the result of drug-drug interactions (DDIs) with cardiovascular ion 

channel inhibitors (Karimzadeh et al., 2011; N. Mohebbi et al., 2010; Mowry et al., 2015). In 

one study, the cardiovascular ion channel inhibitor digoxin was implicated in a majority of 

preventable DDIs (Karimzadeh et al., 2011). In another study, the cardiovascular ion channel 

inhibitor amiodarone, which is known to have several significant DDIs, had the second highest 

frequency of ADRs (Niayesh Mohebbi et al., 2010). 

One of the main contributors to cardiovascular ion channel inhibitor DDIs and ADRs is 

the ATP-binding cassette (ABC) P-glycoprotein (Pgp) transporter (Aller et al., 2009). In general, 

Pgp is a promiscuous drug transporter that can bind multiple drugs simultaneously (Glaeser, 

2011), which includes interactions with a chemically and structurally diverse range of 

cardiovascular drugs (Seelig, 1998; Wessler et al., 2013). These interactions in combination with 

the narrow therapeutic indexes make Pgp particularly susceptible to cardiovascular DDIs. The 

transporter is also prone to DDIs because of its function in absorption, elimination, and 

distribution of drugs (Wessler et al., 2013). This function leads to changes in cardiovascular ion 
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inhibitor drug plasma concentrations and results in ADRs or reduced drug efficacy (Glaeser, 

2011). 

A general overview of cardiovascular drugs and Pgp was published (Wessler et al., 

2013), but no recent comprehensive review has been published that discusses Pgp-mediated 

DDIs from cardiovascular ion channel inhibitors and their clinical consequences. This review 

discusses a wider range of cardiovascular ion channel inhibitors and provides a more detailed 

analysis of the observed pharmacokinetics than (Wessler et al., 2013). This review also describes 

the pharmacodynamics of cardiovascular ion channel inhibitors including their targets and 

mechanisms of action. Then, we discuss Pgp-mediated transport of the cardiovascular ion 

channel inhibitor and DDIs observed with the drug. This is followed by a discussion and 

comments on the observed pharmacokinetics of coadministering the drug. 

 

1.3. CARDIOVASCULAR DISEASES AND CURRENT TREATMENTS 

Cardiovascular disease (CVD) is a leading cause of death worldwide (Luepker, 2011). 

CVD represents a class of diseases of the vascular system that can involve blood vessels such as 

coronary artery disease and stroke, or the heart, which includes congestive heart failure and 

hypertension (Luepker, 2011). A number of treatments have been developed to treat CVD that 

target receptors, channels, and enzymes of the cardiovascular system (Atlas, 2007; Giovannitti et 

al., 2015; Grant, 2009; Harter et al., 2015; Helfand et al., 2009; Jensen et al., 2011; Smith et al., 

2009). Since hypertension represents a major risk factor for several diseases within CVD 

(Padwal et al., 2001), several drug classes have been developed to lower blood pressure [e.g., 

(Atlas, 2007)]. Some of the most effective treatments for hypertension have targeted the 

angiotensin-renin-aldosterone system, which is the signaling pathway for regulating blood 

pressure and fluid balance (Atlas, 2007). There are also antihypertensive drugs that target the α- 
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and β-adrenergic receptors that affect the action of catecholamines, norepinephrine and 

epinephrine (Giovannitti et al., 2015; Helfand et al., 2009; Jensen et al., 2011). Loop diuretics 

represent a third class of antihypertensive drugs that reduce blood pressure by decreasing fluid 

volume as a result of inhibiting the Na+-K+-2Cl− symporter in the kidneys (Roush and Sica, 

2016). To treat strokes, cardiovascular drugs have been designed to reduce blood clotting by 

targeting proteins within the coagulation cascade or involved in platelet aggregation (Harter et 

al., 2015). High cholesterol, which represents a major risk factor for CVD, is most often treated 

with statin drugs (Smith et al., 2009). These drugs lower high cholesterol by targeting 3-

hydroxy-3-methyl-glutaryl (HMG)-CoA reductase, which is the rate-limiting enzyme in 

cholesterol biosynthesis (Smith et al., 2009). The cardiovascular drugs that are the focus of this 

review are cardiovascular ion channel inhibitors. These drugs are used to treat a range of diseases 

within CVD, including hypertension, cardiac dysrhythmias, and atrial fibrillation (Grant, 2009). 

These drugs affect vascular physiology by directly inhibiting the flow of ions through Ca2+, K+, 

or Na+ channels or indirectly by increasing intracellular Ca2+ concentration through inhibition of 

the Na+/K+ ATPase (Grant, 2009). In addition to the reviewed drugs, there are emerging 

therapies for CVD that target chemokines, high-density lipoproteins, and microRNA, and there 

has been some progress toward the actual regeneration of cardiomyocytes (Dimmeler, 2011). 

 

1.4. CARDIOVASCULAR ION CHANNELS 

Cardiovascular ion channels control the flow of ions and function to regulate the heart 

rhythm and blood pressure (Amin et al., 2010; Martens and Gelband, 1998). They are found in 

cardiomyocytes of the heart and vascular smooth muscle cells of the arteries and veins where 

heterogeneous expression of these channels promotes proper heart rhythms and blood pressure 
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(Amin et al., 2010; Martens and Gelband, 1998). Mutations in genes that code for the ion 

channels or alterations in their expression level lead to inherited or acquired cardiac arrhythmia 

(Amin et al., 2010). Table 1.1 shows several types of cardiovascular ion channels, including 

Ca2+, K+, and Na+ channels. The table also shows the channel isoforms, their general functions, 

and cardiovascular diseases associated with them. 

  

1.4.1. Calcium Channels 

Cardiovascular Ca2+ channels are voltage-dependent channels that control the flux of 

Ca2+ into vascular smooth muscle cells and cardiomyocytes (Catterall, 2011). Inward flux of 

Ca2+ ions by the channel triggers additional Ca2+ release from the sarcoplasmic reticulum 

(Catterall, 2011). Calcium binds and induces a conformational change in the troponin-

tropomyosin complex that facilitates interaction between the actin filament and myosin, and 

leads to a muscle contraction (Catterall, 2011). There are two types of cardiovascular Ca2+ 

channels, long-lasting (L)-type and transient (T)-type Ca2+ channels, that activate the inward flux 

of Ca2+ ions through relatively high and low voltage potentials, respectively (Catterall, 2011). 

The L-type Ca2+ channels function to excite and contract muscle cells, while T-type Ca2+ 

channels serve a cardiac pacemaking function and regulate arterial resistance (Catterall, 2011). 

Defects in the ion channel have been associated with various cardiovascular disorders, including 

arrhythmias and hypertension (J. B. Kim, 2014). 

 

1.4.2. Potassium Channels 

 Potassium ion transport by these proteins is accomplished by several mechanisms 

including Ca2+ activation, voltage, and ATP (Giudicessi and Ackerman, 2012). These channels  
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Table 1.1. Types and function of cardiovascular ion channels. 

 

Ion 
Channel 

Relevant Types Physiological 
Function 

Associated 
Cardiovascular 
Diseases 

References 

Ca2+ 
channels  

• Long-lasting 
(L-type)  

• Transient (T-
type) 

• L-type: excite and 
contract muscle cells 

• T-type: cardiac 
pacemaking function 
and regulate arterial 
resistance 

arrhythmias, Brugada 
syndrome, 
hypertension 

(Catterall, 
2011; J. B. 
Kim, 2014) 

K+ 
channels 

• Calcium-
activated 
(BKCa) 

• Voltage-gated 
(KV) 

• ATP-dependent 
(KATP) 

• Inwardly 
rectifying (KIR) 

• Mediate membrane 
and resting potential 

• Regulate cardiac 
action potential 

atrial fibrillation, 
Brugada syndrome, 
hypertension, long 
and short QT 
syndrome 

(Giudicessi 
and 
Ackerman, 
2012; J. B. 
Kim, 2014) 

Na+ 
channels 

• Voltage-gated 
(NaV) 

• Initial fast upstroke 
of the cardiac action 
potential 

• Contractile response 
of vascular smooth 
muscle cells 

atrial standstill, 
Brugada syndrome, 
cardiac conduction 
disorders, dilated 
cardiomyopathy, 
erthromelalgia, long 
QT syndrome, 
nonprogressive 
familial heart block 

(Giudicessi 
and 
Ackerman, 
2012; Ho et 
al., 2013; J. 
B. Kim, 
2014) 

Na+/K+ 

ATPases 
• a and b 

isoforms 
• Resting potential, 

cell volume and 
[Ca2+] 

atrial fibrillation, 
heart failure 

(Suhail, 
2010) 
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are a major regulator of vascular smooth muscle cell voltage and resting potential (Giudicessi 

and Ackerman, 2012). The channels also function to regulate the duration of the action potential 

in the cardiac muscle (Giudicessi and Ackerman, 2012). Abnormal functioning of this channel 

has been associated with hypertension and Brugada syndrome, which leads to increased risk of 

cardiac death (Giudicessi and Ackerman, 2012; J. B. Kim, 2014). 

 

1.4.3. Sodium Channels 

Voltage-gated sodium channels (NaV) control the Na+ ion flux through Na+-induced 

conformational changes (Remme and Bezzina, 2010). In the heart, influx by these channels is 

responsible for the initial fast upstroke of the cardiac action potential (Remme and Bezzina, 

2010). There is also recent evidence that these channels contribute to the contractile response of 

vascular smooth muscle cells (Ho et al., 2013). Defects in this channel are associated with a 

number of cardiomyopathies including long QT syndrome (J. B. Kim, 2014; Remme and 

Bezzina, 2010). 

 

1.4.4. Na/K+ ATPase 

This ATP-dependent enzyme effluxes Na+ ions out while pumping K+ ions into 

cardiovascular cells (Suhail, 2010). The enzymes help maintain the resting potential and cell 

volume through osmosis and indirectly decrease intracellular Ca2+ concentration through the 

Na+/Ca2+ exchanger (Suhail, 2010). Defects in the energy-dependent transporter are associated 

with heart failure and atrial fibrillation (Suhail, 2010). 
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1.5. ION CHANNEL INHIBITORS AND THEIR MECHANISMS OF ACTION 

Ion channel inhibitors are used to redistribute ions and restore the natural rhythm of the 

heart by inhibiting specific channels and transporters of the cardiovascular system (Amin et al., 

2010). These inhibitors can be classified as calcium, sodium, or potassium channel inhibitors and 

cardiac glycosides, but may fit into multiple ion channel inhibitor categories and may have an 

array of electrophysiological actions (Dan M. Roden et al., 2007). For example, the 

antiarrhythmic drug quinidine is a well-known sodium channel blocker, but it also exerts action 

against potassium channels and α-adrenergic receptors (Dan M. Roden et al., 2007). For 

simplicity, ion channel inhibitors in this review will be discussed according to their main site of 

action. Table 1.2 summarizes the general categories of cardiovascular inhibitors, their 

mechanism of action, clinical uses, and ADRs. 

 

1.5.1. Calcium Channel Inhibitors 

These drugs are used to treat a range of cardiovascular disorders including hypertension  

and arrhythmias (Buckley et al.; McDonagh et al., 2005). Calcium channel inhibitors (or 

blockers) disrupt the flow of L- and/or T-type Ca2+ channels (Buckley et al.; Grant, 2009; 

McDonagh et al., 2005). This disruption increases the intracellular Ca2+ concentration in 

vascular smooth muscle cells and cardiomyocytes, which leads to vasodilation and promotes a 

regular heart rhythm (Buckley et al.; McDonagh et al., 2005). ADRs from toxic concentrations 

of calcium channel inhibitors result in bradycardia (abnormally slow heart rate) and hypotension 

that can lead to serious complications including death (Buckley et al.; McDonagh et al., 2005). 
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Table 1.2. Characteristics of cardiovascular ion channel inhibitors. 

 

Inhibitor 
Class 

Examples Mechanism Clinical 
Uses 

ADRs References 

Ca2+ 
channel  
inhibitors 

amlodipine 
diltiazem 
mibefradil 
nicardipine 
nifedipine 
verapamil 

Inhibit or 
interfere 
with Ca2+ 
influx by 
binding to 
specific 
sites on the 
channel 

angina, 
arrhythmias, 
hypertension, 
coronary 
artery disease 

bradycardia, 
hypotension 

(Buckley et 
al., 2007; 
Grant, 2009; 
McDonagh et 
al., 2005) 

K+ channel 
inhibitors 

amiodarone 
dronedarone 

Interfere 
with K+ ion 
flow 

cardiomyopa
thy, atrial 
fibrillation 
and flutter 

arrhythmias, 
blue-gray 
hyperpigmentation, 
hepatotoxicity, 
pulmonary fibrosis 

(Grant, 2009; 
Siddoway, 
2003; Wulff 
et al., 2009) 

Na+ channel 
inhibitors  

flecainide 
phenytoin 
quinidine 

Stabilize the 
inactivated 
channel 
conformatio
n through 
fast and 
slow 
mechanisms 

atrial flutter, 
tachycardias 

bradyarrhythmias, 
slow atrial flutter, 
proarrhythmia 
 

(Dan M. 
Roden et al., 
2007) 

Cardiac 
Glycosides 

digitoxin 
digoxin 
ouabain 

Inhibit 
Na+/K+ 
ATPase and 
indirectly 
increase 
intracellular 
[Ca2+] 

atrial 
fibrillation 
and heart 
failure 

atrioventricular 
block, bradycardia, 
gastrointestinal and 
neurological 
disorders, 
ventricular 
arrhythmias,  

(Fuerstenwert
h, 2014; 
Hauptman 
and Kelly, 
1999; Ziff 
and Kotecha, 
2016) 
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1.5.2. Potassium Channel Inhibitors 

Potassium channel inhibitors prolong repolarization and the action potential duration in 

cardiomyocytes by interfering with conduction through potassium channels (Grant, 2009; Wulff 

et al., 2009). In general, these inhibitors are used to treat cardiomyopathy and atrial fibrillation 

(Grant, 2009; Wulff et al., 2009). They have also been used to treat ventricular tachycardia 

during cardiac arrest (Wulff et al., 2009). These drugs exhibit a range of ADRs including 

worsening arrhythmias, blue-gray hyperpigmentation, and sudden cardiac arrest (Siddoway, 

2003). 

 

1.5.3. Sodium Channel Inhibitors 

Sodium channel blockers are used to suppress heart tachycardias and atrial flutter by 

decreasing the flow of Na+ ions through the sodium channel and reducing the action potential 

duration (D. M. Roden, 2004). Reduction of Na+ ion flow by these inhibitors is accomplished by 

stabilizing the inactivated state of the Na+ channel through fast and slow mechanisms (D. M. 

Roden, 2004). ADRs from these inhibitors include bradyarrhythmias (slowed heart rate) and 

slow atrial flutter (D. M. Roden, 2004). 

 

1.5.4. Cardiac Glycosides 

Cardiac glycosides are a special type of ion channel inhibitor and include digitalis 

glycosides such as digoxin, digitoxin, and ouabain (Fuerstenwerth, 2014). Clinically, these drugs 

are used to treat atrial fibrillation and flutter and some cases of heart failure (Hauptman and 

Kelly, 1999; Ziff and Kotecha, 2016). These drugs target the Na+/K+ ATPase in the heart, which 

indirectly increases intracellular Ca2+ concentration by the effect of decreasing intracellular Na+ 
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levels on the sodium-calcium exchanger (Fuerstenwerth, 2014). The increase in intracellular 

Ca2+ corresponds with an increase in inotropy or force of contraction of the heart (Fuerstenwerth, 

2014). In addition to cardiovascular ADRs, gastrointestinal and neurological disorders are 

commonly observed with this class of drug (Hauptman and Kelly, 1999; Ziff and Kotecha, 

2016). 

 

1.6. CHARACTERISTICS OF PGP AND ITS EFFECT ON ION CHANNEL INHIBITOR 

DISPOSITION 

Pgp is a member of the ABC transporter superfamily and can efflux a chemically and 

structurally diverse range of molecules (Seelig, 1998; Wessler et al., 2013). Figure 1.1 A shows 

the X-ray crystal structure of mouse Pgp, which consists of two nucleotide-binding domains 

(NBDs), 12 transmembrane (TM) helices, and a large 6000-Å3 drug binding cavity (Aller et al., 

2009). Figure 1.1 B shows the generally accepted model for ATP-driven drug efflux by Pgp. The 

left side of the panel depicts drugs binding to Pgp from the cell membrane or the cytosol within 

the TM region of Pgp with the NBDs separated (Aller et al., 2009; Sharom, 2014). The binding 

of two ATP molecules shifts the NBDs together (right side of Figure 1.1 B) and releases the drug 

to the extracellular side of the membrane (Aller et al., 2009; Sharom, 2014). ATP is hydrolyzed 

into ADP and inorganic phosphate (Pi) resetting the NBDs back to their initial conformation for 

another round of drug binding and transport (left side of Figure 1.1 B) (Aller et al., 2009; 

Sharom, 2014).  

Pgp plays a key role in cardiovascular ion channel inhibitor DDIs by altering drug plasma 

concentrations and distribution and by its cellular localization and expression levels. The 

transporter is found at relatively high concentrations on the lumenal side of enterocytes and 
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Figure 1.1. Structure and ATP-driven transport mechanism of Pgp. A) The X-ray crystal 

structure of mouse Pgp showing the transmembrane (TM, green), nucleotide-binding domains 

(NBDs, blue) and the position of QZ59-RRR, which is labeled “ligand” (red) in a 

phosphatidylcholine lipid bilayer (yellow) (Aller et al., 2009). B) Conformationally and ATP-

driven model of efflux by Pgp. On the left of the panel, drug binding (red diamonds) occurs with 

the NBDs of Pgp separated.  Binding of 2 ATP causes the NBDs to come together and leads to 

the release of drug (red diamonds) to the extracellular space. The extracellular and cytosolic 

sides of the cell membrane (yellow) are shown on the top and bottom of the membrane, 

respectively. 
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Figure 1.2. Pgp localization in A) an enterocyte, B) a hepatocyte, C) a kidney proximal tubule 

cell, D) a brain endothelial cell and E) a placental trophoblast. The green circles are Pgp and the 

arrows denote the direction of efflux. 
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reduces oral absorption and bioavailability by effluxing drugs back into the intestinal lumen 

(Figure 1.2 A) (Giacomini et al., 2010). The transporter is also found at relatively high 

concentrations on the lumenal side of kidney proximal tubule cells and the bile canalicular 

surface of hepatocytes decreasing drug plasma concentrations by excretion (Figure 1.2 B, C) 

(Giacomini et al., 2010). Pgp also affects drug distribution. Pgp is found on the blood side of 

epithelial cells located at the blood brain barrier (BBB) and reduces brain penetration of 

cardiovascular drugs (Figure 1.2 D) (Giacomini et al., 2010). Pgp is also present on the maternal 

side of placental trophoblasts preventing entry of cardiovascular drugs and protecting the unborn 

fetus (Figure 1.2 E) (Staud et al., 2012). Although there is Pgp present in the heart, it has little 

effect on drug disposition because of its relatively low concentration (Couture et al., 2006). 

Moreover, Pgp expression levels in all of these tissues can be influenced by genetic 

polymorphisms of Pgp, cardiomyopathy, and different stages of pregnancy (Cascorbi et al., 

2004; F. S. Chung et al., 2010; Meissner et al., 2002). 

 Pgp-mediated DDIs result in significant changes in the drug pharmacokinetics by 

inhibition or induction of the transporter. Inhibition of intestinal Pgp is saturable and will lead to 

an increase in oral absorption of Pgp substrates, while inhibition of excretory cells in the kidneys 

and the liver will reduce the clearance and increase the terminal elimination half-life (t1/2) of Pgp 

substrates (Lin and Yamazaki, 2003). The combined inhibition will result in a net increase in the 

drug plasma concentration and will lead to an increase in the peak drug plasma concentration 

(Cmax) and the individual’s exposure as reflected by the area under the curve (AUC) in the 

pharmacokinetics profile (Lin and Yamazaki, 2003). This is particularly problematic for several 

cardiovascular ion channel inhibitors because of their relatively low therapeutic indexes and 

because elevated drug plasma concentration can lead to toxic drug plasma concentrations and 
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serious ADRs (Ehle et al., 2011). Inhibition of Pgp at the BBB or in the placental trophoblasts 

potentially increases penetration and toxic exposure to the brain and fetus, respectively (Lin and 

Yamazaki, 2003). Pgp inhibition there can lead to changes in the drug’s distribution, which is 

reflected in the apparent volume of distribution (VD) (Lin and Yamazaki, 2003). Induction of Pgp 

will have the opposite effect of Pgp inhibition by decreasing the drug plasma concentration and 

exposure, but might also significantly reduce a drugs’ efficacy. This will lead to a decrease in the 

Cmax and AUC in the pharmacokinetics profile (Lin and Yamazaki, 2003). Pregnancy, age, sex, 

and disease can also contribute to the pharmacokinetics and the clinically observed DDIs 

(Rowland and Tozer, 2010). 

 

1.7. IN VITRO ION CHANNEL INHIBITOR DDIS WITH PGP AND THE 

CORRESPONDING CLINICAL OBSERVATIONS 

A number of in vitro studies have demonstrated that several cardiovascular ion channel 

inhibitors are substrates of and exhibit DDIs with Pgp. In some cases, the observed 

pharmacokinetics with the cardiovascular ion channel inhibitors seem to correlate with in vitro 

studies implying the involvement of Pgp. In other cases, the in vitro Pgp studies and the 

pharmacokinetics seem to contradict. In this section, in vitro DDI studies with Pgp and specific 

ion channel inhibitors are discussed and compared to the observed pharmacokinetics. The 

pharmacokinetic details associated with each DDI are summarized in Table 1.3. 

