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ABSTRACT
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Advisor:
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The ABC protein P-glycoprotein (Pgp, ABCB1) transports many structurally diverse
substrates from the lipid bilayer. Previous studies demonstrated the importance of the
membrane environment, but few have quantified these effects. In the present work,
purified Pgp reconstituted into defined lipid systems was employed.

Drug binding

affinities were determined using Trp quenching, and drug-lipid partitioning by
equilibrium dialysis.

Pgp bound substrates from the bilayer with affinities in the

millimolar range; both drug-Pgp and drug-lipid interactions were important. The kinetics
of Pgp-mediated drug transport were sensitive to drug structure and lipid environment.
The rate of transport is proposed to depend on the affinity of Pgp for substrate and
conformational changes. The lipid bilayer affected the stability of Pgp catalytic activity
which provided evidence for distinct basal and drug-stimulated ATPase cycles. Overall,
the lipid environment had pronounced effects on Pgp-mediated drug binding, transport
and catalytic functions.
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CHAPTER 1: INTRODUCTION
1.1

ABC superfamily
Proteins of the ATP-Binding Cassette (ABC) superfamily are implicated in a wide

range of cellular processes, largely related to membrane transport. As far as we know,
members of this family are found in all species. In many species the ABC superfamily
forms the largest class of proteins (1). Most members of this superfamily are membranebound transporters that couple ATP hydrolysis to the movement of substrates across
biological membranes.

ABC proteins transport a wide variety of endogenous and

exogenous substrates including inorganic ions, lipids, peptides, toxins, drugs, and
polypeptides, among others. Transporters in this superfamily are diverse and include
HylB (hemolysin exporter), TAP1/2 (peptide transporter), maltose permease (maltose
importer) and Sav1866 (multidrug exporter). There are 49 human ABC proteins which
are divided into seven subclasses (designated ABCA through ABCG). Genetic defects in
the genes encoding ABC proteins are associated with a variety of human diseases and
health concerns (2): these include cystic fibrosis, Tangier disease and multidrug-resistant
forms of cancer. Several mammalian ABC transporters translocate a wide variety of
structurally unrelated molecules; these transporters include ABCG2, the multidrug
resistance associated ABCC (MRP) subfamily and ABCB1, otherwise known as Pglycoprotein (Pgp).
In bacteria, ABC proteins are involved in both the import and export of substrates,
whereas only exporters exist in mammals. Prokaryotic importers bring nutrients that
cannot passively diffuse across the bilayer into the cell from the surrounding
environment. Some exporters have vital physiological roles as they transport endogenous
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metabolites. Other transporters are thought to protect eukaryotic and prokaryotic cells by
effluxing toxins.

Figure 1.1: A schematic diagram of a prototypical ABC transporter.
Each transporter consists of two TMDs (TMD1 and TMD2) and two NBDs (NBD1 and
NBD2). The energy of ATP hydrolysis drives substrate transport across the membrane.

ABC transporters are typically composed of two transmembrane domains (TMDs)
that span the membrane, and two nucleotide binding domains (NBDs) located on the
cytosolic side of the membrane. Basic structures of ABC proteins are reviewed by
Holland (3), and a prototypical ABC transporter is shown schematically in Figure 1.1.
Transporters that contain all four of these domains in a single polypeptide are called fulltransporters. Alternatively, half-transporters are made up of two polypeptides that form
functional dimers, where each monomer contains a fused NBD and TMD. Prokaryotes
often encode genes for separate NBDs and TMD subunits, which oligomerize to form a
functional transport complex. For example, the maltose transporter of E. coli is encoded
by four distinct genes: one gene for two identical NBDs, one gene for each of the TMDs
and one for a periplasmic maltose-binding protein that functions to deliver maltose to the
transporter. Three motifs in the NBDs are highly conserved across ABC proteins: the
2

Walker A, Walker B and C signature motifs.

TMDs typically contain 6-10

transmembrane helices and show less conservation across the ABC superfamily than the
NBDs.
1.2

Multidrug resistance
Multidrug resistance (MDR) is the single largest impediment to successful

chemotherapy treatment. MDR can be defined as the adaptation of cells to anti-cancer
drugs in ways that make the drugs less effective. Colorectal, pancreatic and kidney
tumours are often intrinsically resistant to anticancer drugs, whereas breast and ovarian
cancers typically develop resistance after chemotherapy treatment (4). MDR tumours are
usually resistant to a broad range of structurally unrelated drugs, including the Vinca
alkaloids, anthracyclines and taxanes. A variety of mechanisms may be involved in
MDR, including increased metabolism of drugs (by the upregulation of cytochrome P450
family enzymes), sequestration of drugs, activation of drug-induced DNA damage repair
mechanisms, and reduction of drug entry and accumulation (5).
ABC proteins can reduce the accumulation of drugs in MDR cells. Three proteins are
well characterized: the multidrug resistance associated protein 1 (ABCC1; MRP1), Pgp
(ABCB1, MDR1) and ABCG2. These proteins transport a wide variety of drugs out of
the cell, preventing them from interacting with their pharmacological targets. Pgp and
MRP1 are full-length transporters expressed in a variety of human cancers, including
leukemias and solid tumours (6).

The half-transporter ABCG2 forms a functional

homodimer and is known to be expressed in neuroblastomas (7). The expression of Pgp
and MRP1 in tumours has been correlated with response to chemotherapy and survival
rates (5). MDR presents in ~50 % of human cancers (8), and Pgp is a major contributor

3

in a large number of these cases (4). The ability of these transporters to confer MDR
depends on several important factors, including their pumping capacity, their affinity for
the particular drug, the transmembrane movement rate of the drug, and the affinity of the
drug for its pharmacological cellular target (9). Ten other ABC transporters have also
been associated with drug transport and resistance (10). The mechanism of action is not
known for any transporter, so additional studies are required to unravel how drugs are
transported, and which factors contribute to MDR.
Compounds called modulators (also known as chemosensitizers) block the action of
Pgp.

Modulators are structurally diverse and can interact directly with Pgp.

These

compounds may act as competitive or non-competitive inhibitors, or they may inhibit ATP
hydrolysis. When modulators are co-administered with cytotoxic drugs, they can restore the
drug’s ability to kill resistant cells in vitro. Delivered in combination with chemotherapy

drugs, modulators have been shown to decrease MDR in vitro, and in a few clinical trials
(11). Modulators continue to be actively researched, but have proved to be generally
ineffective clinically (12).
1.3

P-glycoprotein structure and physiological functions
Pgp is the most well studied transporter involved in MDR, and is capable of

transporting hundreds of structurally unrelated lipophilic substrates out of the cell. These
substrates can be endogenous or exogenous and include phospholipids, peptides and
chemotherapy drugs, among others. Pgp has two homologous halves, each containing a
TMD and a cytosolic NBD. Biochemical studies (13) and the recently solved 3.8 Å
resolution crystal structure (14) have suggested that substrates interact with the TMDs of
Pgp via a large binding pocket that is located within the hydrophobic interior of the
membrane.

Figure 1.2 shows the high-resolution crystal structure of Pgp.
4

A

conformational change is assumed to accompany the binding/hydrolysis of ATP,
resulting in the efflux of substrate. It is presumed that Pgp generates a drug concentration
gradient across the plasma membrane, with a higher drug concentration outside the cell,
and this has been shown in some experimental conditions.

However, the exact

mechanism of drug transport has not been elucidated.
Pgp’s physiological role appears to be the protection of cells and tissue from
xenobiotics and endogenous toxins. Pgp is expressed at the apical surface of epithelial
cells of the gastro-intestinal tract and endothelial cells of brain capillaries, where it forms
part of the blood-brain barrier. Therefore, Pgp can reduce the oral bioavailability of
drugs, prevent the targeting of drugs to brain tissue, and control the absorption and
distribution of drugs. Pgp has also been postulated to function in lipid transport (15),
regulation of apoptosis (16) and the esterification of cholesterol (17). Early studies also
suggested that Pgp may alter membrane composition and biophysical properties in drugselected MDR cells, but these effects could not be reproduced in cell lines transfected
with Pgp and then selected in the absence of drug (18).