 

1.7.1. Amiodarone and Dronedarone 

Amiodarone and dronedarone are potassium channel blockers used to treat cardiac 

dysrhythmias (Wegener et al., 2006). Amiodarone is converted into the active metabolite  
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Table 1.3. Pgp-mediated DDIs of commonly prescribed cardiovascular ion channel inhibitors 

Drug  Sub.a Inh.b Ind. Digoxin PK Otherd  References 
amiodarone non 6 µM NA AUC: increases 66%c 

CLR: no change 
Cmax: increases 78%c 
VD: no change or 
decreases 

Apixaband 

Dabigatrand 

Digitoxine 

Daunorubicinf 

Flecainided 

Rivaroxabang 

(Fenner et al., 
2009; Kakumoto 
et al., 2002; 
Katoh et al., 
2001; Laer et 
al., 1998; 
Robinson et al., 
1989; 
Stollberger and 
Finsterer, 2015) 

amlodipine non 
to 
good 

NA NA Css: No change Simvastatinh (Nishio et al., 
2005; Rausl et 
al., 2006; 
Schwartz, 1988) 

digoxin good - Yes - Quinidineh (Elsby et al., 
2008; Fenner et 
al., 2009; 
Haslam et al., 
2008; Mendell 
et al., 2013; 
Rameis, 1985b; 
Riganti et al., 
2009) 

diltiazem weak 36 
µM 

NA AUC: increases 34%c 
Cmax: increases 31%c 

Quinidineh (Emi et al., 
1998; Fenner et 
al., 2009; Polli 
et al., 2001). 

dronedarone non NA NA AUC: increases 150% 
CLR: decreases 60% 

 (Vallakati et al., 
2013) 

flecainide good NA NA Cavg: increased ~20%  (Horie et al., 
2014; G. P. 
Lewis and 
Holtzman, 1984) 

mibefradil non 7.5 
µM 

NA AUC: increases 31% 
Cmax: increases 41% 

Atorvastating (Fenner et al., 
2009; Holtzman 
et al., 2006) 

nicardipine non <1 
µM 

NA AUC: increases 6% 
Cmax: increases 6% 

 (Fenner et al., 
2009; Polli et 
al., 2001) 

nifedipine non <1 
µM 

NA AUC: increases 21%c 
Cmax: increases 5%c 

 (Fenner et al., 
2009; Polli et 
al., 2001) 

ouabain X No Yes NA  (Cavet et al., 
1996; Gozalpour 
et al., 2016; 
Pauli-Magnus et 
al., 2001; 
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Riganti et al., 
2009) 

phenytoin non 
to 
good 

NA NA AUC: decreases 23% 
CL: increases 27% 
CLR: no change 
VD: no change 

Paclitaxeli (Baltes et al., 
2007; Maines et 
al., 2005; 
Rameis, 1985a; 
C. Zhang et al., 
2010) 

quinidine good 21 
µM 

Yes AUC: increases 
121%c 

CL: decreases 56% 
CLR: decreases 51% 
Cmax: increases 75% 
F: increases 16% 
t1/2: decreases 47% 
VD: decreases 38% 

Edoxaband 

Fentanylj 

Flecainidef 

Methadonej 

 

(Fenner et al., 
2009; Haslam et 
al., 2008; Horie 
et al., 2014; 
Evan D. 
Kharasch et al., 
2004b; E. D. 
Kharasch et al., 
2004; Mendell 
et al., 2013; 
Munafo et al., 
1992; Pedersen 
et al., 1983; 
Schenck-
Gustafsson and 
Dahlqvist, 1981) 

verapamil non 
to 
good 

1-200 
µM 

NA AUC: increases 51% 
CL: decreases 34% 
CLH: decreases 62% 
CLR: decreases 21% 
Cmax: increases 44% 
t1/2: increases 31% 
VD: decreases 23% 

Colchicinek 

Dabigatrand 

Prazosinl 

Quinidineh 

Vinblastinek 

(Edwards et al., 
1987; Fenner et 
al., 2009; 
Hartter et al., 
2013; Ledwitch, 
Barnes, et al., 
2016; Pedersen 
et al., 1981; 
Polli et al., 
2001; Rautio et 
al., 2006; 
Schwab et al., 
2003) 

– not applicable, AUC area under the curve, Cavg average drug plasma concentration, Css steady-state drug 
plasma concentration, CL total clearance, CLH extrarenal clearance, CLR renal clearance, Cmax peak drug 
plasma concentration, DEA monodesethyl-amiodarone, Ind. inducer, Inh. inhibitor, NA not available, Sub. 
substrate, t1/2 terminal elimination half time, VD apparent volume of distribution 

aClassification of a drug as a nonsubstrate (non), weak substrate (weak), good substrate (good), or 
nonligand (X) to Pgp. A nonsubstrate had an efflux ratio = 1, a weak substrate had an efflux ratio >1 and 
<2, a good substrate had an efflux ratio >2, and a nonligand was neither a substrate or inhibitor for Pgp 

bIn vitro inhibition concentration range of Pgp-mediated digoxin transport by the drug 

cAverage pharmacokinetic values 
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dThe more severe ADR: myopathy (Feng et al., 2012) 

eThe more severe ADR: digitalis-associated toxicities (Moss et al., 1981) 

fThe more severe ADR: cardiotoxicity (Keefe, 2001; Ranger et al., 1993) 

gThe more severe ADR: bleeding and thrombosis (Piazza et al., 2011) 

hThe more severe ADR: thrombocytopenia (Lefkowitz and Shapiro, 1986) 

iThe more severe ADR: cardiac arrest (Ruiz-Casado et al., 2006) 

jThe more severe ADR: respiratory depression (Hunt and Bruera, 1995; Smydo, 1979) 

kThe more severe ADR: neutropenia (Dixon and Wall, 2001; Makinson et al., 2007) 

lThe more severe ADR: orthostatic hypotension (Thein et al., 1977) 
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monodesethyl-amiodarone (DEA) by cytochromes P450 in the liver (Elsherbiny et al., 2008). 

There is currently no evidence that amiodarone or dronedarone are actually transported by Pgp, 

but DEA was weakly transported by human Pgp in Caco-2 cells with an efflux ratio of 1.6 

(Kimoto et al., 2007). These drugs are particularly prone to Pgp-mediated DDIs because of their 

unusually long elimination t1/2 (Latini et al., 1984; Patel et al., 2009). While dronedarone has a 

t1/2 of ∼24 h (Patel et al., 2009), which is long by most standards, amiodarone and DEA have t1/2 

of several days to over a month due to accumulation in adipose tissue (Lafuente-Lafuente et al., 

2009; Latini et al., 1984). 

In vitro cell studies with porcine kidney epithelial cells overexpressing human Pgp have 

shown that both amiodarone and DEA inhibit the transport of digoxin and the anticancer drug 

daunorubicin (Kakumoto et al., 2002; Katoh et al., 2001). Amiodarone also inhibited the 

transport of the sodium channel inhibitor flecainide in porcine kidney epithelial cells 

overexpressing human Pgp and in human intestinal epithelial LS180 cells (Horie et al., 2014). 

These potassium channel inhibitors are also known to exhibit a number of DDIs in the 

clinic [e.g., (Elsby et al., 2008; Haslam et al., 2008; Mendell et al., 2013)]. The pharmacokinetic 

consequences of amiodarone-digoxin DDIs have been the most thoroughly evaluated [e.g., 

(Elsby et al., 2008; Rameis, 1985b)]. Amiodarone causes ∼70% increases in the Cmax and AUC 

of digoxin, while there were very little changes in VD of digoxin and surprisingly no significant 

decrease in the renal clearance [e.g., (Elsby et al., 2008; Rameis, 1985b)]. The authors explained 

the lack of renal clearance to an increase in intestinal absorption and a decrease in extrarenal 

clearance (Robinson et al., 1989) implying the preferential inhibition of Pgp in the intestines and 

liver. Amiodarone also showed very strong DDIs with the related cardiac glycoside digitoxin 

leading to drug toxicity in several cases (Laer et al., 1998). Amiodarone was also found to 
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increase the oral bioavailability of the anticoagulants, dabigatran, rivaroxaban, and apixaban, by 

∼10% through inhibition of intestinal Pgp (Liesenfeld et al., 2011; Stollberger and Finsterer, 

2015). In contrast, dronedarone showed even stronger DDIs with digoxin than amiodarone 

(Vallakati et al., 2013). The AUC of digoxin was almost 2-fold higher with dronedarone and 

there was a 60% decrease in renal clearance (Vallakati et al., 2013). 

 

1.7.2. Amlodipine, Nicardipine, and Nifedipine 

The dihydropyridine drugs amlodipine, nicardipine, and nifedipine are typically used in 

the treatment of hypertension and target the L-type Ca2+ channels (McDonagh et al., 2005). At 

pH 7.4, the drugs were Pgp ligands but were not transported by Pgp (Polli et al., 2001; Rausl et 

al., 2006). At pH 6.5, amlodipine was efficiently transported by Pgp with an efflux ratio of ∼10 

(Rausl et al., 2006), but it is unknown if nicardipine or nifedipine are also transported under 

these conditions. Digoxin transport by Pgp was inhibited by submicromolar concentrations of 

nifedipine and nicardipine (Fenner et al., 2009). In the clinic, coadministration of nifedipine and 

digoxin leads to an increase in the Cmax and AUC in patients of 5% and 21%, respectively 

(Fenner et al., 2009). DDIs from the coadministration of digoxin and nicardipine had a similar 

increase in Cmax, but the increase in the AUC was only ∼6% (Fenner et al., 2009). In contrast, 

despite its molecular similarity to nicardipine and amlodipine, amlodipine did not show 

significant clinical DDIs with digoxin (Schwartz, 1988). However, amlodipine did show clinical 

DDIs with simvastatin, which is a recognized Pgp substrate (Hochman et al., 2004), with 

significant increases in the Cmax and AUC of simvastatin from 9.6 to 13.7 ng/ml and 34.3 to 

43.9 ng h/ml, respectively (Nishio et al., 2005). 
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1.7.3. Digoxin 

Digoxin is the most commonly prescribed cardiac glycoside and inhibits the Na+/K+ 

ATPase (Ehle et al., 2011). The drug is primarily eliminated through the kidneys unmetabolized 

(Ziff and Kotecha, 2016). Several in vitro studies with cells that express human Pgp have shown 

that digoxin is a good substrate for the transporter [e.g., (Cavet et al., 1996; Gozalpour et al., 

2016; Pauli-Magnus et al., 2001)]. Because of digoxin’s low therapeutic index, the drug is 

administered at doses that it is unlikely to affect the pharmacokinetic parameters of other drugs 

in the clinic (Ziff and Kotecha, 2016). For example, digoxin only had minimal effects on the 

exposure of the oral anticoagulant edoxaban (Mendell et al., 2013). However, one study did find 

that the drug did increase the elimination t1/2 by ∼20% and decreased renal clearance of quinidine 

at elevated doses, although digoxin’s effect on the AUC of quinidine was not statistically 

significant (Rameis, 1985b). 

Therefore, most in vitro and in vivo studies have focused on inhibition of digoxin 

transport, which are known to occur with a number of Pgp ligands (Fenner et al., 2009). In vivo, 

Pgp transport inhibition typically leads to significant increases in the AUC, Cmax, and t1/2 and 

decreases in renal and extrarenal clearance of digoxin (Fenner et al., 2009). Inhibition of 

intestinal Pgp often leads to increased oral absorption and bioavailability of the drug (Fenner et 

al., 2009). Because Pgp is found at relatively high concentrations at the BBB (Giacomini et al., 

2010), one might expect that the VD of digoxin would increase significantly as well. In knockout 

mice lacking mouse Pgp, digoxin concentrations in the brain increased almost 30-fold versus 

wild-type mice (Schinkel et al., 1997). Instead, the VD of digoxin often decreases in the presence 

of another drug [e.g., (Rameis, 1985a)]. One possibility is that Pgp inhibition at the BBB can be 

compensated by alternate efflux transporters including several isoforms of the multidrug 
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resistance-associated protein (MRP) and the breast cancer resistance protein (BCRP) (Eyal et al., 

2009). This hypothesis is supported by that fact that digoxin is also a substrate for MRP2 (Lowes 

et al., 2003). To complicate the digoxin pharmacokinetics further, digoxin can induce Pgp 

(Riganti et al., 2009), which explains why Pgp-mediated DDIs between verapamil and digoxin 

were reduced after long-term coadministration (Pedersen et al., 1982). 

 

1.7.4. Digitalis-Related Molecules 

Digitalis-related molecules are functionally and structurally similar to digoxin 

(Fuerstenwerth, 2014)and include digitoxin, bufalin, and strophanthidin. These molecules are 

generally good substrates of human Pgp like digoxin (Gozalpour et al., 2016; Pauli-Magnus et 

al., 2001). Digitoxin and bufalin both inhibited digoxin transport in Caco-2 cells containing 

human Pgp (Cavet et al., 1996). Digitoxin also inhibited Pgp-mediated secretion of quinidine in 

the rat small intestine (Emi et al., 1998). 

 

1.7.5. Diltiazem 

Diltiazem is a benzothiazepine drug that targets L-type Ca2+ channels and is used in the 

treatment of hypertension and certain types of arrhythmia (McDonagh et al., 2005). The drug is 

known to be a relatively weak substrate of the transporter with an efflux ratio of 1.64 (Polli et al., 

2001). Studies showed that diltiazem inhibited both quinidine and digoxin transport (Emi et al., 

1998; Fenner et al., 2009). In the clinic, coadministration of diltiazem and digoxin to patients 

moderately increased the Cmax and AUC by about 30% (Fenner et al., 2009). 
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1.7.6. Flecainide 

Flecainide is an antiarrhythmic agent that specifically inhibits the NaV1.5 Na+ channel, 

which affects the fast depolarization phase of the cardiac action potential (Ramos and O'Leary 

M, 2004; Dan M. Roden et al., 2007). In vitro studies have shown that it is transported by Pgp 

with an efflux ratio of ∼2 (Horie et al., 2014), and a clinical study showed that it increased blood 

plasma concentrations of digoxin by ∼20% (G. P. Lewis and Holtzman, 1984). 

 

1.7.7. Mibefradil 

Mibefradil is a nonspecific inhibitor of both L- and T-type voltage-gated Ca2+ channels 

(Leuranguer et al., 2001). The drug was weakly transported by Pgp in porcine kidney epithelial 

cells overexpressing the human and mouse Pgp (Schwab et al., 2003). The drug appears to 

inhibit digoxin transport in human Pgp containing Caco-2 cells with low micromolar potency 

(Fenner et al., 2009). In the clinic, the drug increases the Cmax and AUC of digoxin by 41 and 

31%, respectively (Fenner et al., 2009). The drug also shows strong Pgp-mediated DDIs with the 

cholesterol-lowering drug atorvastatin with a 4-fold increase in the AUC from 134 to 

594 ng h/ml when coadministered with mibefradil (Holtzman et al., 2006; Jacobson, 2004). 

 

1.7.8. Ouabain 

Ouabain functions like other digitalis drugs (Fuerstenwerth, 2014)and is similar in 

structure to digoxin but only has a single sugar functional group rather than three. No Pgp-

mediated transport of ouabain has been observed with mammalian cells expressing human Pgp 

(Gozalpour et al., 2016; Pauli-Magnus et al., 2001). Ouabain also did not inhibit digoxin  

 



 

 25 

transport in human epithelial Caco-2 cells (Cavet et al., 1996). However, Pgp-mediated DDIs 

with this drug may occur indirectly through induction of the transporter (Riganti et al., 2009). 

 

1.7.9.  Phenytoin 

Phenytoin is a sodium channel inhibitor that is used to treat abnormal heart rhythms and 

is used as an alternative to digoxin (Eijkelkamp et al., 2012). In vitro studies with human Pgp 

overexpressing cell lines and the drug have shown that it ranges from being a nonsubstrate to a 

substrate [c.f. (Keefe, 2001; Piazza et al., 2011)]. In vivo, the drug has been shown to be a Pgp 

substrate with rats using Pgp-specific inhibitors (Potschka and Loscher, 2001). The drug inhibits 

transport of the anticancer drug paclitaxel in bovine retinal endothelial cells (Maines et al., 

2005). However, in the clinic, phenytoin-paclitaxel interactions do not appear to result from Pgp-

mediated DDIs but from cytochrome P450-mediated DDIs due to cytochrome P450 induction 

(Baker and Dorr, 2001; Johannessen and Landmark, 2010). Coadministration of this drug with 

digoxin in patients decreased the AUC and increased the total clearance of digoxin around 20–

30%, but no significant effects on the volume distribution or the renal clearance of digoxin were 

observed (Rameis, 1985a). This pharmacokinetic outcome is also consistent with cytochrome 

P450-mediated DDIs. 

 

1.7.10. Quinidine 

The sodium channel inhibitor quinidine is a stereoisomer of the antimalarial drug quinine 

(Dan M. Roden et al., 2007). In vitro and in vivo studies have demonstrated that this drug is a 

good substrate for Pgp (Fromm et al., 1999). Quinidine is known to inhibit the transport of 

several Pgp substrates [e.g., (Cavet et al., 1996; Nishio et al., 2005)]. Several in vitro studies 
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with cells expressing human Pgp have demonstrated that quinidine inhibits digoxin transport 

(Fenner et al., 2009). In the clinic, coadministration of digoxin with quinidine decreased the 

terminal elimination t1/2, total and renal clearance, and the VD of digoxin in patients while 

increasing its absorption and bioavailability (Fenner et al., 2009; Pedersen et al., 1983; Schenck-

Gustafsson and Dahlqvist, 1981). In mammalian cells expressing Pgp, quinidine inhibited the 

transport of the sodium channel inhibitor flecainide (Polli et al., 2001). In the clinic, quinidine 

reduced the renal clearance of flecainide from 10.6 to 8.1 ml/min/kg (Munafo et al., 1992). 

Quinidine also increased the AUC and Cmax of the oral anticoagulant edoxaban from 1577 to 

2575 ng h/ml and 223 to 390 ng/ml, respectively (Mendell et al., 2013), and increased the oral 

bioavailability of methadone and fentanyl (Evan D. Kharasch et al., 2004a). In addition to Pgp 

inhibition, quinidine also exhibits DDIs through Pgp induction (Haslam et al., 2008). 

 

1.7.11. Verapamil 

Verapamil is also one of the most investigated drugs with Pgp [e.g., (Polli et al., 2001; 

Schwab et al., 2003)]. In vitro studies with mammalian cells expressing human Pgp have 

revealed that the drug manifests a range of characteristics from being a good substrate to a 

nonsubstrate depending on the cell type [cf. (Polli et al., 2001; Schwab et al., 2003)]. A positron 

emission tomography rat brain imaging study with [11C]verapamil and Pgp-specific transport 

inhibitors has conclusively demonstrated that verapamil is transported by Pgp in vivo (J. W. 

Chung et al., 2010). Verapamil is also a well-known inhibitor of Pgp-mediated transport [e.g., 

(Rautio et al., 2006)]. The focus of many in vivo and in vitro studies has been on the effects of 

verapamil on digoxin transport, since digoxin is often coadministered with verapamil [e.g.,  

(Fenner et al., 2009; Holcberg et al., 2003; Ledwitch, Barnes, et al., 2016; Pedersen et al., 
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1981)]. Except for a single in vitro study with the human placenta (Holcberg et al., 2003), 

verapamil inhibits Pgp-mediated digoxin transport in the micromolar range (Fenner et al., 2009). 

In vitro studies with mouse Pgp have suggested that digoxin transport inhibition occurs by both 

competitive and noncompetitive mechanisms (Ledwitch, Barnes, et al., 2016). Clinical studies 

have shown that verapamil inhibits both renal and extrarenal digoxin clearance leading to an 

increase in the Cmax, AUC, and terminal elimination t1/2 of the drug, while the apparent VD 

decreased (Fenner et al., 2009; Pedersen et al., 1981). A longitudinal clinical study with 

verapamil and digoxin revealed that the verapamil-mediated DDIs disappeared after several 

weeks (Pedersen et al., 1982). There was no explanation posited by the authors in (Pedersen et 

al., 1982), but we hypothesize that this clinical outcome is the result of Pgp induction by digoxin 

(Riganti et al., 2009). An in vitro study with mammalian cells overexpressing human Pgp found 

that verapamil also inhibited Pgp-mediated transport of colchicine, prazosin, and vinblastine 

(Rautio et al., 2006). An in vitro study with a rat small intestine showed that verapamil increased 

quinidine absorption through Pgp inhibition (Emi et al., 1998). Verapamil was also found to 

increase the bioavailability, Cmax, and AUC of the anticoagulant and Pgp substrate dabigatran 

(Hartter et al., 2013). 

 

1.8. CURRENT STRATEGIES FOR OVERCOMING PGP-MEDIATED DDIS IN THE 

CLINIC 

In the clinic, finding alternative drug combinations to avoid DDIs all together is the most 

preferable strategy. For example, one can administer mibefradil and pravastatin, which does not 

elicit Pgp-mediated DDIs, instead of mibefradil and atorvastatin (Becquemont et al., 1999; 
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Holtzman et al., 2006). In many cases, this approach may not always be feasible, so methods 

have been developed to minimize ADR from DDIs. 

The first step to minimize Pgp-mediated DDIs is to identify drugs that are known to 

exhibit DDIs (Rowland and Tozer, 2010; Shargel et al., 2012). For drugs that are 

coadministered, low therapeutic index drugs can be administered at subtherapeutic doses and the 

pharmacodynamic response monitored to minimize the risk of ADRs from DDIs (Rowland and 

Tozer, 2010; Shargel et al., 2012). Therapeutic drug monitoring (TDM) is another method to 

minimize ADRs from DDIs (Shargel et al., 2012). In the method, the drug plasma concentration 

is measured directly in the blood or indirectly through biological fluids and correlated to a 

pharmacodynamic endpoint such as blood pressure (Shargel et al., 2012). Although less 

common, another approach is to give a digitalizing dose, which is a series of small doses to 

control and achieve a therapeutic concentration and avoid ADRs (Rowland and Tozer, 2010). 

Cardiovascular ion channel inhibitor DDIs and their observed pharmacokinetics 

discussed in the review are summarized in Table 1.3 The first column shows the name of the 

drug, while the next columns identify the substrates, inhibitors, and inducers of Pgp. Since many 

ion channel inhibitors have DDIs with digoxin [e.g., (Rameis, 1985b)], their effects on digoxin 

PK parameters are shown in the next column. The penultimate column shows other observed 

DDIs and the last column are the corresponding references. 

Table 1.3 shows that cardiovascular ion channel inhibitors range from being nonligands 

to good substrates for Pgp. Although digoxin is often considered the gold standard for measuring 

Pgp-mediated DDIs (Giacomini et al., 2010), drugs with very similar molecular structures can 

have dramatically different inhibitory potency to digoxin transport such as nifedipine and 

amlodipine (Fenner et al., 2009; Polli et al., 2001; Schwartz, 1988). Some of the drugs are also 
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Pgp inducers (Haslam et al., 2008; Riganti et al., 2009). In the clinic, cardiovascular ion channel 

inhibitors show a large range of effects on digoxin pharmacokinetics. Large increases in digoxin 

exposure and drug plasma concentration are observed in the presence of dronedarone (Vallakati 

et al., 2013), while decreases in digoxin plasma concentration are observed in the presence of 

phenytoin (Rameis, 1985a). Unfortunately, in vitro Pgp-mediated inhibition of digoxin transport 

and the observed pharmacokinetics are not well correlated. For example, despite being potent 

inhibitors of digoxin in vitro, nicardipine and nifedipine had relatively modest effects on digoxin 

pharmacokinetics in vivo (Fenner et al., 2009; Polli et al., 2001). The most studied 

cardiovascular ion channel inhibitors, digoxin, amiodarone, and verapamil, are known to exhibit 

DDIs with several Pgp ligands. On the other hand, only a few Pgp-mediated DDIs have been 

noted in the literature with the other drugs, and this reflects a significant gap in our 

understanding of Pgp-mediated DDIs. Bridging this knowledge gap will require additional Pgp 

DDI studies in the future. 

 

1.9. CONCLUSIONS AND FUTURE PERSPECTIVES 

This review was focused on DDIs-mediated by Pgp, but, in reality, clinically observed 

DDIs are multifactorial and reflect the complex interplay between drug-metabolizing enzymes 

and transporters (Pang et al., 2010). For example, the pharmacokinetics profile from verapamil-

quinidine DDIs reflects the combined inhibition of Pgp-mediated transport and drug metabolism 

by cytochromes P450 (Edwards et al., 1987). Drug metabolites can also contribute significant 

Pgp-mediated DDIs (Pang et al., 2010), such as in the case of amiodarone and its metabolite 

DEA (Kakumoto et al., 2002; Katoh et al., 2001). Alternative transporters such as MRP2 can 

potentially mitigate Pgp-mediated DDIs at the BBB and the placenta by effluxing the same drugs 



 

 30 

(Eyal et al., 2009; Holcberg et al., 2003; Lowes et al., 2003; Vahakangas and Myllynen, 2009). 

Influx transporters that actively transport Pgp inhibitors and are found in specific tissues can 

potentially increase Pgp’s sensitivity to inhibitors skewing the pharmacokinetics. For example, 

amiodarone is a substrate of the organic anionic transporting polypeptide 2B1 (OAT2B1) influx 

transporter that is found at relatively high concentrations in hepatocytes and intestinal cells but 

relatively low concentrations in the kidneys (Pan et al., 2013; Segawa et al., 2013). Under these 

conditions, Pgp will be more sensitive to amiodarone inhibition in hepatocytes and intestinal 

cells than kidney cells because of the higher intracellular amiodarone concentration mediated by 

OAT2B1. Under these conditions, we anticipate relatively high intestinal absorption and 

decreased extrarenal clearance as a result of Pgp inhibition and relatively little effect on renal 

clearance of Pgp substrates. This is exactly what we observe pharmacokinetically with 

amiodarone and digoxin (Robinson et al., 1989). 

Because of the involvement of alternate transporters and drug-metabolizing enzymes in 

cardiovascular ion channel inhibitor disposition, extrapolating clinically observed DDIs to Pgp-

mediated DDIs observed in vitro remains a significant challenge (Prueksaritanont et al., 2013). 

To overcome this challenge, future in vitro studies with cardiovascular ion channel inhibitors 

will need to consider contributions from alternate transporters and drug-metabolizing enzymes in 

addition to Pgp. 
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CHAPTER 2 

UNRAVELING THE COMPLEX DRUG-DRUG INTERACTION BETWEEN THE 

CARDIOVASCULAR DRUGS, VERAPAMIL AND DIGOXIN, WITH THE P-

GLYCOPROTEIN TRANSPORTER2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                
2 Ledwitch, K. V., Barnes, R. W. and A. G.  Roberts. (2016). Bioscience Reports. 36, 1-14. 
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2.1. ABSTRACT

Drug–drug interactions (DDIs) and associated toxicity from cardiovascular drugs 

represents a major problem for effective co-administration of cardiovascular therapeutics. A 

significant amount of drug toxicity from DDIs occurs because of drug interactions and multiple 

cardiovascular drug binding to the efflux transporter P-glycoprotein (Pgp), which is particularly 

problematic for cardiovascular drugs because of their relatively low therapeutic indexes. The 

calcium channel antagonist, verapamil and the cardiac glycoside, digoxin, exhibit DDIs with Pgp 

through non-competitive inhibition of digoxin transport, which leads to elevated digoxin plasma 

concentrations and digoxin toxicity. In the present study, verapamil-induced ATPase activation 

kinetics were biphasic implying at least two verapamil-binding sites on Pgp, whereas 

monophasic digoxin activation of Pgp-coupled ATPase kinetics suggested a single digoxin-

binding site. Using intrinsic protein fluorescence and the saturation transfer double difference 

(STDD) NMR techniques to probe drug–Pgp interactions, verapamil was found to have little 

effect on digoxin–Pgp interactions at low concentrations of verapamil, which is consistent with 

simultaneous binding of the drugs and non-competitive inhibition. Higher concentrations of 

verapamil caused significant disruption of digoxin–Pgp interactions that suggested overlapping 

and competing drug-binding sites. These interactions correlated to drug-induced conformational 

changes deduced from acrylamide quenching of Pgp tryptophan fluorescence. Also, Pgp-coupled 

ATPase activity kinetics measured with a range of verapamil and digoxin concentrations fit well 

to a DDI model encompassing non-competitive and competitive inhibition of digoxin by 

verapamil. The results and previous transport studies were combined into a comprehensive 

model of verapamil–digoxin DDIs encompassing drug binding, ATP hydrolysis, transport and 

conformational changes. 



 

 33  

2.2. INTRODUCTION 

Drug–drug interactions (DDIs) involving cardiovascular therapeutics and their related 

toxicity continue to represent serious challenges to effective treatment of patients with heart 

disease (Bailey and Dresser, 2004; Lattuca et al., 2013; Mateti et al., 2011; Mendell et al., 2013; 

Zaidenstein et al., 2002). In one previous (Zaidenstein et al., 2002) study, DDIs from co-

administration of cardiovascular drugs were implicated in ∼50% of adverse drug reactions in 

patients receiving therapy. The P-glycoprotein (Pgp) transporter is an ATP-powered efflux pump 

that plays a major role in cardiovascular DDIs and effluxes a diverse range of cardiovascular 

therapeutics (Seelig, 1998; Wessler et al., 2013). The transporter is expressed in the brain, 

intestines, liver, placenta and the kidneys (Ceckova-Novotna et al., 2006; Lum and Gosland, 

1995)and at relatively low levels in the heart (Couture et al., 2006). The expression level is also 

influenced by genetic polymorphisms and cardiomyopathy (Cascorbi et al., 2004; Meissner et 

al., 2002). 

DDIs with the transporter occur because many cardiovascular drugs are substrates for and 

functional inhibitors of the transporter (Marchetti et al., 2007; Mendell et al., 2013; Rodriguez et 

al., 1999; Wessler et al., 2013). This is particularly problematic for cardiovascular drugs with 

relatively low therapeutic indexes such as antiarrhythmic drugs and oral anticoagulants because 

co-administration with these drugs can lead to elevated drug plasma concentrations and increased 

toxicity (Wessler et al., 2013). 

The calcium channel blocker verapamil (Figure 2.1 A) which is commonly used to 

control hypertension, chest pain and arrhythmia (Fleckenstein, 1977; Gould et al., 1982; G. R. 

Lewis et al., 1978; G. R. Lewis et al., 1979; Neugebauer, 1978), functions as a substrate and an 

inhibitor of the transporter (Wessler et al., 2013). From results of in vitro studies, the drug is 
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known to activate Pgp-coupled ATP-hydrolysis (e.g. Aanismaa and Seelig, 2007). This drug 

manifests a spectrum of characteristics, ranging from being a good substrate to a non-substrate 

for the transporter, which depends on the cell type being evaluated in in vitro cell studies 

(Faassen et al., 2003; Haslam et al., 2008; Mahar Doan et al., 2002; Pauli-Magnus et al., 2000; 

Polli et al., 2001; Schwab et al., 2003) or host tissue type in in vivo studies (Cao et al., 2005; Ke 

et al., 2013; Romermann et al., 2013). Although the actual molecular details of these interactions 

are currently unknown, the drug has been shown to inhibit the ATPase activity of a second drug 

by competitive, non-competitive and allosteric mechanisms in an in vitro study (Litman, 

Zeuthen, et al., 1997a). Verapamil has also been shown to inhibit cardiovascular drug transport 

by human Pgp in vivo (Klein et al., 1982; Mendell et al., 2013; Pedersen et al., 1982). 

The cardiac glycoside digoxin (Figure 2.1 B), which has a relatively low therapeutic 

index, is widely used to treat atrial fibrillation and heart failure (Ehle et al., 2011). The drug is 

primarily excreted by the Pgp transporter in the kidneys (Englund et al., 2004; Tanigawara, 

2000). Importantly, this drug is often co-administered with verapamil, which is known to non-

competitively inhibit human Pgp-mediated digoxin transport based upon in vitro studies (Ito et 

al., 1993; Verschraagen et al., 1999). These findings strongly suggest that both drugs are 

simultaneously bound to the transporter. Inhibition of human Pgp transport by verapamil in vivo 

is known to decrease the extent of renal tubular elimination of digoxin. This finding correlated 

with increased digoxin blood plasma concentrations from 60 to 90% (Pedersen et al., 1982; 

Verschraagen et al., 1999) and lead to adverse drug reactions from digoxin toxicity (Gordon and 

Goldenberg, 1986; Klein et al., 1982). 

Because verapamil and digoxin have been the focus of a number of in vitro (e.g. 

Aanismaa and Seelig, 2007) and in vivo studies (e.g. Romermann et al., 2013), these drugs are  
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Figure 2.1. Molecular structures of (A) verapamil and (B) digoxin with the nuclei labeled. 
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ideal for studying DDIs with the transporter. Many molecular and mechanistic details of 

verapamil–digoxin DDIs with Pgp remain unresolved. This information is essential for defining 

a general DDI mechanism, for identifying therapeutics that have a high probability of exhibiting 

DDIs with Pgp and for ameliorating DDIs from commercially available therapeutics with Pgp. 

The effect of verapamil and digoxin on the Pgp-coupled ATPase activity, the interactions 

of verapamil and digoxin with Pgp and the effect of verapamil and digoxin on Pgp conformation 

were investigated with Pgp reconstituted into liposomes. The drug-induced ATPase activation 

kinetics of Pgp in the presence of verapamil and digoxin allowed us to estimate the minimum 

number of drug-binding sites. To explore the effect of verapamil on the affinity of digoxin, 

digoxin's affinity to Pgp in the presence of several verapamil concentrations was estimated using 

intrinsic protein fluorescence. The molecular interactions between the drugs and Pgp were 

investigated by the saturation transfer double difference (STDD) NMR technique. Drug-induced 

effects on Pgp conformation were studied by acrylamide quenching of tryptophan fluorescence. 

Additionally, Pgp-coupled ATPase activity kinetics were measured with a panel of verapamil 

and digoxin concentrations, and fit to a DDI model of drug-induced ATPase activation. This 

information was combined with previous transport studies to produce a comprehensive 

mechanistic and molecular model of verapamil–digoxin DDIs. 

 

2.3. MATERIALS AND METHODS 

2.3.1. Materials 

Verapamil hydrochloride was purchased from Fagron. Digoxin, ethylene glycol 

tetraacetic acid (EGTA) and imidazole were purchased from Alfa Aesar. The detergent used in 

protein purification, n-dodecyl-β-D-maltoside (DDM), was purchased from EMD Millipore 
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Corporation. Escherichia coli total lipid extract powder was purchased from Avanti Polar Lipids 

Inc. DTT was purchased from Gold Biotechnology. Deuterium oxide (2H2O) was purchased from 

Cambridge Isotope Laboratories. The remaining chemicals were purchased from Sigma–Aldrich. 

 

2.3.2. Expression and Purification of the mouse Pgp transporter 

�  The wild-type His-tagged mouse Pgp transporter was purified from Pichia pastoris as 

described with some modifications (Bai et al., 2011; Lerner-Marmarosh et al., 1999). The yeast 

cells were grown and induced with methanol at the Bioexpression and Fermentation Facility at 

the University of Georgia in a 32 l DCI-Biolafitte fermenter with a 20 l working volume using a 

similar strategy as (Lerner-Marmarosh et al., 1999). Instead of using glass bead breaking or the 

French press to crack the yeast cells (Bai et al., 2011; Lerner-Marmarosh et al., 1999), the cells 

were cracked by a minimum of six passes by liquid nitrogen freezing and blending (Dunn and 

Wobbe, 2001). To reduce the amount of DDM in our activity assays and during liposome 

preparation, no additional DDM was added after the nickel-nitrilotriacetic acid (Ni-NTA) 

column step. Typical protein purification yields were 12±2 mg for 100 g of wet weight cells, 

which is similar to previous yields (Bai et al., 2011). SDS/PAGE analysis of the protein showed 

that it was >95% pure. The protein was concentrated up to 150 µM in Amicon Ultra-15 100 kDa 

cut-off filters (EMD Millipore, Billerica, MA) and stored at −80°C in 10 mM Tris/HCl, 30% 

glycerol, pH 8.0. The concentration of detergent-solubilized Pgp was measured using the DC 

Protein Assay Kit II (Bio-Rad Laboratories) or using the molar absorption coefficient of 

1.28 ml·mg−1·cm−1 (0.181 µM−1·cm−1) (Bai et al., 2011). 
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2.3.3. Reconstitution of Pgp into liposomes 

Pgp was reconstituted into 400 nm unilamellar liposomes using the filter extrusion 

method (Mui et al., 2003; Rigaud and Levy, 2003). The liposomes were composed of 80% w/v 

Avanti E. coli Total Lipid Extract (Avanti Polar Lipids) with a defined lipid profile and 20% w/v 

cholesterol. Lipids and cholesterol were mixed together in chloroform to a final volume and 

concentration of 10 ml and 10 mg·ml−1 respectively. This organic solution was evaporated to 

dryness in a Buchi Rotavapor Model R-114 (Buchi). This was resuspended in 10 ml of 0.1 mM 

EGTA and 50 mM Tris/HCl (pH 7.4). The suspension was freeze thawed at least 10 times using 

liquid nitrogen. The rehydrated lipid was put through a LIPEX extruder 11 times (Northern 

Lipids) with a 400 nm cutoff Millipore filter (EMD Millipore). Approximately 100 µM of Pgp 

was dialysed against HEPES buffer (20 mM HEPES, 100 mM sodium chloride, 5 mM 

magnesium chloride, 2 mM DTT, pH 7.4) for 2 h to remove residual detergent. Then 50 µM of 

dialysed protein and 4 mg·ml−1 liposomes were incubated for 1 h. This was then dialysed for 

another 2 h against HEPES buffer to promote integration of the protein into the liposomes. To 

remove aggregated Pgp, the reconstituted liposomes were centrifuged for 5 min at 100 g in a 

Sorvall Legend Micro 21 centrifuge (ThermoScientific). To determine the orientation of mouse 

Pgp in the liposomes, the permeability of the reconstituted liposomes was tested with CHAPS 

detergent to expose nucleotide-binding domains (NBDs) oriented within the liposome (Aanismaa 

and Seelig, 2007; Shapiro and Ling, 1995; Sharom et al., 1993). Since there was no increase in 

the ATPase activity with increasing CHAPS concentrations, Pgp was assumed to be in an inside-

out orientation. 
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2.3.4. ATPase activity measurements 

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

(Chifflet et al., 1988). The method estimates the ATPase activity by measuring the concentration 

of free Pi after ATP hydrolysis through the formation of a Pi–molybdenum complex, which 

produces a strong absorbance signal at 850 nm. The absorbance at 850 nm was measured on a 

96-well plate in a FlexStation 3 spectrometer (Molecular Devices). The ATPase activity of 

verapamil and digoxin was measured with 50 nM Pgp in Chifflet buffer (150 mM ammonium 

chloride, 5 mM magnesium sulfate, 0.02% w/v sodium azide, 50 mM Tris/HCl, 2 mM DTT, 

pH 7.4). 

Traditionally, simple enzyme kinetics have been analysed using linear transformations 

such as the Lineweaver–Burk (double reciprocal), Hans–Woolf or Eadie–Hofstee plots (Cook 

and Cleland, 2007; Segel, 1975b). However, these plots suffer from a lack of variable 

independence across the axes and biasing of the error and the data points (Leatherbarrow, 1990; 

Martin, 1997; Ranaldi et al., 1999). These methods have generally been superseded by non-

linear regression methods that are significantly more accurate and no longer computationally 

inaccessible (Leatherbarrow, 1990). Therefore, for ATP hydrolysis kinetics that were 

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

ATPase hydrolysis rate (vbasal) and the Michaelis–Menten constant (Km) were estimated with the 

Michaelis–Menten equation (equation 1) (A. G. Roberts et al., 2011; Segel, 1975b): 

) = +,-.	[1]
345[1]

+ )'&7&8        (1)                 

For ATP hydrolysis kinetic curves showing biphasic substrate inhibition, the VMAX, Km and the 

inhibitory constant (Ki) were estimated with equation 2 (A. G. Roberts et al., 2011; Segel, 

1975b): 
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For more complicated kinetics, fitting equations have been developed in some cases, but may 

require specialized numerical methods to solve and may result in multiple solutions (Davydov et 

al., 2005). 

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) (Hoops et al., 2006) and the proprietary Berkeley Madonna (University of California, 

Berkeley, CA). For ATP hydrolysis kinetics observed in the presence of both verapamil and 

digoxin, the ATPase activity curves were fit to kinetic models using the evolutionary 

programming fitting algorithm in the COPASI software (Hoops et al., 2006). 

 

2.3.5. Fluorescence spectroscopy 

Quenching of intrinsic protein fluorescence has been used to measure the binding affinity 

of a chemically-diverse range of ligands with Pgp (Liu et al., 2000; Sharom et al., 2003). Drug-

induced quenching of protein fluorescence with Pgp reconstituted in liposomes was investigated 

on an Olis DM 45 spectrofluorimeter (Olis Corp). All fluorescence samples contained 1 µM 

liposome-reconstituted Pgp in Chifflet buffer (pH 7.4). Fluorescence emission was measured at 

333 nm following excitation between 260 and 295 nm to minimize inner filter effects and 

background fluorescence. Drug-induced fluorescence quenching was corrected (Fcorrected) for 

background fluorescence, dilution and inner filter effects with equation 3 (Lakowicz, 1999): 

<=>??@=A@B = (< − E)10
IJK	LJK	M	IJ4LJ4 [N]

O         (3) 

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

ligand concentration. The molar absorption coefficients (ε) for excitation and emission are εex 
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and εem respectively. Verapamil was transparent above 300 nm and had ε280 nm and ε295 nm of 4 

and 0.27 mM−1·cm−1 respectively. Digoxin was transparent above 250 nm. The pathlength (b) 

along the excitation and emission axes are bex and bem respectively. Drug-induced quenching of 

protein fluorescence from complexation of the ligand to the protein is known as static quenching, 

and can be used to estimate the drug's affinity. Drug-induced fluorescence quenching from 

random collisions with the protein is known as dynamic quenching (Lakowicz, 1999). 

Regardless of the nature of the quenching, the fluorescence quenching curves were fit to 

equation 4 (Lakowicz, 1999): 

<=>??@=A@B = 	
PQRSSJQTJU,V
$53[W]

  (4) 

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. The two different quenching mechanisms can be 

differentiated by measuring the protein's fluorescence life time in the presence of the quenching 

ligand or by performing the fluorescence titration experiments at two different temperatures 

(Lakowicz, 1999). In the latter case, the K will increase with increasing temperature for dynamic 

quenching by increasing the collisional frequency of the quencher and will decrease in the case 

of static quenching by decreasing the residence time of the quenching ligand. 

Acrylamide is a neutral aqueous collisional quencher that has been widely used to probe 

the accessibility of tryptophans in proteins and probe changes in tertiary structure (Liu et al., 

2000; Sonveaux et al., 1999). Dynamic quenching of intrinsic tryptophan fluorescence by 

acrylamide has been used to probe conformational changes of Pgp (Liu et al., 2000; Russell and 

Sharom, 2006; Sonveaux et al., 1999). For these experiments, fluorescence emission with Pgp 

reconstituted in liposomes was measured at 333 nm following excitation at 295 nm. Control 
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acrylamide titrations were performed in the presence of N-acetyl-L-tryptophanamide (NATA) to 

estimate the degree of non-specific quenching (Liu et al., 2000). Fluorescence intensities were 

corrected for with equation 3 (Lakowicz, 1999). To produce the Stern–Volmer plots, the 

Fcorrected,0/Fcorrected was plotted as a function of the acrylamide concentration. The degree 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] (Lakowicz, 1999). 

 

2.3.6. NMR 

All NMR experiments with verapamil and digoxin 1H NMR spectra were performed on a 

600 MHz Varian INOVA spectrometer at 25°C equipped with a 5 mm z-gradient 1H{13C/15N} 

cryoprobe. The 1H NMR peaks were assigned using standard 1H 1D and 2D NMR techniques. 

NMR spectra were analysed using the iNMR software (http://www.inmr.net) and Igor Pro 6.2 

(Wavemetrics). The 1H NMR peak assignments for verapamil and digoxin are shown in 

Supplementary Figure S1 in the Supplementary Information and were essentially identical with 

previous 1H NMR peak assignments (Maccotta et al., 1991a; Tetreault and Ananthanarayanan, 

1993). 

The saturation transfer difference (STD) NMR technique is a well-established method for 

probing ligand–protein interactions (e.g. Leach and Hann, 2011). With this technique, the protein 

is selectively excited at a frequency outside of the ligand 1H NMR peaks, the saturation is 

transferred from the excited protein to the ligand through spin diffusion and the ligand STD 

NMR signal is observed (Mayer and Meyer, 2001a). However, in the case of liposomes 

reconstituted with Pgp, there will be significant interference because of saturation transfer 

between the liposome membrane and the drugs. This interference can be subtracted from the 
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saturation transfer between the drug and the protein by the NMR technique called STDD 

(Claasen et al., 2005b; Haselhorst et al., 2007; Pereira et al., 2009; Shirzadi et al., 2008). The 

STDD NMR procedure for membrane proteins was performed as described in (R. 

Venkitakrishnan et al., 2012). STDD NMR samples contained 1 µM Pgp reconstituted into 

liposomes in 100 mM potassium phosphate buffer [80% 2H2O (99.9%) and 20% ddH2O, pH 7.4]. 