Pgp knockout mice are

phenotypically indistinguishable from wild-type, unless challenged by toxins (19). Thus,
even if Pgp has physiological roles other than protection from toxins, they do not appear vital
for survival.

5

A

B

Figure 1.2: Crystal structure of mouse Pgp bound to substrate.
(A) Pgp bound to a single molecule of the cyclic peptide substrate QZ59-RRR (left-hand
panel, peptide in green; generated from PDB code 3G60) and two molecules of its
stereoisomer QZ59-SSS (right-hand panel, peptides in red and yellow; generated from
PDB code 3G61). The approximate location of the membrane is shown by the coloured
bar. (B) Enlarged view of the substrate binding pocket seen in (A). Taken from (13) with
permission.
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1.4

ATP binding and hydrolysis by Pgp

1.4.1

Basal and drug-stimulated ATPase activity

Pgp displays high basal ATPase activity in the absence of drug substrates. This is
unusual since membrane-bound ATPases typically only hydrolyze ATP in the presence
of substrate, as seen with the Na+/K+-ATPase. The basal activity of Pgp suggests that
drug transport by the TMDs and the hydrolysis of ATP by the NBDs are partially
uncoupled processes. It has been proposed that the basal ATPase activity is distinct from
that associated with transport, and that the binding of drug to Pgp causes a coupling of
ATP hydrolysis to drug transport (20).

Partially and fully purified Pgp, plasma

membrane preparations containing Pgp, and reconstituted Pgp display various levels of
ATPase activity (21-23). The level of ATPase activity depends on the cell line from
which Pgp is isolated, the detergent used to extract the protein, its purity and the presence
and type of added lipids. Drugs are known to stimulate or inhibit the ATPase activity of
Pgp in a dose-dependent manner. Early studies that characterized Pgp ATPase activity
clearly showed that drugs did not affect the Michaelis constant, KM, of ATP hydrolysis,
but changed the maximal velocity, Vmax (22,24,25). Thus, it seems unlikely that drugs
directly affect the affinity of Pgp for ATP. This has been tested directly, and only modest
changes in the nucleotide binding affinity of Pgp were observed in the presence of drug
(26).
1.4.2

Effect of lipids on Pgp ATPase activity

The ATPase activity of Pgp has long been known to be affected by lipids. During
purification Pgp retains ~53-56 tightly bound phospholipids (22). These annular lipids
are crucial, as delipidation results in the complete loss of activity (27,28). Addition of
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various phospholipids to detergent-solubilized Pgp showed that they had different
abilities to stabilize ATPase activity over time. The ATPase activity of Pgp can also be
inhibited or stimulated by lipids in a concentration-dependent manner (28). Furthermore,
some lipids were able to protect detergent-solubilized Pgp from thermal inactivation of its
ATPase activity. Drug-stimulated ATPase activity of Pgp was also modulated by lipid
composition (29). A systematic investigation of the role of lipid bilayer composition on
the stability of basal ATPase activity is lacking.
1.4.3

ATP binding and hydrolysis mechanisms

Dimerization of the NBDs appears to be an essential step in the hydrolysis of ATP for
all ABC proteins (30). The X-ray crystal structures of the NBDs of bacterial ABC
proteins have shown that the Walker A and B motifs of one NBD subunit and the C
signature motif of the partner NBD subunits bind the same molecule of ATP to form a
“nucleotide sandwich dimer,” as depicted in Figure 1.3 for HlyB (31). In these structures
two molecules of ATP are bound along the dimer interface. The consensus sequence for
the Walker A motif is GxxGxGKST (where x is any amino acid), and it interacts with
ATP via hydrogen bonds to the α- and β-phosphate groups, coordinate bonds with
Mg2+•ATP and aromatic interactions (32). The Walker B motif consists of four aliphatic
residues followed by two negatively-charged residues (usually Asp followed by Glu), and
the conserved Glu residue is proposed to be the catalytic base in ATP hydrolysis (32).
The signature C motif (LSGGQ) is proposed to interact with the γ-phosphate group of
ATP (32). A stable NBD dimer with two ATP molecules bound has only been observed
using non-hydrolyzable ATP analogues or catalytically stalled mutants, but this structure
is expected to form as an intermediate in the catalytic pathway of Pgp, and other ABC
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proteins (33). Biochemical studies and simulations have demonstrated that binding of
ATP, but not ADP, induces dimerization of the NBDs (31,34-37).