The STDD NMR experiments were performed with a double pulsed field gradient spin echo 

pulse sequence to suppress background water, a 2s train of 50 ms shaped saturation pulses to 

selectively excite the protein and a total relaxation delay of 5 s (Mayer and Meyer, 2001a). The 

number of transients collected for the on resonance and the off resonance spectra were 512. To 

minimize saturation transfer between the drugs and the liposomes, samples were selectively 

irradiated at a frequency of 10.5 ppm. Control experiments were performed under identical 

conditions with liposomes and the drugs. To produce the STDD NMR spectrum, 1H STD NMR 

spectrum of liposomes with drugs was subtracted from the 1H STD NMR spectrum of Pgp 

reconstituted in liposomes with drugs (ΔI). The STDD NMR subtraction procedure is 

demonstrated with verapamil in Supplementary Figure S2 in the Supplementary Information. 

The STDD amplification factor was calculated using the following equation based on the STD 

amplification factor (equation 5) (Mayer and Meyer, 2001a): 

X%YY	Z[\]^_^`ab^cd	<a`bce = 	 [1]
[f]

∆h
hV

  (5) 

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

absence of saturating pulses. 
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2.4. RESULTS 

2.4.1. The effect of verapamil and digoxin on the Pgp-coupled ATPase activity 

Figure 2.2 shows the mouse Pgp-coupled ATPase activity of Pgp with verapamil and 

digoxin. In the absence of drugs, Pgp had basal ATPase activity of 512±151 nmol·min−1·mg−1 at  

saturating 3.2 mM ATP, which is in the range of basal activity rates observed in the literature 

between 0 (Ritchie et al., 2009) and 2600 nmol·min−1·mg−1 (Borgnia et al., 1996). 

Kinetics of Pgp-coupled ATP hydrolysis in the presence of verapamil (Figure 2.2, open 

squares) was biphasic with substrate activation and inhibition of ATP hydrolysis reaching a 

maximum of 2106±98 nmol·min−1·mg−1 or 3- to 4-fold activation at 8 µM verapamil. Fitting the 

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

2546±130 nmol·min−1·mg−1, 1.9±0.5 µM and 454±109 µM respectively. These results suggest 

that there is a high-affinity and a low-affinity verapamil-binding site on Pgp. 

Biphasic verapamil kinetics with the transporter has been observed previously with 

hamster (Borgnia et al., 1996; Litman, Zeuthen, et al., 1997b; Orlowski et al., 1996; Sharom et 

al., 1995), human (Aanismaa and Seelig, 2007) and mouse (Litman, Nielsen, et al., 1997) Pgp. 

These values are very similar to the average Km and Ki values determined for mouse Pgp in 

Ehrlich membranes of 2.5 and 225 µM (Litman, Nielsen, et al., 1997) and for human Pgp in 

NIH-MDR1-G185 cells of 1.0 and 843.6 µM respectively (Aanismaa and Seelig, 2007). The 

VMAX was also similar to previous determinations with mouse Pgp and the half maximal ATPase 

activity of 4.2 µM with mouse Pgp was close to our estimates (Bai et al., 2011). 

However, in a previous study (Bai et al., 2011), verapamil ATPase activation kinetics 

was monophasic and the maximum velocity was reached at 150 µM rather than 8 µM. Since the  
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Figure 2.2. Verapamil and digoxin-induced ATPase activation of Pgp.  The Pgp-coupled 

ATPase activity as a function of verapamil (open squares) and digoxin (open circles) 

concentrations.  The fits are shown as solid lines.  Error bars represent the standard deviation and 

the points represent an average of at least three independent experiments. 
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transporter is known to be sensitive to detergent and lipid composition (Doige et al., 1993; 

Lerner-Marmarosh et al., 1999; Romsicki and Sharom, 1998, 1999; Saeki et al., 1992; Sharom, 

2014; Sharom et al., 1995), these differences in ATP hydrolysis kinetics were attributed to our 

procedure for reconstituting the transporter into the liposomes and our efforts to minimize the 

DDM during the protein purification process. 

The digoxin-induced activation of ATP hydrolysis kinetics was monophasic and reached 

a maximum ∼2-fold activation or ∼1300 nmol·min−1·mg−1 (Figure 2.2, open circles), which is in 

the range observed previously (Matsunaga et al., 2006; Rebbeor and Senior, 1998; von Richter et 

al., 2009). The kinetics were fit to the Michaelis–Menten equation (equation 1) and gave values 

for VMAX and Km of 1344±149.8 nmol·min−1·mg−1 and 240.4±68.1 µM respectively. This value is 

close to the Km for digoxin transport in human Pgp from Caco-2 cells of 385 µM (Hansen and 

Nilsen, 2009). Although our Km value was in the general range of previously determined Km 

values for digoxin-induced ATPase activation of Pgp, the previously determined Km values vary 

widely in the literature (Matsunaga et al., 2006; Rebbeor and Senior, 1998; von Richter et al., 

2009). A Km value of 1.2 µM for ATPase activation by digoxin was determined in Caco-2 

membrane vesicles containing human Pgp (Matsunaga et al., 2006), whereas a Km value of 

83.7 µM for ATPase activation was reported for human Pgp-enriched insect cell membranes 

(von Richter et al., 2009). For CR1R12 cells containing Pgp, maximal activation of ATP 

hydrolysis was not even reached at 1000 µM digoxin (Hansen and Nilsen, 2009) implying a Km 

that is considerably higher than 500 µM. This wide variation may be due to differences in 

membrane preparation, in lipid composition and/or in protein/lipid ratios. 
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2.4.2. The effect of verapamil on the affinity of digoxin to Pgp by intrinsic protein 

fluorescence 

Quenching of intrinsic protein fluorescence was used to probe the binding affinities of 

verapamil and digoxin to Pgp. Unfortunately, Pgp fluorescence at ∼330 nm was severely masked 

by inner filter effects and background fluorescence by verapamil when the protein was excited 

between 260 and 280 nm. Exciting the protein at 295 nm minimized these negative effects of 

verapamil on the protein fluorescence signal. Unlike previous studies with hamster Pgp 

(Romsicki and Sharom, 1999), no significant verapamil-induced quenching of Fcorrected was 

observed. However, this characteristic allowed us to examine the effects of verapamil on the 

affinity of digoxin to Pgp. 

Figure 2.3 shows the effect of digoxin on the protein fluorescence of Pgp in the presence 

of low and high concentrations of verapamil. Pgp was most sensitive to protein fluorescence 

quenching by digoxin when the protein was excited at 280 nm. Figure 2.3 A shows the effect of a 

range of digoxin concentrations on the uncorrected normalized protein fluorescence of Pgp after 

exciting at 280 nm. After correcting the fluorescence with equation 3 the amplitude at 333 nm in 

panel A was plotted as a function of the digoxin concentration in Figure 2.3 B and shows that 

Pgp is quenched ∼10% at saturating levels of digoxin. The titration curve appears to be 

monophasic with a K of 0.0100±0.0018 µM−1 after fitting to equation 4. To determine if the 

digoxin-induced quenching was due to a dynamic or a static quenching process, the titration was 

also performed at 37°C, which caused a decrease in the K value to 0.0030±0.0008 µM−1 and 

showed that digoxin induced static quenching of Pgp. This allowed us to calculate a dissociation 

constant (KD) for digoxin binding to Pgp at 25°C of 100±18 µM (i.e. KA=1/KD). A digoxin 

titration of Pgp was performed in the presence of 8 µM verapamil, which caused the highest  



 

 48  

 

Figure 2.3. Digoxin-induced fluorescence quenching of Pgp in the presence of verapamil at 

25oC. A) Pgp fluorescence spectra in the presence of a range of digoxin concentrations after 

exciting at 280 nm.  The spectrum at 0 µM and 250 µM digoxin are shown as thin and thick 

lines, respectively, while intermediate concentrations of digoxin are shown as gray lines.  Protein 

fluorescence emission at 333 nm as a function of digoxin concentration and in the presence of B) 

0 µM, C) 8 µM and D) 50 µM verapamil.  The average and standard deviations are represented 

as points and bars, respectively, and reflect at least three independent experiments. 
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activation of Pgp-coupled ATP-hydrolysis in Figure 2.2 (closed squares). The Fcorrected at 333 nm 

was plotted as a function of protein concentration and is shown in Figure 2.3 C. A KA value of 

0.0074±0.0033 µM−1 (KD=135±61 µM) was extracted from fitting the curve, which was very 

similar to the value determined in the absence of verapamil implying that both verapamil and 

digoxin are bound simultaneously to Pgp. The verapamil concentration was increased to 50 µM 

with the Fcorrected digoxin titration shown in Figure 2.3 D. The KA determined by fitting this 

fluorescence quenching curve was 0.0015±0.00057 µM−1 (KD=679±261 µM). This is 

significantly lower than the KA value determined at 8 µM and 0 µM verapamil. The decrease in 

KA suggest that verapamil and digoxin are competitive at higher verapamil concentrations and 

that there is overlap in their binding sites. Digoxin titrations at higher verapamil concentrations 

with Pgp were attempted, but suffered from significant interference from inner filter effects by 

and fluorescence from verapamil (results not shown). 

 

2.4.3. Drug-induced conformational changes of Pgp by verapamil and digoxin 

Acrylamide quenching of tryptophan fluorescence in the presence of drugs was used to 

investigate drug-induced conformational changes of Pgp. Figure 2.4 shows Stern–Volmer plots 

(i.e. F0/F compared with [acrylamide]) in the absence and presence of drugs to probe protein 

conformational changes and tryptophan accessibility. The slope of the Stern–Volmer plot for Pgp 

in the absence of drugs had a KSV value of 1.55±0.04 M−1 (Figure 2.4 A, closed squares). The 

slope of the Stern–Volmer plot with NATA Figure 2.4 A, open squares) was measured to 

determine non-specific tryptophan interactions, and had a relatively high KSV value of 

15.14±0.57 M−1 that showed most of the tryptophans of Pgp are inaccessible to acrylamide. 

Figures 2.4 B and C show the Stern–Volmer plots of Pgp in the presence of low and high 
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Figure 2.4. Acrylamide quenching of the Pgp transporter in the presence of verapamil and 

digoxin. A) The Stern-Volmer plots of NATA (open squares) and Pgp in the absence of drugs 

(closed squares).  The Stern-Volmer plots of Pgp in the presence of B,E) 8 µM and C,F) 1000 

µM verapamil.  D, E, F) The Stern-Volmer plots of Pgp with 250 µM digoxin added in addition 

to verapamil.  For comparison, the slopes in panel A are presented as dashed lines in panels B 

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

and reflect at least three independent experiments. 
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concentrations of verapamil. KSV values of 3.06±0.21 M−1 and 3.81±0.26 M−1 were determined 

from the slopes of the plots with low and high concentrations of verapamil respectively. These 

differences show that verapamil shifts Pgp into at least two distinct conformations and the largest 

conformational changes occur at low concentrations of verapamil. This observation is consistent 

with verapamil-induced Pgp conformational changes deduced from cross-linking of (T. W. Loo 

et al., 2003a, 2003b, 2003c), trypsin digestion of (G. Wang et al., 1998) and antibody 

competition with Pgp (Nagy et al., 2001). The slope of the Stern–Volmer plot for Pgp in the 

presence of 250 µM digoxin was 2.29±0.12 M−1 (Figure 2.4 D). When 8 µM of verapamil was 

added to 250 µM digoxin (Figure 2.4 E), the KSV value increased to 3.44±0.19 M−1. Addition of 

high concentrations of verapamil to Pgp in the presence of 250 µM digoxin increased the slope 

of the Stern–Volmer plot to 3.87±0.26 M−1 (Figure 2.4 F), which is similar to the KSV value 

determined from Figure 2.4 C without digoxin and implies that they are in a similar 

conformation. 

 

2.4.4. Interactions of verapamil and digoxin with Pgp determined by STDD NMR 

STDD NMR was used to probe the interactions of verapamil and digoxin with Pgp. 

Figure 2.5 shows the STDD NMR of verapamil and digoxin with Pgp. Figures 2.5 A and B show 

the STDD NMR spectrum and amplification factors, respectively, with 1 mM verapamil and 

1 µM Pgp. Overall, the strongest interactions with Pgp occurred with the aromatic and methoxy 

groups of verapamil with an STDD amplification factor of ∼15 indicating that they are the most 

important functional groups for molecular recognition by Pgp. STDD amplification factors that 

were half of these groups were observed for the methyls labelled A, A′ and Q with STDD 

amplification factors of ∼7. There were some weak STDD signals observed from the alkyl group  
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Figure 2.5. Saturation transfer double difference (STDD) NMR of verapamil and digoxin with 1 

µM Pgp.  The STDD amplification (amp.) factors were calculated from the STDD NMR spectra 

(A, C, E, and G) for verapamil (B and H) and digoxin (D and F).  The concentrations of 

verapamil and digoxin are shown on the left side of the figure. Parameters for the NMR 

experiments are in the Experimental section. 
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(labelled L) of the distal phenyl group. No 1H STDD NMR peaks were observed for the other 

protons labelled G, H, I and K. 

Figures 2.5 C and D show the STDD NMR spectrum and amplification factors of 250 µM 

digoxin with Pgp. Significant STDD NMR peaks were observed for several protons (e.g. 1″′) 

emanating from the sugars and proton from the furan-2-one functional group. The highest STDD  

amplification factor was observed for the proton that is near the 1,4 β-linkage with an STDD 

amplification factor of ∼8. To investigate the effect of verapamil on the interactions of digoxin 

with the transporter, 8 µM of verapamil was added to samples containing protein and 250 µM 

digoxin in Figures 2.5 E and F. Because of the low verapamil concentration, no STDD NMR 

peaks were observed for this drug. The relative amplitudes of the STDD NMR spectrum were 

quite similar to the STDD NMR spectrum taken without 8 µM verapamil. Therefore, low 

concentrations of verapamil did not significantly perturb digoxin's bound orientation to Pgp. 

However, the absolute amplitudes of the STDD NMR spectrum and amplification factors 

decreased ∼50% in the presence of 8 µM verapamil. This decrease was attributed to a fraction of 

verapamil molecules competing with digoxin bound to Pgp and to small errors in measuring the 

drug/protein ratios. The effect of higher concentrations of verapamil on digoxin's interaction with 

Pgp is shown in Figures 2.5 G and H. No digoxin STDD NMR peaks were observed in the 

STDD NMR spectrum, which indicates complete displacement of digoxin from Pgp. The STDD 

amplification factors of verapamil were very similar to the 1H STDD NMR spectrum without 

digoxin (Figure 2.5 A). 
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2.4.5. Modelling Pgp-coupled ATPase activity with a panel of digoxin and verapamil 

concentrations 

Figure 2.6 shows a DDI model and Pgp-coupled ATPase activity curves with a panel of 

digoxin and verapamil concentrations. The model shown in Figure 2.6 A was the simplest that 

encompassed the results of the ATPase activity, intrinsic tryptophan fluorescence and the STDD 

NMR experiments. In the model, two verapamil molecules bind to Pgp, which is consistent with 

the biphasic ATP hydrolysis kinetics shown in Figure 2.2. The model also shows that verapamil 

and digoxin bind simultaneously to Pgp (i.e. the enzyme verapamil-digoxin complex (EVD)). 

This is supported by the fact that the digoxin KD is not significantly perturbed at low 

concentrations of verapamil and is also consistent with non-competitive inhibition for digoxin 

transport by verapamil (Ito et al., 1993; Verschraagen et al., 1999). In the model, higher 

concentrations of verapamil competitively displaces digoxin from its binding site on Pgp. 

Competitive displacement of digoxin by verapamil was observed at 50 µM verapamil in the 

intrinsic tryptophan measurements of Pgp (Figure 2.3 D). It was also demonstrated in the STDD 

NMR spectrum in Figure 2.5 G by a lack of 1H digoxin STDD NMR peaks. 

Figures 6B and 6C shows the Pgp ATPase activity with a range of digoxin and verapamil 

concentrations. Because of the complexity of the model shown in Figure 2.6 A, the kinetics 

curves in Figures 2.6 B and C were fit using the COPASI software package. A complete list of 

kinetic and thermodynamic parameters used to fit the curves in the figures is presented in 

Supplementary Table S1 of the Supplementary Information. The fits to the ATPase activity 

kinetic curves had correlations (R) that were 0.9 or greater with one exception, which had a low 

χ2. The average basal ATP hydrolysis activity (VMAX0) determined from the fits was 538±64 

nmol·min−1·mg−1. 
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Figure 2.6. DDI effects of verapamil and digoxin on the ATPase activity of Pgp.  A) DDI model 

used to fit the ATPase activity curves.  Horizontal and vertical arrows denote the equilibria 
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between bound states and the ATPase activity from the bound states, respectively.  E, V and D 

correspond to Pgp, verapamil and digoxin, respectively.  B) Verapamil-induced activation of 

ATPase activity in the presence of 0 µM (closed squares), 125 µM (open squares), 250 µM 

(closed circles) and 500 µM digoxin (open circles).  C) Digoxin-induced activation of ATPase 

activity in the presence of 0 µM (closed squares), 4 µM (open squares), 8 µM (closed circles) 

and 125 µM verapamil (open circles).  The fits are shown as lines, the error bars represent the 

standard deviation and the points represent an average of at least three independent experiments.  

The statistics and the values used to fit the curves are shown in Table S1 of the Supplementary 

Information. 
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Figure 2.6 B shows the effect of digoxin on the ATPase activity with a range of 

verapamil concentrations. In the absence of digoxin, KD1, KD2, VMAX1 and VMAX2 values of 

1.83 µM, 211 µM, 3000 nmol·min−1·mg−1 and 1100 nmol·min−1·mg−1, respectively, for 

verapamil-induced activation of Pgp-coupled ATP hydrolysis were extracted from the fits. These 

dissociation constants were very similar to those obtained by fitting the ATPase activity kinetics 

curve in Figure 2.2 (open squares). Fitting all of the curves gave an average KD1, KD2, VMAX1 and 

VMAX2 for verapamil-induced activation of Pgp-coupled ATP hydrolysis of 1.95±0.89 µM, 

187±41 µM, 2757±313 nmol·min−1·mg−1 and 896±132 nmol·min−1·mg−1 respectively. 

Figure 2.6 C shows the effect of verapamil on the ATPase activity with a range of 

digoxin concentrations. In the absence of verapamil, the ATPase activity kinetics with digoxin 

was monophasic and fits well to the model in Figure 6A with a KD3 and VMAX3 of 239 µM and 

1983 nmol·min−1·mg−1, which is similar to the KD and VMAX values obtained from fitting Figure 

2.2 (open circles). The average KD3 and VMAX3 values for digoxin-induced ATPase activation 

determined from fitting all the curves with COPASI were 206±53 µM and 1981±207 

nmol·min−1·mg−1. 

The remaining parameters were estimated indirectly by fitting with COPASI. The affinity 

of digoxin to Pgp in the presence of verapamil (KD4) was 292±89 µM. This is very similar to the 

KD2 determined in the absence of verapamil. The affinity of verapamil to Pgp in the presence of 

digoxin (KD5) was 3.41±1.91 µM, which is relatively close to KD1. These results suggest that 

verapamil and digoxin were essentially not cooperative with respect to binding to Pgp. The 

VMAX4,5 for drug-induced ATPase activation from simultaneous binding of digoxin and verapamil 

was 121±139 nmol·min−1·mg−1 and reflects an almost complete inhibition of ATP hydrolysis in 

the presence of both drugs. In this case, verapamil and digoxin are negatively cooperative with 
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respect to Pgp-coupled ATP hydrolysis. This also correlates well with non-competitive inhibition 

of digoxin transport by Pgp in the presence of verapamil (Ito et al., 1993; Verschraagen et al., 

1999). 

 

2.5. DISCUSSION 

In Figure 2.7, we propose a DDI transport model with Pgp based on our results with 

verapamil and digoxin, and the conformational changes that Pgp is known to undergo with 

nucleotide cofactors and drugs (T. W. Loo et al., 2003a, 2003b; Ritchie et al., 2011; Verhalen et 

al., 2012). For simplicity, we have represented Pgp in our model by three conformations: ‘open’, 

‘closed’ and ‘intermediate’. In reality, these conformations represent an ensemble average 

between a range of conformations. In the ‘open’ conformation, the NBDs are relatively far apart 

and the cytosolic side is exposed to the bulk solvent. In the ‘closed’ conformation, the NBDs are 

in contact with each other and the extracellular side is exposed to the bulk solvent. The 

‘intermediate’ conformation is between the ‘open’ and ‘closed’ conformations. In this 

conformation, both the cytosolic and extracellular sides of Pgp are exposed to the bulk solvent. 

Drug-induced changes in tryptophan accessibility deduced from the acrylamide 

quenching experiments implied that Pgp occupies distinct conformations at each of the digoxin 

and verapamil concentrations. Unfortunately, this information cannot be used to assign specific 

drug-bound Pgp conformations. Instead, the assignment was based on drug-induced activation of 

the Pgp-coupled ATP hydrolysis rate. Our rational was based on the fact that site-directed 

mutagenesis and cross-linking studies of Pgp in addition to structural studies of the bacterial 

transporters with nucleotide analogues have demonstrated that the interaction of the Pgp  
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Figure 2.7. DDI transport model of verapamil and digoxin with Pgp.   Pgp is shown as a cartoon 

representation of three conformational states: “open,” “closed” and “intermediate.”  Verapamil 

and digoxin are represented as diamonds and triangles, respectively.  The panels show Pgp A) in 

the absence of drugs, B) with 1 bound verapamil molecule, C) with 2 bound verapamil 

molecules, D) with 1 digoxin molecule bound and E) with 1 bound verapamil and 1 bound 

digoxin.  The top and the bottom of the Pgp representations are the extracellular and cytosolic 

sides, respectively.  The vertical arrows denote transport and the size of the arrows reflect their 

relative transport rates, while X denotes transport inhibition.  H, L and N are the high affinity 

binding site, low affinity binding site and the nucleotide binding domains, respectively. 
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nucleotide domains with each other is essential for ATP hydrolysis (Beaudet and Gros, 1995; 

Hrycyna et al., 1999; Lawson et al., 2008; T. W. Loo et al., 2002, 2003a; T. W. Loo et al., 2012; 

Urbatsch et al., 1995). Therefore, the average distance between the NBDs of Pgp was correlated 

to the ATP hydrolysis rate in our model. In other words, drugs that induce a relatively low and 

high ATPase rates will shift Pgp into ‘open’ and ‘closed’ conformations respectively. 

The locations of the verapamil-binding sites are currently unknown. The biphasic 

verapamil ATPase activation kinetics that are shown in Figures 2 and and66 suggest a high- and 

a low-affinity verapamil-binding site on Pgp. Several studies have identified residues clustered 

near the extracellular side of Pgp (Hafkemeyer et al., 1998; T. W. Loo et al., 2003b; Welker et 

al., 1995) and G185 (Omote et al., 2004; Rao, 1995), which lies in the transmembrane region of 

Pgp, that have marked effects on verapamil-induced activation of ATP hydrolysis and transport. 

Deletion of residues between 78 and 97 near the extracellular side of human Pgp caused a 

dramatic increase in the Km for ATPase activation by verapamil (Welker et al., 1995). Multiple 

mutations near the extracellular side of human Pgp decreased activity towards verapamil 

transport (Hafkemeyer et al., 1998). Permanent ATPase activation of human Pgp was observed 

in cysteineless human Pgp with an I306C mutation labelled with a thiol-reactive verapamil 

analogue (T. W. Loo et al., 2003b). Mutating the G185 residue had very strong effects on the 

VMAX of verapamil-induced ATPase activation (Omote et al., 2004; Rao, 1995). The mutation 

also had significant effects on the Ki for substrate inhibition for verapamil, but negligible effects 

on verapamil's Km (Omote et al., 2004). By affecting the Ki and not the Km suggested to us that 

the mutation is affecting an alternate verapamil-binding site. With this information, the high-

affinity (H) drug-binding site is placed roughly near the extracellular side of Pgp, whereas the 
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low-affinity (L) drug-binding site is closer to the NBDs within the transmembrane region of the 

transporter in Figure 2.7 A. 

Figure 2.7 A shows Pgp in the absence of ligands. Because the ATPase hydrolysis rate in 

the absence of ligands is relatively low at ∼500 nmol·min−1·mg−1, Pgp will be in an ‘open’ 

conformation with the NBDs (N) separated in our model. 

At low verapamil concentrations, the drug binds to the H site in Figure 7B. Fitting the 

Pgp-coupled ATPase activity kinetics of Figure 2.6 B gave a VMAX of ∼3000 nmol·min−1·mg−1. 

This is the highest ATPase activation observed for either drug. Therefore, Pgp is proposed to be 

in the ‘closed’ conformation under these conditions. 

At higher verapamil concentrations, the drug will occupy the L site on Pgp in Figure 2.7 

B. The degree of ATPase activation is less than half the Pgp-coupled ATPase activation at lower 

verapamil concentrations, but is significantly higher than basal Pgp-coupled ATPase activity. 

Therefore, Pgp is proposed to be in an intermediate conformation. Consistent with the 

concentration-dependence observed for ATPase activation by verapamil, the drug transport rate 

is also concentration-dependent. In Caco-2 cells containing human Pgp, verapamil had a higher 

permeability ratio with Pgp at low opposed to higher verapamil concentrations (Faassen et al., 

2003). Also, human Pgp overexpressed in LLC-PK1 cells had higher efflux ratios at 350 nM 

than 5 µM verapamil (Pauli-Magnus et al., 2000; Schwab et al., 2003). Therefore, we propose 

that verapamil occupancy at the H site alone (Figure 2.7 B) will lead to higher verapamil 

transport rates than occupancy at both drug-binding sites (Figure 2.7 C). 

Addition of digoxin leads to formation of Pgp complex shown in Figure 2.7 D. The 

affinities deduced from the intrinsic protein fluorescence (Figure 2.3) and from fitting the 

ATPase activity kinetics curves (Figures 2.2 and 2.6) posits the drug in the L site. The degree of 
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Pgp-coupled ATPase activation by digoxin was similar to the Pgp-coupled ATPase activation in 

the presence of high concentrations of verapamil. The relative tryptophan accessibility 

determined from the slopes of the Stern–Volmer plots was similar under both of these conditions 

(cf. Figures 2.4 E and C). Therefore, Pgp will be in an intermediate conformation in our model. 

The permeability/efflux ratios of digoxin with Pgp in several cell lines ranged between 4 and 35 

(Haslam et al., 2008; Schwab et al., 2003; Taub et al., 2005; Q. Wang et al., 2005). This 

contrasts with the permeability/efflux ratios for Pgp at low verapamil concentrations, which were 

generally lower and ranged from ∼1 to 6 (Faassen et al., 2003; Haslam et al., 2008; Schwab et 

al., 2003). These results suggest that the coupling between ATP hydrolysis and transport for 

drugs may be ligand dependent. 

When low verapamil concentrations are added to the digoxin–Pgp complex, verapamil 

will occupy the H site and form the complex shown in Figure 2.7 E. Several lines of evidence 

support the simultaneous binding of verapamil and digoxin to Pgp. First, verapamil non-

competitively inhibits digoxin transport by Pgp (Ito et al., 1993; Verschraagen et al., 1999). 

Second, the KDs determined from fitting the intrinsic protein fluorescence quenching curves in 

Figure 3 showed that addition of low concentrations of verapamil does not significantly change 

the KD of digoxin to Pgp. Third, there are significant 1H STDD NMR peaks for digoxin at 8 µM 

verapamil (Figure 2.5 E), which is a high enough verapamil concentration to saturate the H site. 

Fitting the Pgp-coupled ATPase activity curves in Figure 2.6 revealed that binding of both drugs 

will inhibit ATP hydrolysis. Therefore, Pgp will be in the ‘open’ conformation. 

Higher concentrations of verapamil will completely displace digoxin from the L site 

forming the double bound complex in Figure 2.7 C. This configuration is supported by our 

results that showed the affinity decreased significantly at verapamil concentrations above 8 µM 
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(Figure 2.3). This is also supported by the complete loss of 1H STDD NMR signals from digoxin 

in the presence of 1 mM verapamil (Figure 2.5 G) and implied by the similarity of the Stern–

Volmer plots of Pgp with 1 mM verapamil in the absence and presence of 250 µM digoxin (cf. 

Figures 2.4 C and F). 
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2.6. SUPPLEMENTARY INFORMATION 

Supplementary Figures 2.8 A and B show the 1H NMR peak assignments for verapamil 

and digoxin, respectively. The verapamil and digoxin 1H NMR peak assignments from this study 

were virtually identical to previous assignments (Aulabaugh et al., 1992; Maccotta et al., 1991a; 

Tetreault and Ananthanarayanan, 1993).  Hydroxyl protons of digoxin were not visible in the 1H 

proton NMR spectrum because of exchange broadening.  

 

 

Supplementary Figure 2.8. 1H proton NMR assignments for 1 mM verapamil in 100 mM KPi, 

pD 7.4 and 200 mM digoxin in d6-DMSO.  
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Supplementary Figure 2.9. Subtraction of background STD contributions from the saturation 

transfer between liposomes and verapamil.  A) STD NMR spectrum of 1 mM verapamil with 1 

µM of the mouse Pgp transporter in proteoliposomes. B) STD NMR of 1 mM verapamil and 

liposomes in the absence of Pgp. C) STDD NMR of 1mM verapamil with with1 µM of the 

mouse Pgp transporter in proteoliposomes.  The peaks denoted with an * are subtraction artifacts. 
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Supplementary Table 2.1. Fitting parameters and their averages used for fitting the ATPase 

activity curves with verapamil and digoxin. 

 

verapamil, µM 0 – 500 0 4 8 125  

digoxin, µM 0 
 

125 250 500 0 - 250 Average 

VMAX0
b 526 506 543 560 641 451 605 470 538 ± 64 

KD1
a 

VMAX1
 b

 

1.83 
3000 

1.00 
2500 

3.00 
3100 

 

1.00 
3164 

 

- 
- 

1.72 
2500 

 

1.85 
2536 

 

3.27 
2500 

 

1.95 ± 0.89 
 

2757 ± 313 
KD2

a 
VMAX2 

b 
211 

1100 
150 
900 

150 
800 

221 
800 

- 
- 

250 
808 

175 
1062 

150 
800 

187 ± 41 
 

896 ± 132 
KD3

a 

VMAX3 
b 

- 
- 

171 
1993 

120 
1708 

288 
2077 

239 
1983 

220 
1703 

207 
2200 

200 
2200 

206 ± 53 
 

    1981 ± 207 
KD4

a 

KD5
a 

VMAX4 ,5
b 

- 
- 

231 
1.00 
0.00 

207 
5.00 
84.5 

309 
1.00 
5.85 

- 
- 

208 
4.52 
43.9 

394 
3.92 
292 

400 
5.00 
300 

292 ± 89 
3.41 ± 1.91 
121 ± 139 

R- Correlation 0.994 0.992 0.968 0.921 0.994 0.986 0.909 0.704c  
 

a In units of µM 

b In units of nmol min-1 mg-1 

cC2 = 2.05 
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CHAPTER 3 

COOPERATIVITY BETWEEN VERAPAMIL AND ATP BOUND TO THE EFFLUX 

TRANSPORTER P-GLYCOPROTEIN3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                
3 Ledwitch, K. V., Gibbs, M. E., Barnes, R. W. and A. G.  Roberts. (2016). Biochemical 
Pharmacology. 18, 96-108. Reprinted here with permission of publisher. 
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3.1. 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 other’s interactions. This information was used to 

produce a conformationally-gated model of drug-induced activation of Pgp-mediated ATP 

hydrolysis. 

 

3.2. INTRODUCTION 

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

ATP-binding cassette (ABC) superfamily of proteins (Boumendjel et al., 2009; S. F. Zhou, 
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2008). 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 (Boumendjel et al., 2009; S. F. Zhou, 2008). The 

transporter is expressed at relatively high concentrations in the brain, intestines, liver, placenta, 

and the kidneys (Ceckova-Novotna et al., 2006; Lum and Gosland, 1995). Pgp expression level 

is also influenced by genetic polymorphisms and disease (Cascorbi et al., 2004; Meissner et al., 

2002). The transporter functions to protect tissues from chemical toxicity, but also leads to drug 

resistance and can significantly affect drug disposition (Boumendjel et al., 2009; S. F. Zhou, 

2008). For example, the transporter protects the brain from chemical insults by effluxing drugs 

across the blood–brain barrier (BBB) (Ramakrishnan, 2003), but also makes cancerous tumors 

overexpressing the protein resistant to anticancer drugs (Owens, 2005). 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 (Aller et al., 

2009; Dawson et al., 2007; Jin et al., 2012; A. Ward et al., 2007). 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 [10]. 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 (Dawson et al., 2007; A. Ward et al., 

2007). The bacterial transporter X-ray crystal structures have also been found in different 
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conformations with nucleotide cofactors suggesting that conformational changes play a role in 

transport (Dawson et al., 2007; Hohl et al., 2014; A. Ward et al., 2007). Since both bacterial and 

mouse Pgp have conserved motifs within the NBDs, including Walker A, Walker B and ABC 

signature motifs (e.g. Becker et al., 2009), they are considered to have similar transport 

mechanisms. From these bacterial transporter structures, a conformationally gated transport 

model was proposed (Dawson et al., 2007; A. Ward et al., 2007). 

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 (T. W. Loo et al., 

2003a, 2003b). A study on human Pgp in nanodiscs with antibodies showed that there are ligand 

and cofactor-dependent conformational changes (Ritchie et al., 2011). A fluorescence study with 

mouse Pgp found differences in fluorescence resonance energy transfer (FRET) with drugs, 

nucleotide cofactors and their analogs suggesting conformational changes (Verhalen et al., 

2012). 

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 (Fleckenstein, 1977; 

Gould et al., 1982; G. R. Lewis et al., 1978; G. R. Lewis et al., 1979; Neugebauer, 1978), and 

can function as both a substrate and an inhibitor of the transporter (Wessler et al., 2013). The 

drug is known to activate Pgp-coupled ATP hydrolysis from a number of in vitro studies (e.g. 

Aanismaa and Seelig, 2007; Litman, Zeuthen, et al., 1997b).  The kinetics of verapamil-induced 
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Pgp-coupled ATP hydrolysis is biphasic (Aanismaa and Seelig, 2007; Borgnia et al., 1996; 

Litman, Nielsen, et al., 1997; Litman, Zeuthen, et al., 1997b; Orlowski et al., 1996; Sharom et 

al., 1995), 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. Aanismaa and Seelig, 2007; Borgnia et al., 1996; Litman, 

Nielsen, et al., 1997) 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. Aanismaa and Seelig, 2007; Borgnia et al., 1996; 

Litman, Nielsen, et al., 1997). 
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3.3. MATERIALS AND METHODS 

3.3.1 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 was purchased from Sigma Aldrich (Milwaukee, WI). MgSO4, NaN3, and 

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

 

3.3.2. 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 (Bai et al., 2011; Ledwitch, Barnes, et 

al., 2016; Lerner-Marmarosh et al., 1999). Briefly, detergent solubilized Pgp was reconstituted 
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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) (Bai et al., 2011) or the DC Protein Assay Kit II (Bio-Rad, Hercules, CA). 

 

3.3.3. ATPase activity measurements 

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

colorimetric assay as described previously (Chifflet et al., 1988). 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 (Cook and Cleland, 2007; Segel, 1975a). These types of plots suffer from a lack of 

variable independence across the axes and biasing of the error and the data points 

(Leatherbarrow, 1990; Martin, 1997; Ranaldi et al., 1999). These methods have generally been 

superseded by non-linear regression methods that are significantly more accurate and no longer 
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computationally inaccessible (Leatherbarrow, 1990). 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) (A. G. Roberts et al., 2011; Segel, 1975a). 

) = +,-.	[1]
345[1]

+ )'&7&8        (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) (A. G. Roberts et 

al., 2011; Segel, 1975a). 
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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. (Davydov et al., 

2005). 

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 (Hoops et al., 2006). 

 

3.3.4. 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. (Claasen et al., 2005a; Ledwitch, Barnes, et al., 

2016; R. P. Venkitakrishnan et al., 2012). With this technique, the protein is selectively excited 

with a radio frequency (RF) outside of the frequency of ligand proton NMR peaks, which 
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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 (Mayer and Meyer, 2001b). 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 (Claasen et al., 2005a; Haselhorst et al., 2007). 

The STDD NMR procedure for membrane proteins was performed as described 

previously (Ledwitch, Barnes, et al., 2016; R. P. Venkitakrishnan et al., 2012). 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 (M. 

Piotto et al., 1992), 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 (Horie et al., 2014). A total 

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

program with a 2 s 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 (equation 3) (Ledwitch, Barnes, et al., 2016; Mayer and 

Meyer, 2001b): 

X%YY	Z[\]^_^`ab^cd	<a`bce = 	 [1]
[f]

∆h
hV

  (3) 



 

 76  

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 

25 °C 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 analyzed 

using Igor Pro 6.2 (Wavemetrics, Tigard, OR). The molecular structure of verapamil and 

AMPPNP with the nuclei labeled are shown in Fig. 5A and E.1H NMR peak assignments for 

verapamil and AMPPNP are shown in Fig. 5B and F, respectively, and were essentially identical 

to previous 1H NMR assignments (Maccotta et al., 1991b; Tetreault and Ananthanarayanan, 

1993; Ulrich et al., 2008). 

 

3.3.5. Intrinsic tryptophan fluorescence 

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

affinity of drugs and nucleotides to Pgp (Ledwitch, Barnes, et al., 2016; Liu et al., 2000; Sharom 

et al., 2003). The quenching of protein fluorescence with the nucleotide AMPPNP and 1 µM Pgp 

reconstituted in liposomes was performed as described (Ledwitch, Barnes, et al., 2016) 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 (equation 4) (Lakowicz, 1999): 
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 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 (Lakowicz, 1983). Alternatively, 

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

fluorescence quenching by a mechanism known as dynamic quenching (Lakowicz, 1999). 

Regardless of the nature of the quenching, monophasic fluorescent quenching curves were fit to 

equation 5 (Lakowicz, 1999): 

<=>??@=A@B = 	
PQRSSJQTJU,V
$53[W]

	+ <ijki@j=l@B   (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 equation 6 

(Doppenschmitt et al., 1998): 
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$5	3:[W]
	+ 	 PV,m

$53m[W]
	+ <ijki@j=l@B   (6) 

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 (Lakowicz, 1999). In the case of a dynamic quenching mechanism, the apparent K 
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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. 

 

3.3.6. 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 

(Liu et al., 2000; Sonveaux et al., 1999). Acrylamide quenches intrinsic tryptophan fluorescence 

in a dynamic fashion and has been used to probe conformational changes of Pgp (Liu et al., 

2000; Russell and Sharom, 2006; Sonveaux et al., 1999). 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 (Lakowicz, 

1999). 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] 

(Lakowicz, 1999). 

 

3.4. RESULTS 

3.4.1. The effects of saturating and subsaturating ATP on verapamil-induced Pgp-coupled 

ATPase activity 

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

concentrations e.g. (Aanismaa and Seelig, 2007; Hafkemeyer et al., 1998; Kerr et al., 2001; Tip 

W. Loo and Clarke, 1997; Shapiro and Ling, 1994; Sharom, Yu, et al., 1999). However, in vivo, 
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intracellular ATP concentrations can vary widely from submillimolar levels up to 10 mM 

(Gribble et al., 2000; Kennedy et al., 1999; Manfredi et al., 2002; Schwiebert and Zsembery, 

2003). These values vary depending on cell and tissue type (Ataullakhanov and Vitvitsky, 2002) 

and can fluctuate significantly in disease states (Wong et al., 1992; Y. Zhou et al., 2012). 

Intracellular ATP concentration can also affect cellular function (Gajewski et al., 2003; Huang et 

al., 2010; Leist et al., 1997; Soltoff, 1986). Therefore, the effect of ATP concentration on 

verapamil-stimulated ATPase activity with Pgp was examined. 

Figure 3.1 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 (Figure 3.1 A, 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 (Ledwitch, Barnes, et al., 2016). As suggested previously (Ledwitch, Barnes, 

et al., 2016), 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 (Borgnia et 

al., 1996; Litman, Zeuthen, et al., 1997b; Orlowski et al., 1996; Sharom et al., 1995), mouse 

(Ledwitch, Barnes, et al., 2016; Litman, Nielsen, et al., 1997) and human (Aanismaa and Seelig, 

2007)  Pgp. Biphasic drug-induced ATPase activation kinetics is also a common feature of Pgp 

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

dipyridamole (Gatlik-Landwojtowicz et al., 2006; Jin et al., 2012; Litman, Zeuthen, et al., 

1997b). 
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Figure 3.1. 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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Surprisingly, when the verapamil-induced ATPase activity was measured at subsaturating 

ATP (Figure 3.1 A, 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 1) 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 (Ambudkar et al., 1992) and the Km at this low 

ATP concentration is very similar to the Km at saturating ATP concentrations ( Figure 3.1 A, 

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 (Ledwitch, Barnes, et al., 

2016). Figure 3.1 B and C shows the effect of ATP concentration on the Km and Ki for verapamil 

stimulated Pgp ATPase activity, respectively. In Figure 3.1 B, 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 (Figure 3.1 C). These results imply that verapamil 

at the Ki-associated binding site and ATP are cooperative. Figure 3.1 D shows the apparent VMAX 

as a function of ATP concentration. As expected (Ambudkar et al., 1992), 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. 
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3.4.2. Modeling Pgp-coupled ATPase activity with verapamil and a panel of ATP 

concentrations 

Fitting the ATP hydrolysis kinetics with the substrate inhibition equation in Figure 3.1 A 

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. 

Figure 3.2 A 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 Figure 3.1 A (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. 

Figure 3.2 B (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 (Figure 3.2 B, open squares), the amplitude of the hyperbolic 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, demonstrates that Na3VO4 is a non-competitive inhibitor of Pgp-

mediated ATP hydrolysis as has been previously noted (Litman, Zeuthen, et al., 1997a). The  
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Figure 3.2. 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 
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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 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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differences 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–

2000 nmol min−1 mg−1 and 0.3–1 mM, respectively (Kerr et al., 2001; Liu et al., 2000; Qu et al., 

2003; Shapiro and Ling, 1994; Sharom et al., 1995; Urbatsch and Senior, 1995). 

Figure 3.2 C through G shows the verapamil-induced Pgp-coupled ATPase activity over 

a range of ATP concentrations starting at saturating ATP (3.2 mM) and decreasing to 

subsaturating 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 were similar to previous estimates 

(Ledwitch, Barnes, et al., 2016). 

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 Figure 3.1 B. 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 (Segel, 1975a) rather than activate it. Therefore, a single verapamil 

molecule bound to Pgp behaves like a “non-competitive activator” of Pgp. 
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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 Figure 3.1 C. 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 twofold 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 

(Figure 3.1 A, 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 

3.1. In all cases, the R-correlation values for the fits were greater than 0.988. 

 

3.4.3. 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 (Liu et al., 2000; Rosenberg et al., 2003; Siarheyeva et 

al., 2010; Urbatsch et al., 1994). 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 (Dawson and Locher, 2007; Hohl et al., 2014; A. Ward et al., 2007). In 

addition, AMPPNP does not undergo ATP hydrolysis like other nucleotide analogs (Resetar and 

Chalovich, 1995). 

To ensure that saturating AMPPNP concentrations were used in this study, AMPPNP 

interactions were investigated by nucleotide-induced quenching of Pgp tryptophan fluorescence 

(Figure 3.3). Figure 3.3 A shows the effect of a range of AMPPNP concentrations on the Pgp  
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Table 3.1. Kinetic and thermodynamic parameters and the corresponding averages used for fitting the ATPase activity curves with 

verapamil over a range of ATP concentrations in Figure 3.3. 
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Figure 3.3. 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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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 Figure 3.3 B. The quenching of tryptophan fluorescence was biphasic with a 

low and a high concentration phase, which was fit to equation 6 (Figure 3.3 B, 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 (Lakowicz, 

1983). To determine the quenching mechanism of each phase, the AMPPNP titration with Pgp 

was repeated at 37 °C as described (Lakowicz, 1999; Ledwitch, Barnes, et al., 2016). 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 

(Siarheyeva et al., 2010), which likely represents differences between detergent-solubilized Pgp 

and Pgp reconstituted in liposomes in this study. 

 

3.4.4. 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 

(Liu et al., 2000; Russell and Sharom, 2006; Sharom, Liu, et al., 1999; Siarheyeva et al., 2010; 
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Sonveaux et al., 1999). 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. 

Figure 3.4 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 (Figure 3.4 A, closed 

squares), which is similar to the KSV value for mouse (Ledwitch, Barnes, et al., 2016) and 

hamster Pgp (Siarheyeva et al., 2010). Significant verapamil-induced changes in the KSV values 

of Pgp in the absence of nucleotides were observed in the Stern-Volmer plots. In Figure 3.4 B, 

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 (Figure 3.4 

C). 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 (T. W. Loo et al., 2003a, 2003b, 2003c), trypsin digestion of (G. Wang et al., 

1998), and antibody competition with Pgp (Nagy et al., 2001). 