Figure 1.3: A representative structure of an ABC NBD dimer; the crystal structure
of the catalytically stalled H662A NBD mutant of E. coli HlyB (PDB 1XEF).
Two molecules of ATP (gold) are bound at the interface between the two NBDs forming
the “nucleotide sandwich dimer.” The Walker A (dark blue), Walker B (red) and C
signature motifs (green) are essential for binding and hydrolysis of ATP. Taken from
(38) with permission.

Vanadate (Vi) trapping has been used to study the hydrolysis of ATP by Pgp. Vi is an
analogue of Pi, which can take its place following ATP hydrolysis, to form a very stable
9

inactive “trapped” state with ADP•Vi•M2+ bound at the catalytic site (39). Both N- and
C-terminal NBDs are able to trap Vi (40). Moreover, Vi is capable of stably inhibiting
Pgp when it trapped in only one nucleotide binding site (41), suggesting that the two
NBDs do not function independently in ATP catalysis. These trapping studies led to the
proposal of an alternating sites mechanism to describe the hydrolysis of ATP by Pgp
(42). In this model, only one of the NBDs is capable of ATP hydrolysis at any one
moment, and the two sites take turns at catalysis, driving the transport of drug. In order
for Pgp to have a “memory” of which active site turned over most recently, asymmetric
intermediates would be expected, and these have been observed experimentally (43).
ATP binding/hydrolysis is assumed to accompany conformational changes in Pgp that
cause the release of drug on the other side of the membrane.
1.5

Drug binding to Pgp

1.5.1

Diversity of Pgp substrates

Pgp substrates are lipophilic, often amphipathic and can range from 400-3 000 Da in
size. Substrates often contain aromatic rings and positively-charged tertiary nitrogen
atoms (44).

Substrates that display these characteristics are diverse, and include

lipophilic bases, such as the anticancer drugs doxorubicin and vinblastine, polycyclic
compounds like the steroid aldosterone, fluorescent cationic dyes, detergents such as
Triton X-100, and linear and cyclic peptides (38,45). Structures of some Pgp substrates
used in this thesis, and representative modulators are given in Figure 1.4.
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Figure 1.4: Structures of some Pgp substrates and modulators.
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Pgp also appears to have direct interactions with phospholipids, since it can mediate
the flip-flop of fluorescent phospholipids and glycosphingolipids (46,47).

Platelet-

activating factor, a lipid-derived signalling molecule, binds to Pgp, and is likely an
endogenous substrate (48). Furthermore, the lipid-based anti-cancer drug miltefosine,
which is structurally similar to phosphatidylcholine (PC), is actively transported by Pgp.
Related drugs such as edelfosine and ilmofosine are also substrates (48,49).
Pgp can bind hundreds of substrates of varying size and structure. Therefore, relating
substrate specificity to structural features has been difficult. The most comprehensive
study compared the structures of 100 previously identified Pgp substrates (50). Seelig
proposed that for a drug to be recognized as a substrate, one of two recognition elements
must be present in the substrate: 1) two electron donor groups with a spatial separation of
2.5 ± 0.6 Å or 4.6 ± 0.6 Å, or 2) three electron donor groups with a spatial separation of
4.6 ± 0.6 Å between the outer two groups. From these and similar studies, the modular
binding concept has been proposed, where the energetically most efficient binding
module comprises two hydrogen bond acceptor groups (51).
1.5.2

The Pgp drug binding site

The process of drug binding to Pgp has been an area of intensive research. In order for
drugs to bind to Pgp, it is expected that they enter the binding pocket through “gates”
formed by transmembrane segments that are found around the perimeter of the drug
binding pocket (52). Once a drug has entered the binding pocket it can interact with Pgp.
At least two allosterically linked transport sites were demonstrated by an assay utilizing
rhodamine 123 and Hoechst 33342 (H33342) (53). These two transport sites are now
known as the R-site and H-site, respectively.
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Previous work showed that binding of two

Pgp substrates within the R-site, or within the H-site, displayed a negative interaction,
each decreasing the transport of the other (54). This suggests that these two compounds
bind to Pgp simultaneously in a non-competitive fashion, possibly with overlapping
binding sites.