In the presence of 250 µM AMPPNP (Figure 3.4 D), 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 similar to 

the KSV value determined for hamster Pgp with a nucleotide analog (Sonveaux et al., 1999). The 

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

dramatic in Figure 3.4 E. The KSV value decreased more than 4-fold from 3.81 M−1 to  
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Figure 3.4. 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 
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F.  The error bars and the points reflect the standard deviation and average, respectively, of at 

least three independent experiments. 
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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 (Figure 3.4 F) at 3.77 ± 0.33 M−1. 

In the presence of saturating (3.2 mM) AMPPNP (Figure 3.4 G), 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 Figure 3.4 D. 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 (Figure 3.4 H). 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 AMPPNP (Figure 3.4 I). 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, implies stabilization of the ligand-

bound Pgp conformation. 

 

3.4.4. 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 

(Ledwitch, Barnes, et al., 2016). In Figure 3.5, 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. 

Figure 3.5 A 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 

Figure 3.5 B. The STDD amplification factors for verapamil were also significantly larger than 

previously observed (Ledwitch, Barnes, et al., 2016) as a result of using a higher frequency  
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Figure 3.5. Molecular interactions of verapamil and AMPPNP with Pgp probed by saturation 

transfer double difference (STDD) NMR. Molecular structures of A) verapamil and E) AMPPNP 
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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 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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NMR spectrometer, which allowed us to investigate several weaker verapamil 1H NMR peaks 

labeled K, I, B, G and H (Figure 3.5 B). 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. 

Figure 3.5 C 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 (Ledwitch, Barnes, et al., 2016). 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 

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. 

Figure 3.5 D 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 (Figure 3.5 D), the 1H STDD NMR amplification factors of the 
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dimethoxyphenyl functional group decreased ∼43% from the amplification factors in the absence 

of AMPPNP (cf. Figures 3.5 C and D, 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 (Figure 3.5 D, 

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 (Figure 3.5 D, 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. 

Figure 3.5 E shows the molecular structure of AMPPNP with the nuclei labeled, which is 

comprised of a ribose and a purine functional group. Figure 3.5 F 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. 

Figure 3.5 G 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 
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(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 (Figure 3.5 

D, 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 (Dawson and Locher, 2007) (PDB ID: 

2ONJ). In the bacterial transporter structure, the purine ring of AMPPNP was sequestered by 

four residues (i.e. V476, K477, Y359 and Y391), while the ribose functional group interacted 

with a single I356. 

In Figure 3.5 H, 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 Figure 3.5 G (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 
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amplification factors in the absence of verapamil (cf. Figure 3.5 G, closed columns and Figure 

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

(Figure 3.1 B) and the KD (Table 3.1). 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) (Dawson and Locher, 

2007) that sequesters the ribose. 

 

3.5. DISCUSSION 

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

presented in Figure 3.6. The model is based on our results and the conformational changes that 

Pgp is known to undergo in the presence of nucleotides and drugs (Dawson and Locher, 2007; T. 

W. Loo et al., 2003a, 2003b; Verhalen et al., 2012; A. Ward et al., 2007). The model is simply 

presented by three conformations: “open”, “closed” and “intermediate” as described previously 

(Ledwitch, Barnes, et al., 2016). In reality, the model represents a structural ensemble of Pgp 

conformations. When the nucleotide binding domains (NBDs) are relatively far apart, Pgp is in  
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Figure 3.6. 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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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 

presence of low and high verapamil concentration suggests 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 rationale 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 (Beaudet and Gros, 1995; Frank et al., 2016; Hrycyna et al., 1999; 

Lawson et al., 2008; T. W. Loo et al., 2012; Urbatsch et al., 1995). 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 
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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 (Ledwitch, Barnes, et al., 2016) and shown 

in Figure 3.1 and Figure 3.2. Several studies of residues within the extracellular side of Pgp 

(Hafkemeyer et al., 1998; T. W. Loo et al., 2003b; T. W. Loo and Clarke, 1996; Welker et al., 

1995) and G185 (G181 for Pgp in this study) within the transmembrane region of Pgp (Omote et 

al., 2004; Ramachandra et al., 1996; Rao, 1995) 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 

(Hafkemeyer et al., 1998). Dramatic decreases in the Km for ATPase activation of Pgp by 

verapamil were observed when residues between 78 and 97 were deleted (Welker et al., 1995). 

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 (T. W. Loo et al., 

2003b). Verapamil also inhibited crosslinking between residues C332 and C975 within the 

extracellular side of Pgp (T. W. Loo and Clarke, 1996). Mutating the G181 residue to valine 

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

ATPase activation (Omote et al., 2004; Ramachandra et al., 1996; Rao, 1995). The G181V 

mutation had little effect on the Km of verapamil-induced ATPase activation (Omote et al., 2004; 

Ramachandra et al., 1996), but a recent study showed that it had significant effects on the Ki for 

substrate inhibition of Pgp (Omote et al., 2004). By affecting the Ki from substrate inhibition and 

not the Km implies that G181 is near an alternate verapamil-binding site. Therefore, we placed 
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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 (Aller et al., 2009) as shown in Figure 3.6 A. 

Acrylamide quenching experiments in Figure 3.4 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 Figure 3.6 B, 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 (Figure 3.6 C and D) at the H-site. Because the rate of Pgp-mediated ATP hydrolysis was 

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 Figure 3.6 D. In the absence of nucleotides, the 

acrylamide quenching experiments in Figure 3.4 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 (Figure 3.4 B) and presence (Figure 3.4 E 

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 
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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 Figures 3.1 and 3.2. 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 Figures 3.4 B 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 (Figures 3.6 C and E). Fitting of the ATP hydrolysis kinetics in Figure 3.2 

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. Figures 3.4 C and I) 

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. Figures 3.4 B and I). Therefore, we hypothesize that binding 

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

shown in Figures 3.6 E and F. With the NBDs relatively separated in the “intermediate” 

conformation compared to the “closed” conformation explains why ATP hydrolysis is lower at 



 

 105  

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 Figures 3.6 D 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 (Omote and Al-Shawi, 2002). 

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

mediated transport of verapamil (Elsby et al., 2008; Faassen et al., 2003; Pauli-Magnus et al., 

2000; Schwab et al., 2003) and verapamil-simulated ATP hydrolysis decreased at higher 

verapamil concentrations (Aanismaa and Seelig, 2007; Borgnia et al., 1996; Ledwitch, Barnes, et 

al., 2016; Litman, Nielsen, et al., 1997). 

In summary, Figure 3.6 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 (Figure 3.6 A), and is shifted to an “intermediate” 

conformation by ATP (Figure 3.6 B). 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 Figure 3.6 C. 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 in an “intermediate” rather than an “open” conformation, verapamil 

reduces the energetic barrier for ATP hydrolysis and transport (Figure 3.6 D). Therefore, 

verapamil occupancy at the H-site is positively cooperative with respect to ATP hydrolysis and 
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transport. At high concentrations, verapamil will occupy both the H and L sites on Pgp as shown 

in Figure 3.6 E. 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 Figure 3.6 F. 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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CHAPTER 4 

NMR-DERIVED MODEL OF DIGOXIN BOUND TO P-GLYCOPROTEIN 

 

4.1. OVERVIEW 

The P-glycoprotein (Pgp) transporter is a membrane-bound protein that acts as a 

“gatekeeper” to several physiological barriers to drive drug translocation across the cell 

membrane from the cytosol to the extracellular space. This mechanism is particularly intriguing 

from the clinical perspective because of Pgp’s ability to confer multidrug resistance in cancer 

cells, to mediate drug-drug interactions (DDIs) and to influence drug disposition. One of the 

hallmarks of Pgp function is its drug promiscuity. With the Pgp substrate recognition count 

encompassing a significant portion of clinically relevant drugs, identifying key molecular 

features of drug substrates and their corresponding binding site(s) on the transporter is essential 

for developing ways to modulate Pgp function. One drug that has been extensively studied with 

the Pgp transporter due to its central involvement in Pgp-mediated DDIs is the cardiac glycoside 

digoxin. Despite numerous in vitro and in vivo studies with digoxin and Pgp, the location of the 

digoxin-binding site on Pgp and its corresponding molecular interactions are unknown. To 

pinpoint the digoxin binding site on the Pgp transporter, paramagnetic relaxation enhancement 

(PRE) NMR was used to determine the distance between paramagnetically-labelled cysteine 

residues on Pgp and the binding site of digoxin. These distances were used as experimental 

restraints for docking digoxin to the X-ray crystal structure of Pgp with the High Ambiguity 

Driven DOCKing (HADDOCK) software and the Crystallography & NMR System (CNS). 
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Molecular docking using HADDOCK revealed a digoxin-binding site near residue G181 on Pgp. 

Tryptophan fluorescence was used to determine digoxin’s drug binding affinity and the 

conformational changes induced by digoxin with Pgp. This work represents the first NMR-

derived model of a Pgp-drug complex.  

 

4.2. INTRODUCTION 

The ATP-binding cassette (ABC) superfamily comprise a group of molecular “efflux” 

pumps that use energy from ATP hydrolysis to drive drug export across cell membranes back to 

the extracellular space (Sharom, 2011). The ABC transporter P-glycoprotein (ABCB1, Pgp) is a 

key component to many physiological barriers. Pgp is localized to tissues such as the liver, 

intestines, kidneys and the blood-brain and placental barrier where it plays a significant role in 

mediating drug disposition, drug pharmacokinetics and drug bioavailability (Aszalos, 2007; 

International Transporter et al., 2010). The Pgp transporter is widely recognized for its ability to 

bind chemically and functionally diverse substrates (Callaghan, 2015; S. F. Zhou, 2008). This 

drug promiscuity poses challenges in the clinic because Pgp confers multidrug resistance (MDR) 

in cancer cells and mediates drug-drug interactions (DDIs) (Boumendjel et al., 2009; Sharom, 

2008). Both Pgp-mediated mechanisms have significant clinical consequences that lead to 

patients developing resistance to anticancer therapies or lead to undesired adverse drug reactions 

(ADRs) that often result in patient death (Owens, 2005). There is biochemical and structural 

information available on the Pgp transporter, but the promiscuous nature of Pgp still remains 

enigmatic.   

Most of our structural understanding of Pgp is based on the X-ray crystal structure of the 

analogous mouse Pgp transporter (87% sequence identity and 95% sequence similarity to human 
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Pgp) and Pgp structures from Caenorhabditis (C.) elegans and bacterial transporters (MsbA, 

SAV1866) (Aller et al., 2009; Dawson and Locher, 2007; Esser et al., 2017; Jin et al., 2012; J. Li 

et al., 2014). The X-ray crystal structures of the 140 kD (170 kD when glycosylated) mouse Pgp 

transporter revealed a 6000 �3 binding cavity within the lipid bilayer framed by two 

pseudosymmetric halves each consisting of one transmembrane domain (TMD) and one 

nucleotide binding domain (NBD) (Aller et al., 2009; J. Li et al., 2014). Each TMD consists of 6 

transmembrane helices (TMHs) that connect to one of the NBDs, which have significant 

homology and feature the conserved Walker A, Walker B and signature amino acid sequence 

motifs (Suresh V. Ambudkar et al., 2006; S. V. Ambudkar et al., 2006). In all the X-ray crystal 

structures that have been solved to date, the NBDs are separated by ~ 35-45 �, which has been 

designated the “open” conformation due to the exposure of residues within the transmembrane 

region of the transporter (Aller et al., 2009; Esser et al., 2017; J. Li et al., 2014). Both domains 

can bind and hydrolyze ATP, which triggers a series of conformational changes that promote 

drug binding and transport. Most recently, a 3.3 � crystal structure of mouse Pgp with a mutated 

linker region showed ATP bound to one of the NBDs in an asymmetric fashion and, in the 

absence of drug, prefers one NBD over the other (Esser et al., 2017). This suggests that despite 

the homology between both NBDs, ATP binds each NBD in a distinct manner with different 

affinities (Esser et al., 2017). 

Pgp structures have been co-crystalized with the cyclic peptide inhibitors, a marine 

pollutant and a mouse Pgp nanobody (Aller et al., 2009; J. Li et al., 2014; A. B. Ward et al., 

2013). The X-ray crystal structures with the non-therapeutic peptide inhibitors showed that there 

were distinct drug binding sites within the internal cavity and that these sites were stereoselective 

(Aller et al., 2009; J. Li et al., 2014). A marine pollutant co-crystalized with mouse Pgp also 
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bound within the internal cavity and 11 out of the 15 interacting residues were distinct from the 

interactions observed with the peptide inhibitors (Nicklisch et al., 2016). The nanobody NB592 

co-crystalized with mouse Pgp showed a specificity for NBD1 and revealed a unique epitope on 

NBD1 despite the high sequence similarity to NBD2 (A. B. Ward et al., 2013). Although these 

structures have given insight into the structural features of Pgp in complex with inhibitors, we 

still lack information on distinct drug-bound locations and the structural properties governing 

drug interactions with Pgp (Callaghan, 2015). Continuous effort towards understanding the 

structural basis of drug binding and multi-drug recognition by Pgp is essential for the rational 

design of drugs and Pgp inhibitors and for better predictions of safe multidrug regimens that 

bypass Pgp-mediated DDIs in the clinic.  

Pgp-mediated ADRs are often observed from DDIs observed with cardiovascular ion 

channel inhibitors because of their relatively low therapeutic indices (Niayesh Mohebbi et al., 

2010; Mowry et al., 2015). Pgp-mediated DDIs associated with cardiovascular drugs represents a 

major roadblock to effective treatment because many cardiovascular drugs are Pgp substrates, 

inhibitors and in some cases, inducers of the Pgp transporter (Wessler et al., 2013). As a result of 

the low therapeutic indices of cardiovascular ion channel inhibitors, small increases in drug 

exposure can significantly increase the potential for drug toxicity (Ledwitch and Roberts, 2016; 

Wessler et al., 2013). One of the most studied Pgp substrates is the cardiac glycoside digoxin. 

Digoxin is an ion channel inhibitor widely administered to treat atrial fibrillation (Hauptman and 

Kelly, 1999; Ziff and Kotecha, 2016) and has been involved in many preventable DDIs 

(Karimzadeh et al., 2011). This cardiovascular drug has been the central focus of many in vitro 

and in vivo studies because it is transported by Pgp and has been involved in Pgp-mediated DDIs 
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that result in digoxin toxicity (Cavet et al., 1996; Fenner et al., 2009; Gozalpour et al., 2016; 

Pauli-Magnus et al., 2001; Schwartz, 1988).  

In a recent study by our group with Pgp reconstituted in liposomes, we showed that 

verapamil has low-affinity binding site that competitively displaces digoxin (Ledwitch, Barnes, 

et al., 2016). Another study showed that a G185V mutation in human Pgp affects the low affinity 

site of verapamil, but not the high affinity site (Omote et al., 2004). More recently, it was shown 

that digoxin was a transported substrate by Pgp in a conditionally immortalized proximal tubule 

epithelial cells (ciPTEC) but not in a Madine Darby Canine Kidney (MDCK)-Pgp cell line 

(Gozalpour et al., 2016). This loss of digoxin transport in the MDCK-Pgp cell line was due to a 

G181V point mutation in mouse Pgp (Gozalpour et al., 2016). Therefore, we hypothesized that 

digoxin’s binding site was near this glycine (Ledwitch, Barnes, et al., 2016). 

Currently, the distinct location of the digoxin drug binding site and the corresponding 

molecular interactions between digoxin and Pgp are unknown. To test the hypothesis that 

digoxin binds near a specific glycine, we determined its location on the Pgp transporter by NMR. 

To build an accurate digoxin-Pgp model, we probed digoxin’s interactions with the transporter 

and determined the effects of digoxin on Pgp conformation. Quenching of intrinsic Pgp 

tryptophan fluorescence was used to determine digoxin’s affinity to the transporter. Acrylamide 

quenching was used to investigate Pgp’s conformation in the presence of digoxin. Paramagnetic 

relaxation enhancement (PRE) NMR with paramagnetically-labeled single cysteine mutants was 

used to determine digoxin's relative distance from the labels. These NMR-derived distances were 

used as experimental restraints to drive the docking of digoxin to Pgp using High Ambiguity 

Driven DOCKing protocols with the Crystallography & NMR System (HADDOCK/CNS). This 

digoxin-Pgp bound complex deduced by NMR is the first experimentally-derived model 
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demonstrating the location of a drug on the transporter. This drug-bound complex and the 

conformational changes deduced by acrylamide quenching were used to build a model of digoxin 

transport by Pgp.  

 

4.3. MATERIALS AND METHODS 

4.3.1. Materials 

 Digoxin was purchased from Alfa Aesar (Tewksbury, MA) and colchicine was purchased 

from Acros Organics (Pittsburgh, PA). 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. MnCl2 (99.999%) and CaCl2 hydrate (99.999%) were 

purchased from Sigma Aldrich (Milwaukee, WI). The N-[S-(2-

pyridyldithio)cysteinyl]ethylenediamine-N,N,N’,N’-tetraacetic acid monamine (EDTA) used for  

labeling single cysteine-Pgp mutants with the Mn2+ or Ca2+ ion was purchased from Toronto 

Research Chemicals (Toronto, ON, Canada). Deuterium oxide (D2O) and deuterated (d11)-Tris 

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

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

experiments. 600 MHz NMR tubes for all NMR studies were purchased from Wilmad-LabGlass 

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

purchased from Sigma Aldrich (Milwaukee, WI). MgSO4 and NaN3 were both purchased from 

Thermo Fisher Scientific (Waltham, MA).  

 

4.3.2. Single cysteine mutant constructs 

 The single cysteine Pgp mutant was provided by Dr. Ina L. Urbatsch of Texas Tech 

University. Briefly, the site-specific cysteine residue C1070 was introduced in cysteine-free 

mouse Pgp where all nine natural cysteine residues were converted to alanine as previously 

described (Tombline et al., 2006). The C1070 mutant was expressed in Pichia (P.) pastoris as 

previously described (Lerner-Marmarosh et al., 1999). 

 

4.3.3. Pgp purification and reconstitution 

The wild-type (wt) his-tagged mouse Pgp transporter (mdr1a, ABCB1) and both single 

cysteine mutants were purified from P. pastoris with the detergent n-dodecyl-β-D-maltoside 

(DDM) as described previously (Bai et al., 2011; Lerner-Marmarosh et al., 1999). For the 

specific ATPase activity assays, wt Pgp and Pgp mutants were reconstituted into liposomes as 

described previously (Bai et al., 2011; Ledwitch, Gibbs, et al., 2016). Briefly, the liposomes used 

for Pgp reconstitution were composed of 80% w/v Avanti Escherichia (E.) coli Total Lipid 

Extract and 20% w/v cholesterol. The final lipid to protein ratio for all preparations was 0.16 mg 

ml-1 liposomes per µM-1 of Pgp. These proteoliposomes were stored in aliquots at -80oC in 

HEPES buffer (20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, 2 mM DTT, pH 7.4). The 
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concentration of Pgp was determined using the extinction coefficient of 1.28 ml mg-1 cm-1 (0.181 

µM-1 cm-1) (Bai et al., 2011) or the DC Protein Assay Kit II (Bio-Rad, Hercules, CA). 

 

4.3.4. Measurement of Colchicine and Digoxin-Stimulated ATPase Activity 

 The specific ATPase activity of wt Pgp was measured using the Chifflet colorimetric 

assay as described previously (Chifflet et al., 1988). The rate of colchicine or digoxin-stimulated 

ATP hydrolysis was determined by measuring the amount of free inorganic phosphate (Pi) 

generated in the presence of 3.2 mM ATP. The Pi generated in the reaction conjugates with 

ammonium molybdate, and this Pi-molybdenum complex produces a strong absorbance signal at 

850 nm. The absorbance was measured in a 96-well plate on a FlexStation 3 spectrometer 

(Molecular Devices, Sunnyvale, CA). The ATPase activity with colchicine, digoxin and ATP 

was measured with 50 nM Pgp reconstituted in liposomes in Chifflet buffer (150 mM NH4Cl, 5 

mM MgSO4, 0.02% w/v NaN3, 50 mM Tris-HCl, 2 mM DTT, pH 7.4). All kinetic curves were 

monophasic and the Michaelis-Menten constant (Km) was estimated with the modified Michaelis-

Menten equation (equation 1): 

! = #$%&	[)]

+,-[)]
+ !/0102        (1) 

where ! is the ATP hydrolysis rate, 3456 is the maximum ATP hydrolysis rate, [L] is the 

concentration of drug and !/0102 is the basal activity in the absence of drug. 

 

4.3.5. Fluorescence Spectroscopy 

Fluorescent quenching of intrinsic Pgp tryptophan residues has been widely used to 

characterize drug binding affinities and drug-induced conformational changes of Pgp (Liu et al., 

2000; Sharom et al., 2003; Sonveaux et al., 1999). To determine the binding affinity of digoxin 
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to Pgp, digoxin-induced quenching of detergent solubilized Pgp was investigated on an Olis DM 

45 spectrofluorimeter (Olis Corp, Bogart, GA). The acrylamide quenching of tryptophan 

fluorescence was used to probe the digoxin-induced Pgp conformation for wt and all single 

cysteine Pgp mutants. All fluorescence samples contained 1 µM detergent solubilized Pgp or Pgp 

mutant in Chifflet buffer with 0.01% DDM (pH 7.4). Fluorescence emission was measured at 

333 nm following excitation at 295 nm. Fluorescence (F) in the presence of digoxin and 

acrylamide were corrected for background fluorescence, dilution and inner filter effects as 

described previously with the following equation (Lakowicz, 1999; Ledwitch, Gibbs, et al., 

2016): 

789::;8<;= = (7 − @)10
DEF	GEF	H	DE,GE, [I]

J 					  (2) 

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. Digoxin is transparent above 250 nm, so interference from digoxin absorbance was 

not an issue for these experiments. The pathlength (b) along the excitation and emission axes are 

bex and bem, respectively. Fluorescent quenching relating to a drug’s complexation with a protein 

is known as static quenching, and quenching related to random drug collisions with the protein is 

known as dynamic quenching (Lakowicz, 1999). The fluorescence quenching curves were fit to 

the following equation regardless of the nature of quenching (Lakowicz, 1999): 

789::;8<;= = 	
KL,N

O-	+N[P]
	+ 	 KL,Q

O-+Q[P]
	+ 7RSTR;S8U;=   (3) 

where Fcorrected,0 is the protein fluorescence in the absence of a quenching ligand, 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 K value either represents the association constant (KA) 

relating to a static quenching process or the Stern-Volmer quenching constant (KSV) relating to a 
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dynamic quenching process. These two quenching mechanisms were differentiated by 

performing the fluorescence titration experiments at two different temperatures as described 

previously (Ledwitch, Gibbs, et al., 2016). To determine the Stern-Volmer quenching constants, 

Fcorrected,0/Fcorrected was plotted as a function of the acrylamide concentration. The degree of 

dynamic tryptophan quenching was estimated from the slopes of the Stern-Volmer curves and is 

related to the KSV by the following equation (Lakowicz, 1999): 

KVWXXEVYEZ,L
KVWXXEVYEZ

= 1 + [\# ]  (4)  

  

4.3.6. Paramagnetic Relaxation Enhancement (PRE) NMR 

 PRE is a powerful tool used to sample long-range distances up to ~50 � in biological 

systems by NMR (Clore, 2015). This technique was used to determine the location of the digoxin 

binding site by covalently attaching a thiol-specific disulfide paramagnetic label to a single 

cysteine Pgp mutant. This allowed us to determine the distance-dependent longitudinal (R1) and 

transverse (R2) relaxation rates (Clore, 2015; Clore and Iwahara, 2009; Gueron, 1975). The 

relaxation rates and the T1 relaxation times were measured using an inversion recovery sequence 

with a composite 180° pulse and WATER suppression with GrAdient tailored excitation 

(WATERGATE) to remove the background water resonance from the 1H NMR spectra 

(Cameron et al., 2007; Kowalewski and Maler, 2006; Martial Piotto et al., 1992). The 1H- T2 

relaxation rates were measured using a spin echo experiment with a Carr-Purcell-Meiboom-Gill 

(CMPG) pulse sequence with a relaxation delay of 10s as described in (Carr and Purcell, 1954; 

Junji Iwahara et al., 2007; Meiboom and Gill, 1958).  

 EDTA (N-[S-(2-pyridyldithio)cysteinyl]ethylenediamine-N,N,N’,N’-tetraacetic acid 

monamine) was incubated with either the paramagnetic Mn2+ or diamagnetic Ca2+ metal ion at a 
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1:1.1 ratio. Prior to attaching the labels, all protein preparations were incubated with an excess of 

CaCl2 hydrate to displace any paramagnetic metals. The protein was extensively washed by 

ultrafiltration with a high ionic strength buffer (20 mM Tris-HCl and 0.5 M NaCl, pH 6.8) to 

remove any trace metal ion containments. Then, a 10-fold molar excess of the paramagnetic or 

diamagnetic label was incubated with Pgp overnight at 4°C. Excess label was removed by 

extensively washing the EDTA-metal Pgp complex with 20 mM Tris-HCl and 20 mM NaCl, pH 

6.8. Tris-HCl buffers at pH 6.8 were used to prevent metal precipitation. All final samples were 

made in buffer containing 20 mM Tris-HCl and 20 mM NaCl (80% D2O to 20% H2O, pD 7.4) 

with a protein to digoxin ratio of 1:60. 

 

4.3.7. NMR Analysis 

 All NMR experiments were performed on a 600 MHz Varian INOVA spectrometer at 

25oC equipped with a 5 mm z-gradient 1H{13C/15N} cryoprobe. The 1H NMR peaks for digoxin 

were assigned using standard 1H 1D and 2D NMR techniques. The molecular structure of 

digoxin with the nuclei labeled and 1H NMR peak assignments for digoxin are shown in Fig. 4A 

and 4B, respectively, and were essentially identical to previous 1H NMR assignments 

(Aulabaugh et al., 1992). All NMR spectra were processed using the iNMR software package 

(http://www.inmr.net) and analyzed using Igor Pro 6.2 (Wavemetrics, Tigard, OR). 

 

4.3.8. Distance calculations 

  The apparent paramagnetic relaxation rate (Rp) is calculated by taking the difference 

between the diamagnetic relaxation rate (RCa
2+) and the paramagnetic relaxation rate (RMn

+2) and 

can be represented by the equation Rp = RCa
2+- RMn

2+, where Rp represents paramagnetic 
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relaxation from longitudinal (^_,O) or transverse (Rp,2) relaxation (Clore and Iwahara, 2009). To 

calculate the ^_,O relaxation  rate, the ^_,O	relaxation curves were fit with the following modified 

inversion recovery equation (Arthur G. Roberts et al., 2011): 

à b = `c,;T(1 − 2ef
gY
hi)  (5) 

where à is the z component of nuclear spin magnetization, `c,;T is the à at thermal 

equilibrium, jO is the spin-lattice decay constant, t is the time and e is used to adjust small errors 

in the inversion recovery pulse. The ^_,O relaxation rate is related to the distance by the 

Solomon-Bloembergen equation: 

^_,O = k l
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where µ0 is the magnetic permeability of free space, gN is the nuclear gyromagnetic ratio, ge is the 

electronic g-factor, µB is the Bohr magneton, rapp is the apparent time-averaged electron-nuclear 

distance, tC is the correlation time, S is the electron spin quantum number and wN and wE are the 

radial frequencies of the nucleus and electron, respectively. To account for the effects of internal 

motion emerging from the linker (EDTA) connecting the paramagnetic metal to Pgp, the Älorder 

parameter was calculated using the following equation: 

Äl = 	 op
m
Å{~ {O 		 qJ

, Ç,WÉ

:Ñ
l
ÖÜ{l 2  (7) 

where ΥlÖ Ω  are second order spherical harmonics and ΩÖ92 are Euler angles in the molecular 

frame (Clore and Iwahara, 2009; Lipari and Szabo, 1981). The paramagnetic relaxation rate 

(^′_,O) that accounts for internal motion of the label is calculated using the following modified 

Solomon-Bloembergen equation: 

^′_,O = Äl^_,O ä1, äã + (1 − Äl)^_,O(ä1, äã, äå)  (8) 

where ä1 is spin relaxation time, äã is rotational correlation time and äå is internal motion. 
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To calculate the ^_,l relaxation rates and associated errors, the ^_,l relaxation rates were 

determined using the two-time point approach for transverse relaxation as described in (Junji 

Iwahara et al., 2007) using the following equations:  

^_,l = ^ç0JH − ^4SJH =
O

éG{éu
èê

ëyuJH(éG)ë$íJH(éu)
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  (9) 
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where ñç0JH	and ñ4SJH	are the peak intensities for the diamagnetic and paramagnetic states, 

respectively. The two time points are represented by j0  (T=0) and j/ (DT). For the error 

calculation, ìç0JH and ì4SJH are the standard deviations of the noise in the spectra recorded for 

the diamagnetic and paramagnetic states, respectively. The ^_,l relaxation rate is related to the 

distance from a proton to the paramagnetic center of the metal by the following Solomon-

Bloembergen equation. 

^_,l =
O
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Both Solomon-Bloembergen equations for ^_,O and ^_,l assumes that all chemically 

equivalent protons are equidistant from the paramagnetic label. The following equation relates 

rapp to the minimum distance of a group of chemically equivalent protons rmin: 

Å0__{~ =
O

S
ÅS{~ ≅
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ù ÅÖåS

{~   (12) 

 where rmin
-6 is approximately equal to the sum of rn

-6. The number and distances of those 

chemically equivalent protons are represented by ê and ÅS, respectively. 
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4.3.9. Experimentally-restrained docking using HADDOCK/CNS 

Digoxin was docked to the mouse Pgp crystal structure using AutoDock Vina and 

experimentally-restrained docking protocols through the HADDOCK/CNS software (Brünger et 

al., 1998; S. J. de Vries et al., 2007). Various types of experimental data sets can be used within 

the HADDOCK/CNS software to drive molecular docking (Dominguez et al., 2003; Hennig et 

al., 2012; van Zundert et al., 2016). Here, the PRE NMR distance restraints generated from the 

C1070 Pgp mutant were used to drive the docking of digoxin to Pgp. 

 

4.3.9.1. Parameterizing the Mn-EDTA label for HADDOCK 

The EDTA-Mn2+ cysteine label was built and parameterized for the PARALLHDG force 

field to be used for molecular docking in HADDOCK and CNS/Xplor using parameters derived 

from (Clore and Iwahara, 2009; Linge and Nilges, 1999). The EDTA-Mn2+ cysteine label was 

built and the geometry was optimized using the Ghemical force field in Avogadro 1.1.1 (Hanwell 

et al., 2012). Force field parameters for the EDTA group and Mn2+ of the EDTA-Mn2+ cysteine 

label was obtained from deoxythymine labeled with Mn2+ chelated by EDTA (dT-EDTA-Mn2+) 

in (J. Iwahara et al., 2004). The cysteine group of the label used parameters from cysteine in the 

PARALLHDG force field (Linge and Nilges, 1999). These force field parameters were 

integrated in to the PARALLHDG force field of CNS/Xplor. Then the EDTA-Mn2+ cysteine 

label replaced appropriate cysteine residues in the X-ray crystal structure of mouse Pgp (PDB 

ID:4M1M) (J. Li et al., 2014) using a script written in the Python programming language and the 

Biopython module (Cock et al., 2009). 

The Mn2+ and the surrounding nitrogen and oxygen atoms were given partial Mulliken 

charges of 0.762, -0.068 and -0.282, respectively, as described previously for a Mn Schiff base 
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complex in the ground state (Abdallah et al., 2009). The C6 and C12 Lennard-Jones (LJ) 

parameters for the Mn2+ were 3.63119 x 10-5 kJ mol-1 nm6 and 1.21636 x 10-8 kJ mol-1 nm12, 

respectively, and were calculated using a distance between atoms at their lowest potential energy 

of 0.2635 ± 0.0072 nm and a well depth of 0.02710042 ± 0.01063420 kJ mol-1 averaged from 

several water models (P. Li et al., 2013). The rest of the EDTA-Mn2+ cysteine label was given 

force field parameters derived from cysteine or functional groups from the GROMOS 53A6 

force field (Oostenbrink et al., 2005). To estimate the S2 order parameter and internal correlation 

time (τi) of the EDTA-Mn2+ cysteine label, a 100 ns molecular dynamic simulation (GROningen 

MAchine for Chemical Simulations (GROMACS) (Oostenbrink et al., 2005) of the label and 

surrounding residues to 12� in a TIP3P water shell was performed in a GROMOS 53A6 force 

field (Van Der Spoel et al., 2005). The Äl order parameter for the label was between 0.7 and 0.8, 

which was determined using a customized 48 node Linux cluster and a molecular dynamic (MD) 

simulation time of 100 ns. 

 

4.3.9.2. Preparation of Pgp and digoxin coordinates 

When modeling protein-ligand complexes, successful docking is highly dependent on the 

receptor’s protonation state and functional groups in the binding pocket (Bas et al., 2008). To 

prepare mouse Pgp for ligand docking, Chain A was extracted from the PDB file (J. Li et al., 

2014). This file is then processed through the PROPKA force field and the PARSE force field to 

give the correct protonation state of Pgp at pH 7.4 (Bas et al., 2008). Most molecular docking 

programs give atoms partial charges including AutoDock 4.0 (Morris et al., 2009). In contrast, 

AutoDock Vina treats charges as hydrogen bond donors or acceptors (Trott and Olson, 2010). To 

approximate a +2 charge on the Manganese in AutoDock Vina, an additional dummy Manganese 
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atom was added to the coordinates as described in (Roberts et al., 2015).The digoxin file was 

obtained from PubChem and parameterized using the small-molecule topology generator server 

PRODRG 2.0 with full charges (S. Kim et al., 2016; Schuttelkopf and van Aalten, 2004).  

 

4.3.9.3. Initial docking using AutoDock Vina 

The initial docking of digoxin to Pgp with the files prepared above was achieved by 

AutoDock Vina to prevent the drug binding in remote crevasses far from the actual drug binding 

site and to provide better control during initial rigid docking, which is stochastic in 

HADDOCK/CNS. AutoDock Vina was customized to allow 1000 drugs to be bound 

simultaneously to the transporter. This process coats the entire surface and binding cavities with 

digoxin molecules. The AutoDock-derived docked digoxin models were filtered and scored 

through HADDOCK using the experimental distance restraints calculated from the PRE NMR 

data. For the PRE NMR restraints, the minimum and maximum distances between the label and 

digoxin’s protons are explicitly defined in Table 4.1 and 4.2. The HADDOCK score is related to 

the total binding energy reflecting the sum of the energies from the distance restraints, buried 

surface area and desolvation (S. J. de Vries et al., 2007). The top 20 lowest scoring HADDOCK 

digoxin-Pgp complexes generated through AutoDock Vina are sent through HADDOCK docking 

protocols for refinement. 

 

4.3.9.4. Refinement docking through HADDOCK 

The top 20 digoxin molecules with the lowest HADDOCK scores go through 10 MD 

simulations each for a total of 200 MD simulations for further refinement. The MD simulations 

consist of three successive stages for the docking protocol. First, the docked structures are energy 
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minimized (EM) in AutoDock Vina. Then, the side chains are allowed to move by semi-flexible 

simulated annealing (SA). Last, explicit waters are included for Cartesian dynamics refinement 

(Brünger et al., 1998; S. J. de Vries et al., 2007; Sjoerd J. de Vries et al., 2010; Dominguez et 

al., 2003). After all the steps were completed, the lowest weighted HADDOCK score for the 

digoxin-Pgp complex was 89. 

 

4.4. RESULTS AND DISCUSSION 

4.4.1. The effect of digoxin and colchicine on wt Pgp-mediated ATP hydrolysis  

Figure 4.1 shows the wt Pgp-coupled activation of ATP hydrolysis for digoxin (closed 

squares) and colchicine (open squares) in the presence of saturating ATP (3.2 mM). The digoxin-

induced kinetics were monophasic and gave a Vmax and Km value of 1344 ± 150 nmol min-1 mg-1 

and 240 ± 68 µM, respectively, when fit to the Michaelis-Menten equation (equation 1). The ~2-

fold activation of Pgp-mediated ATP hydrolysis by digoxin is within the range of previous 

observations (Matsunaga et al., 2006; Rebbeor and Senior, 1998; von Richter et al., 2009) and 

our Km value agrees well with the Km value of 385 µM that was determined for digoxin transport 

in Caco-2 cells for human Pgp (Hansen and Nilsen, 2009).  

The colchicine-induced kinetics were also monophasic and fitting to the Michaelis-

Menten equation (equation 1) gave a Vmax and Km of 265 ± 93 nmol min-1 mg-1 and 246 ± 193 

µM, respectively. The ~20% increase in Pgp-mediated ATP hydrolysis is similar to previous 

observations (al-Shawi and Senior, 1993; Sharom et al., 1993). The Km for colchicine determined 

for wt human Pgp in sf9 insect cells was 163 ±18 µM (Rao, 1995), which is consistent with our 

determinations for wt mouse Pgp. Purified wt human Pgp reconstituted in lipids had a Km that 

was considerably higher at 680 µM (Omote et al., 2004). This discrepancy may be a result of  
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Figure 4.1. Digoxin and colchicine-stimulated ATPase Activity of wild-type Pgp. The digoxin 

(closed squares) and colchicine (open squares) stimulated ATPase activity was measured over a 

range of concentrations with wild-type mouse Pgp. The kinetic curves were fit to the Michaelis-

Menten equation (equation 1) and are represented as a solid line. Error bars represent the 

standard deviation and the points are an average of three independent experiments. 
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residual detergents remaining during Pgp reconstitution, which were recently shown to reduce 

drug binding affinity (Shukla et al., 2017). 

 

4.4.2. Detergent does not significantly interfere with digoxin’s interactions with Pgp 

 To compare our NMR-derived model with X-ray crystal and cryo-EM structures (Aller et 

al., 2009; Frank et al., 2016; J. Li et al., 2014; A. B. Ward et al., 2013), we isolated and prepped  

Pgp under approximately the same DDM detergent conditions for our PRE NMR experiments. 

The DDM detergent is known to affect drug binding to the Pgp transporter (Tip W. Loo and 

Clarke, 2017; Shukla et al., 2017). To determine the effect of detergent on digoxin binding to 

Pgp, digoxin-induced quenching of Pgp fluorescence was monitored as we have done previously 

(Ledwitch, Barnes, et al., 2016).   

Figure 4.2A shows the effect of digoxin on the intrinsic tryptophan fluorescence of 

detergent solubilized Pgp over a range of digoxin concentrations after exciting the protein at 280  

nm. The fluorescence amplitude for detergent solubilized Pgp (closed squares) and Pgp 

reconstituted in liposomes (open squares) at 333 nm was corrected for inner filter effects and 

background fluorescence with equation 2 and plotted as a function of digoxin concentration in 

Figure 4.2B. At saturating digoxin concentrations Pgp is quenched ~15% with a biphasic 

titration curve giving a KL and KH value of 0.0140 ± 0.0034 µM-1 and 9.45 ± 6.27 µM-1 after 

fitting to equation 3. At higher temperature, the KL value decreased to 0.0089 µM-1 while the KH 

value increased, suggesting that the low concentration phase is a result of static quenching. This 

allowed us to calculate a KD for digoxin binding to detergent solubilized Pgp of 71 ± 30 µM. 

This binding affinity is very similar to the KD determined for Pgp reconstituted in liposomes of  
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Figure 4.2. Binding affinity of digoxin to Pgp probed by intrinsic tryptophan fluorescence. (A) 

Detergent solubilized Pgp fluorescence spectra in the presence of a range of digoxin 

concentrations after exciting at 280 nm with 0 µM digoxin (thick line) to 500 µM digoxin (thin 

line) and intermediate concentrations shown in grey. (B) Corrected fluorescence emission spectra 

for detergent solubilized Pgp (closed squares) and Pgp reconstituted in proteoliposomes (open 

squares) over a range of digoxin concentrations. Error bars represent the standard deviation and 

the points are an average of three independent experiments. 
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100 ± 18 µM (Ledwitch, Barnes, et al., 2016). This result suggests that the DDM detergent does 

not significantly disrupt digoxin interactions with Pgp. 

 

4.4.3. The effect of DDM on Pgp conformation with digoxin 

 To determine the effect of DDM on Pgp conformation in the absence and presence of 

digoxin, acrylamide quenching was used to probe conformational changes and compared to 

previous observations in proteoliposomes (Ledwitch, Barnes, et al., 2016). Acrylamide 

quenching of tryptophan residues has been widely used to determine ligand, nucleotide and 

detergent-induced changes in the tertiary conformation of Pgp (Sharom et al., 2003). Figure 4.3 

shows the Stern-Volmer plots for Pgp reconstituted in liposomes and detergent solubilized Pgp 

where the slopes represent the degree of acrylamide quenching of tryptophan residues. Decreases 

in the slopes of the Stern-Volmer plots suggest that tryptophan residues are less exposed and 

implies that Pgp shifts to a “closed” conformation where the NBDs come together. Increases in 

the slope suggest that tryptophan’s are more exposed and implies that Pgp shifts to an “open” 

conformation where the NBDs are a part like the Pgp X-ray crystal structure (A. B. Ward et al., 

2013). These differences between the slopes represent relative changes in the protein’s 

conformation and cannot be used to assign distinct Pgp conformations.  

The slope of the Stern-Volmer plot for Pgp reconstituted in liposomes (Figure 4.3A, open 

squares) increased from 1.55 ± 0.04 M-1 to 2.89 ± 0.23 M-1 for detergent solubilized Pgp (Figure 

4.3A, closed squares) (Ledwitch, Barnes, et al., 2016). This increase is consistent with a shift to 

an “open” Pgp conformation, which correlated well with X-ray crystallographic observations (J. 

Li et al., 2014). In the presence of digoxin, the KSV value remains relatively constant in the 

presence of DDM with a KSV value of 2.63 ± 0.20 M-1 (Figure 4.3B, closed squares) and 2.29 ±  
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Figure 4.3. The effect of detergent and liposomes on the conformation of Pgp and in the absence 

and presence of digoxin. (A) The Stern-Volmer plots for detergent solubilized Pgp (closed 

squares) and Pgp reconstituted in proteoliposomes (open squares) in the absence of drug. (B) The 

Stern-Volmer plots for detergent solubilized Pgp (closed squares) and Pgp reconstituted in 

proteoliposomes (open squares) in the presence of 250 µM digoxin. Error bars represent the 

standard deviation and the points are an average of three independent experiments. 
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0.12 M-1 for Pgp in proteoliposomes (Figure 4.3B, open squares). This is consistent with the fact 

that the digoxin affinities are similar in the absence and presence of DDM. Therefore, the “open” 

conformation with the NDBs separated was used for molecular docking. 

 

4.4.3. PRE NMR-derived distance restraints of digoxin to Pgp  

 PRE NMR was used to determine the distance-dependent relaxation rates of digoxin from 

a paramagnetically-labeled single cysteine mutant on Pgp. Figure 4.4A shows a waterfall plot of 

the individual 1D proton NMR spectra of digoxin as a function of jO relaxation time with the 

background and baseline subtracted. The plot shows that at short inversion recovery times the 

digoxin peaks are positive and become negative at higher inversion recovery times. Figure 4.4B  

shows the analysis of proton s, a methyl group emanating from the furan-2 one functional group 

of digoxin, as a function of inversion recovery time. Figure 4.4C shows the change in amplitude 

at two different time points for proton v, t and s for a jl relaxation NMR experiment.  

 Table 4.1 shows the Rp,1 relaxation rates and calculated distances that were determined 

from the analysis for C1070. The first three columns show the RCa
2+ (diamagnetic), RMn

2+ 

(paramagnetic) and the Rp,1, which is the difference (i.e. Rp= RCa
2+- RMn

2+). The Rp,1 is related to 

the calculated distances using the Solomon-Bloembergen equation (equation 6). We calculated 

the model-dependent relaxation (^4) rate using the relationship ^_,O = k^4, where k is the 

fraction of ligand bound to the protein. The KD for digoxin is 71 µM and was used to determine 

the fraction of ligand bound to the protein by û /([† + °). The distances ÅÖåS, ÅÖ0¢ and Å0£s 

were calculated for each proton using equation 6 with the highest, lowest and average ^4, 

respectively, as described (Arthur G. Roberts et al., 2011).  
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Figure 4.4.  NMR relaxation of 300 µM digoxin in the presence of 5 µM C1070 Pgp. (A) 

Stacked plot of the 1H- jO relaxation of digoxin. (B) jO relaxation decay curve of proton s 

emanating from the furan-2-one functional group of digoxin. (C) jl relaxation spectra and the 

amplitudes associated with the two time points, j0=0s (black) and j/=0.02s (grey), used to 

calculate the ^_,l relaxation rate for proton v, t and s from high to low ppm, respectively. 
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Table 4.1. ^_,O and distance calculations for digoxin 1H peaks with diamagnetic and 

paramagnetic ions. 

Peak RCa
2+ (sec-1) RMn

2+ (sec-1) Rp,1 (sec-1) rmin
a (�) rmax

b (�) ravg
c (�) 

C1070       

v 1.269±0.090 1.247±0.060 0.0144±0.069 12.92 100.00 17.30 

t 0.527±0.003 0.514±0.004 0.0463±0.018 13.49 15.47 14.25 

s 0.588±0.008 0.573±0.005 0.0459±0.028 13.17 16.74 14.27 
 

armin was calculated based on chemical equivalence using eq. 6. 
brmax was calculated based on chemical equivalence using eq. 6. 
cravg was calculated using eq. 6. 

Abbreviations: RCa
2+, paramagnetic relaxation rate (sec-1); RMn

2+, diamagnetic relaxation rate (sec-1); Rp, 

apparent paramagnetic relaxation rate (i.e. Rp= RCa
2+- RMn

2+). The distances were calculated with a tC of 

1.94 x 10-9 sec. 
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Table 4.2 shows the amplitude intensities for ñç0JH and ñ4SJH at two different time points 

j0 = 0§ and j/ = 0.02§ used in equation 8 to calculate the ^_,l relaxation rate. ^_,l is related to 

the calculated distances using equation 10. This two-time point approach for a jl NMR 

experiment is advantageous because it does not require curve fitting procedures and the use of 

two time points versus many time points maximizes the signal to noise ratio (S/N) over a given 

period of time (Junji Iwahara et al., 2007). The distances ÅÖåS, ÅÖ0¢ and Å0£s were calculated as 

described above except with equation 10. 

 

4.4.5. Distance-restrained model of digoxin bound to P-glycoprotein 

 Figure 4.5 shows the bound orientation and location of digoxin to the Pgp transporter 

determined by the calculated distances from the ^_,O and ^_,l values. The top 20 scored digoxin-

Pgp complexes are shown space filled in green on the left and a close-up of the lowest scoring 

complex of 89 is shown on the right. The interacting residues E180, K177, D173 and E898 

stemming from the intracellular domains of TM3 and TM10 are also depicted. The G181 residue 

is space filled in red (left) and shown alongside the interacting residues (right) to demonstrate the 

proximity of G181 to the bound location of digoxin on Pgp. 

Lack of structures showing the location of and how a drug-bound substrate interacts with 

the Pgp transporter stagnates progress towards understanding the molecular basis for these drug-

protein interactions. Ultimately, this limits strategies to eradicate Pgp-mediated multidrug 

resistance and drug toxicities. Alternative techniques to X-ray crystallography have been adopted 

in attempts to map the locations of these drug-binding sites. These techniques include  
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Table 4.2. Peak intensities for the paramagnetic and diamagnetic samples at two time points (j0 

and j/) used to determine the ^_,l relaxation rates and calculated distances for digoxin 1H peaks. 

Peak ¶ß®©H(™®) ¶´¨©H(™®) ¶ß®©H(™≠) ¶´¨©H(™≠) Rp,2 (sec-1) rmin
a (�) rmax

b (�) ravg
c (�) 

C1070         

v 412.9 364.5 393.0 336.2 1.568±0.26 14.19 14.99 14.55 

t 1158.7 998.2 722.3 590.8 2.595±0.12 13.28 13.49 13.38 

s 1471.7 1333.5 1042.8 887.84 3.113±0.09 12.92 13.04 12.98 
 

armin was calculated based on chemical equivalence using eq. 10. 
brmax was calculated based on chemical equivalence using eq. 10. 
cravg was calculated using eq. 10. 

Abbreviations: ¶ß®©H, diamagnetic peak intensity; ¶´¨©H paramagnetic peak intensity; ™® time = 0; ™≠ time = 

0.02; Rp, apparent paramagnetic relaxation rate (i.e. Rp= RCa
2+- RMn

2+). The distances were calculated with 

a tC of 1.94 x 10-9 sec. 
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Figure 4.5. HADDOCK/CNS derived model of digoxin bound to Pgp using experimentally-

derived NMR restraints. The highest scored docked conformation of digoxin to Pgp is space 

filled (green) and the G181 residue is labeled (orange). The inset shows a close-up of the highest 

scored docked conformation of digoxin (green) and the interacting residues labeled (magenta). 
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cysteine/arginine scanning mutagenesis (Tip W. Loo and Clarke, 1995; T. W. Loo and Clarke, 

2015; Tip W. Loo and Clarke, 2017) photoaffinity analogues (Dey et al., 1997; Greenberger, 

1993; Raviv et al., 1990; Ahmad R Safa, 1992; Tamai and Safa, 1991) and fluorescence 

spectroscopy (Sonveaux et al., 1999; Vigano et al., 2002). Here, we present a different approach 

to locate and model Pgp drug binding sites using PRE NMR to get distance restraints to drive 

molecular docking in HADDOCK/CNS.  

Figure 4.5 shows the bound location of the drug digoxin to the Pgp transporter deduced 

by NMR-derived distance restraints summarized in Table 4.1 and 4.2. In a study by our group, 

we demonstrated by STDD NMR that the digoxin protons emanating from the sugar groups and 

proton v on the furan-2-one functional group (cf. 2.1B for reference) had the strongest 

interactions with Pgp (Ledwitch, Barnes, et al., 2016). These interactions agree well with the 

orientation and proximity of digoxin’s sugar group protons and proton v when bound to Pgp 

shown in Figure 4.5 (left). Another study investigating binding interactions of digitalis-like 

compounds (DLCs) to Pgp determined that the sugar moiety and the d-lactone ring (i.e. the furan 

functional group) are important in digoxin binding (Gozalpour et al., 2013), which is also 

consistent with our model. 

It was recently shown that digoxin transport by human Pgp was not observed in a ciPTEC 

cell line due to a G185V point mutation (Gozalpour et al., 2016). In our digoxin-Pgp complex, 

digoxin binds within ~11�� measured from the 6’ methyl protons� to the G181 (mouse 

equivalent to G185) residue, which is shown space filled in red. The effect of the G181V/G185V 

Pgp mutation on drug binding, ATPase activity and transport has been well characterized for a 

number of substrates (Bruggemann et al., 1992; Choi et al., 1988; Müller et al., 1996; Omote et 

al., 2004; Rao, 1995; A. R. Safa et al., 1990a, 1990b; Watanabe et al., 2000). The mutant was 
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first identified in a colchicine-resistant cell line where the replacement of glycine with valine 

resulted in an increase in colchicine transport (Choi et al., 1988). The opposite effect was 

observed for vinblastine where the mutant caused a decrease in transport (A. R. Safa et al., 

1990a). For colchicine, the transport rate increased ~2 fold with human G1815V Pgp 

reconstituted in lipids compared to wt Pgp and resulted in an increase of the Km from 680 to 5800 

µM (Omote et al., 2004). In contrast, the G185V Pgp mutant did not affect the Km for verapamil 

or valinomycin (Omote et al., 2004). However, the Ki for verapamil more than doubled from 

0.64 mM to 1 mM, suggesting that the G185V Pgp mutant affects a secondary verapamil binding 

site (Omote et al., 2004). We demonstrated that digoxin is competitively displaced at verapamil’s 

secondary binding site (i.e. low-affinity binding site) as discussed in Chapter 2, which further 

supports digoxin’s location bound to Pgp in this model (Ledwitch, Barnes, et al., 2016).  

This G185 residue is located on TM3 and has been a targeted region for mutagenesis 

studies due to the emergence of the G185V Pgp mutant and its effect on drug interactions with 

Pgp. In general, this region plays an important role in substrate specificities, ATPase activity, 

transport and membrane targeting (Choi et al., 1988; T W Loo and Clarke, 1994; Müller et al., 

1996; Rao, 1995; A. R. Safa et al., 1990b). In our model, digoxin interacts with and is bound to 

close proximity of the amino acids that make up TM3, which are residues 138-185 for mouse 

Pgp (Aller et al., 2009; J. Li et al., 2014). A study by Loo and Clarke showed that mutating other 

glycine residues to valine within this region (G141 on TM2 and G187 on TM3) on human Pgp 

increased resistance to colchicine and adriamycin, but decreased resistance to vinblastine (T W 

Loo and Clarke, 1994). Another study showed that mouse Pgp mutations to the consecutive 

residues T169I, R170L, L171P and T172P on TM3 caused a severe loss in overall Pgp function 

and as a result, are likely important residues in drug binding (Kwan and Gros, 1998). In our 
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digoxin-Pgp model, these residues are clustered near the digoxin binding site and more 

specifically, the amino acid T172 is ~6��from the 6’’’ methyl protons on digoxin. Additionally, 

they also generated a G181R mutant, which showed a near complete loss of activity for 

verapamil and valinomycin-simulated ATPase activity (Kwan and Gros, 1998). 

 The G181 residue and the TM3 region are evidently significant in the overall function of 

Pgp and recognition of drug substrates by Pgp. The structures that are available have identified 

drug-binding sites preferentially close to the extracellular side within the transmembrane 

spanning regions of the Pgp transporter (Aller et al., 2009; J. Li et al., 2014). The model in 

Figure 4.5 reveals that digoxin binds within the TM region of Pgp near G181 and interacts with 

charged residues E180, K177, D173 and E898. Most of these residues are on the TM3 region of 

the transporter, which through mutagenesis studies, have been identified as significant residues 

for Pgp drug recognition and transport. The G181V Pgp mutant was shown to abolish digoxin 

transport in a ciPTEC cell line and is also a residue within this TM3 region (Gozalpour et al., 

2016).  With this information, the NMR-derived model of digoxin bound to Pgp is most likely an 

accurate predication of the digoxin drug-binding site. Future experiments needed to validate this 

model are presented in Chapter 5. 
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CHAPTER 5 

SUMMARY AND FUTURE DIRECTIONS 

 

5.1. SUMMARY 

Since the discovery of the Pgp transporter ~40 years ago, a vast amount of research has 

been devoted to understanding this enigmatic protein (Gottesman and Ling, 2006; Juliano and 

Ling, 1976). This ATP-dependent drug pump is widely recognized for its role in multidrug 

resistance, drug disposition and mediating DDIs (Giacomini et al., 2010; Gottesman and Ling, 

2006; Tanigawara, 2000; L. Zhang et al., 2011). These clinical implications make Pgp a sought 

after therapeutic drug target. However, targeting Pgp remains challenging due to its drug 

promiscuity and lack of information regarding transport, how drug binding couples to ATP 

hydrolysis and drug binding site(s). 

The overall goal of this research was focused on understanding the mechanism(s) 

associated with P-glycoprotein mediated cardiovascular drug-drug interactions (DDIs). P-

glycoprotein is an efflux transporter responsible for extruding drug substrates from within the 

lipid bilayer or cytosol to the extracellular space. Cardiovascular drugs have broad substrate 

specificities for the Pgp transporter and often these molecules have low therapeutic indexes. 

Therefore, P-glycoprotein serves as a major roadblock for effective cardiovascular drug therapy 

by altering dug disposition and subsequently promoting toxicity through DDIs.  

My research was focused on DDIs between the calcium channel antagonist verapamil and 

the cardiac glycoside digoxin. Verapamil is known to inhibit P-glycoprotein-mediated digoxin 
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transport at the apical membrane of the kidneys where digoxin elimination is prevented causing a 

spike in digoxin plasma concentrations. Although we know the mechanism of how the 

verapamil-digoxin DDI occurs in vivo, what lacks is an understanding of this Pgp-mediated DDI 

on a molecular and structural level. 

This dissertation project had three objectives: 1) define the mechanism by which 

verapamil modulates Pgp-mediated transport of digoxin, 2) determine how verapamil binding is 

coupled to ATP hydrolysis and 3) determine the digoxin binding site on the Pgp transporter. To 

satisfy the first objective of this project, we determined that verapamil, at low concentrations, 

non-competitively inhibits digoxin transport and both cardiovascular drugs can occupy the 

transporter simultaneously. Our results and previous transport studies were combined into a 

comprehensive molecular and mechanistic model of verapamil-digoxin DDIs with Pgp. These 

molecular details are essential for defining a general DDI mechanism, identifying therapeutics 

that have a high probability for exhibiting DDIs and ultimately, decreasing the risk and 

associated toxicities with DDIs in the clinic.   

The second objective of this project was to determine how verapamil binding is coupled 

to Pgp-mediated ATP hydrolysis. In the presence of saturating ATP concentrations (i.e. 3.2 mM), 

verapamil kinetics were biphasic. However, in the presence of subsaturating ATP, verapamil 

kinetics switched from biphasic to monophasic. We determined that this switch in kinetic 

behavior occurs in a cooperative fashion. Essentially, occupancy of verapamil at the high affinity 

binding site is non-cooperative with ATP and verapamil occupancy at the low affinity site is 

cooperative with ATP. 

The third objective of this project was to identify the bound location of digoxin to the Pgp 

transporter. Typically, determining locations of bound substrates to receptor molecules are done 
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through X-ray crystallography. Our approach utilized NMR to determine long-range distance 

restraints from a label on Pgp to the bound location of the drug. Using this approach in 

combination with molecular docking protocols, we were able to successfully model the digoxin-

Pgp complex employing experimentally-derived distance restraints generated from C1070 Pgp 

mutant PRE NMR data. To further validate this proposed model, current progress and future 

directions are given in the next section. 

.  

5.2. CURRENT PROGRESS AND FUTURE DIRECTIONS 

 This section describes current progress and future experimental considerations for 

validating the NMR derived model of digoxin bound to Pgp presented in Chapter 4. The 

experiments and the significance they have on validating the proposed model are summarized 

below. Additionally, any current work and preliminary data supporting the feasibility of each 

experiment is included and discussed. 

 

5.2.1. Progress on creating a G181V Pgp mutant, obtaining expression and determining its 

effect on digoxin-induced Pgp-mediated ATPase activity 

 The G185V human Pgp mutation was first identified in a colchicine-resistant KB cell line 

(Choi et al., 1988) where the replacement of glycine with a bulky valine group results in an 

energetically more efficient manner of transport for the drug colchicine (Omote et al., 2004). The 

cardiac glycoside digoxin is a well-characterized Pgp substrate but was recently shown to not be 

transported in a MDCK-Pgp cell line coding for the G185V point mutation (Gozalpour et al., 

2016). To validate the bound location of digoxin on Pgp, the effect of the G181V (the residue 

equivalent to human) Pgp mutant on digoxin-induced ATP hydrolysis will be investigated and 
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compared to wt activity. Colchicine will be used as a control to show the effect of the G181V 

point mutation on Pgp-mediated colchicine ATPase activity. 

 The G181V Pgp mutant was generated at the Bioexpression and Fermentation Facility, 

University of Georgia. Briefly, the pPICZ A vector (Invitrogen, Carlsbad, CA) was used as the 

expression vector for G181V. The codon optimized plasmid was transformed into XL1 Blue 

competent cells using a Qiagen Miniprep Kit. The entire mdr3 gene sequence was confirmed 

with primers designed using the GenScript Sequencing Primer Design website. The point 

mutation for changing glycine to valine at position 181 was introduced using QuikChange II XL 

Site-Directed Mutagenesis Kit. The primers used to create the mutation were ‘CCG ATC TTG 

TCA CCG ATT ACT TCG TTA ATC TTG GAC A’ (forward) and ‘TGT CCA AGA TTA ACG 

AAG TAA TCG GTG ACA AGA TCG G’ (reverse) and were also designed using the 

GeneScript Sequencing Primer design website. The mutant plasmid was transformed into XL1 

Blue competent cells, isolated using the Qiagen mini-prep Kit and confirmed again with the 

above primers.  

The XL1 Blue cells containing the mutant were spread on Low Salt LB plates (10g 

bactotryptone, 5g yeast extract, 5g NaCl and 15g Agar, 50 µg/ml zeocin, pH 7.5) plates. A single 

colony was inoculated in a 10 ml culture tube in Low Salt LB media (50 µg/ml zeocin) and 

grown overnight in an incubator shaker at 37 oC. The XL1 Blue cells with the G181V mutant 

were re-inoculated in a 500 ml of Low Salt LB media (50 µg/ml zeocin) at a 1:2000 dilution and 

grown overnight at 37 oC.  Cells were pelleted down and the G181V plasmid DNA was isolated 

using a Maxi Prep Kit, linearized and transformed into electrocompetent KM71H P. Pastoris 

yeast cells as described in (Weidner et al., 2010). Zeocin-resistant tranformants were selected out 

on YPDS (1% yeast extract, 2% peptone, dextrose and agar, pH 7.5) plates containing 100, 500 
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and 1000 µg/ml of zeocin. Colonies that were resistant to 1000 µg/ml of zeocin were selected out 

and purified on MGY plates for inoculation in MGY media and methanol induction as described 

previously (Lerner-Marmarosh et al., 1999).  

With these high zeocin resistant colonies, there was not any detectable G181V protein 

expression post 72 hrs of methanol induction tested by SDS-PAGE and small-scale protein 

purification as described in (Lerner-Marmarosh et al., 1999). The purpose of using high zeocin 

concentrations is to screen and select out colonies with multi-(gene) copies integrated into the P. 

Pastoris genome (Aw and Polizzi, 2013). Theoretically, the clones able to survive at higher 

concentrations of zeocin would indicate an increase in a higher number of antibiotic resistance 

genes into the genome (Sunga et al., 2008). It has been reported that multi-(gene) copy 

integrations do not always have a linear correlation with increased protein expression and that 

proteins do not necessarily have the same copy integration threshold for producing maximal 

expression (Hohenblum et al., 2004; Whyteside et al., 2011). A possible explanation is that lack 

of protein yield is related to cellular stress from over saturation of the secretory pathway (i.e. 

increased traffic through the secretion pathway) (Whyteside et al., 2011). Another possibility is 

that the DNA is inserted in a location where induction of the gene of interest is inefficient. Due 

to the negative effects observed with expressing the G181V Pgp mutant, it is possible that 

screening numerous colonies at lower levels of zeocin may be of interest to achieve expression 

levels of the protein. 

 

5.2.2. Feasibility of using C713 and C133 as two additional cysteine mutants to triangulate the 

bound location of digoxin to Pgp 

 In addition to the Pgp single cysteine mutant C1070, two additional cysteine mutants,  
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C713 and C133, will be used to triangulate in on the bound location of digoxin to Pgp. Figure 5.1 

shows the location on Pgp of each single cysteine mutant and their proximity to the bound 

location of digoxin determined with the C1070 PRE NMR data as mentioned in Chapter 4. The 

expected distances for C713 to proton v on digoxin’s steroid ring is ~26 � and to the first 6’ 

methyl protons on the sugar group is ~26 �. The expected distances for C133 to proton labeled 

‘v’ on digoxin’s steroid ring is ~43 � and to the first 6’ methyl protons on the sugar group is ~4 

�. For both single cysteine mutants, these distances are within the measurable range of ~50 ��

and would provide additional distance restraints used in the docking protocols to verify the 

digoxin binding site on the Pgp transporter. 

 

5.2.3. Progress on using diffusion-ordered spectroscopy (DOSY) PRE NMR to isolate 

distances for protons on digoxin’s sugar group 

One of the challenges with the PRE NMR experiments with digoxin and detergent 

solubilized Pgp is overlap between the digoxin sugar groups and the n-dodecyl-β-D-maltoside 

(DDM) detergent maltoside sugar group. The methyl proton peaks emanating from DDM’s sugar 

group directly overlaps digoxin’s 6’, 6’’ and 6’’’ methyl proton peaks shown in Figure 2.1 and 

supplementary Figure 2.8B. This overlap prevents getting distance-dependent relaxation 

measurements from the opposite side of the digoxin molecule when bound to Pgp. These 

measurements will provide further support that digoxin is bound away from the extracellular side 

of Pgp as shown in Figure 4.5. 

Diffusion-ordered spectroscopy (DOSY) is a technique used to separate out individual 

NMR spectra from a mixture of compounds based on differences in diffusion coefficients 

(Johnson, 1999; Nicolay et al., 2001). In order to isolate the digoxin sugar proton peaks from the  
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Figure 5.1. The structure of Pgp showing the locations of the single cysteine mutants (blue) for 

triangulating the location of digoxin bound to Pgp by PRE NMR. The G181 residue (red) is 

shown for reference and the bound location of digoxin determined with the C1070 distance 

restraints are space-filled in green. 
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Figure 5.2. 1H NMR spectra of digoxin, a mixture of digoxin and n-dodecyl-β-D-maltoside 

(DDM) and the separation achieved using a DOSY filter. 10 mM digoxin 1H NMR spectra is 

shown in blue, digoxin 1H NMR spectra in the presence of DDM is shown in black and the 

digoxin 1H NMR spectra in the presence of DDM with the addition of a DOSY filter is show in 

red. 
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DDM sugar proton peaks, a DOSY filter can be used to separate the two within the mixture. 

Figure 5.2 demonstrates the effect of a DOSY filter on the 1H proton NMR spectra of a sample 

containing both digoxin and DDM. Essentially, the background signals arising from the 

detergent at 3.2 ppm were completely removed by diffusion editing and WATERGATE using a 

diffusion-ordered spectroscopy bipolar pulse pair stimulated echo modified with WATERGATE 

for water suppression (Pelta et al., 1998; Wu et al., 1995). The DOSY filter works by taking two 

spectra at two different gradient strengths where slowly diffusing features are half the amplitude 

of the other. The slowly diffusing features are internally subtracted out within the pulse program 

by phasing the high gradient strength NMR spectrum 180° from the low gradient strength NMR 

spectrum. Representative digoxin spectra in the absence of DDM, with DDM and with a DOSY 

filter are shown in Figure 5.2. 

 

5.3. LONG-TERM RESEARCH OUTLOOK 

To gain a full understanding of the Pgp-mediated DDI between verapamil and digoxin 

and how these interactions are coupled to ATP hydrolysis, the drugs and ATP can be 

simultaneously docked and modeled to the transporter using similar approaches and techniques 

discussed in this dissertation. This information would provide a complete snapshot of this DDI 

on a molecular level. It is also of interest to investigate other Pgp-mediated DDIs to determine if 

some of these mechanisms are generalizable. Such structural knowledge and information will 

provide a platform for developing safer drug regimens, identifying potential drugs that are 

susceptible to Pgp-mediated DDIs, and designing novel Pgp inhibitors. Additionally, these types 

of approaches will provide the first drug-bound Pgp models and can be used as a high throughput 

method for screening drug compounds for Pgp interactions. 
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