A recent study proposed that these sites represent two independent

transport pathways (55). Other studies using radiolabelled drugs proposed four distinct
binding sites in Pgp (56). Arg-scanning mutagenesis has also suggested that many
different drug binding sites exist (57).

More recently, the crystal structure of Pgp

revealed that the large 6 000 Å3 binding pocket can accommodate at least two cyclic
peptide substrate molecules at the same time (14). The pocket was shown to be lined
with primarily hydrophobic and aromatic residues. The crystal structure showed that the
binding of drug to Pgp is stereoselective, with SSS and RRR peptide substrates binding to
different regions within the pocket (see Figure 1.2). Therefore, Pgp does not appear to
have a single binding site for all drugs, but rather a large flexible binding pocket with
overlapping sub-sites.
Scanning mutagenesis has been used by Clarke and co-workers to characterize
residues important in the binding of some drugs.

In the case of Ala-scanning

mutagenesis, observed changes in Pgp substrate specificity were modest or non-existent,
so residues important in drug binding could not be identified (57). A potential problem in
using Ala-scanning mutagenesis to map the drug-binding sites was that the substitution of
a residue with Ala did not perturb Pgp’s binding pocket enough to disrupt drug binding.
Unlike Ala, Arg has a charged and bulky side chain, which may perturb drug binding.
Thus, Arg-scanning mutagenesis has been used to identify regions within Pgp potentially
responsible for drug interactions. Using this approach, it was determined that all of the
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transmembrane segments are important in drug binding (57). Finally, upon introduction
of Arg residues, Pgp was found to recognize different drug substrates (58). These results
suggest that Pgp recognizes drugs by an induced-fit mechanism (59).
It has been proposed that Pgp binds drugs within the membrane before they have the
opportunity to enter the cytosol. This was first predicted by the finding that doxorubicin,
a lipophilic Pgp substrate, was only present in the membrane and outside of MDR cells.
Later work showed that acetoxymethyl derivatives of fluorescent dyes, such as calcein,
were unable to reach the cytosol of MDR cells expressing Pgp, but accumulated in the
interior of cells that did not express Pgp (60).

Thus, it appears that when Pgp is

functioning, its substrates are found in the membrane and outer aqueous environments,
but not in the cytosol.

This is unlike most membrane transporters which bind

polar/charged substrates in the aqueous environment and transport them through a polar
pathway within the protein core, before releasing them on the other side of the membrane
(e.g. lactose permease). If this were the case for Pgp, drugs would have been found in the
aqueous cytosol, rather than in the membrane. Taken together, these studies illustrate
that Pgp intercepts its substrates before they enter the cytosol, by extracting them from
the membrane. This is the so-called “vacuum cleaner” model of Pgp action (see Section
1.6.1).
The lipophilicity of a substrate is an important parameter that controls its ability to
enter a lipid bilayer; it determines the distribution of solute between the lipid and the
aqueous phase. It is generally accepted that Pgp binds its substrate from within the
membrane. Thus, drugs with a high propensity to partition into the lipid bilayer have a
greater potential to interact with Pgp than drugs with low partitioning. When this system
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is at equilibrium, the distribution of the drug between two phases is described by the
lipid-water partition coefficient, Plip,

...(1)
where [D]lip and [D]aq represent the drug concentrations in the lipid bilayer and aqueous
phase, respectively.

Drugs with high Plip values will have a higher effective

concentration in the membrane, and thus Pgp will have a higher apparent binding affinity
for these drugs (lower dissociation constant, Kd). The mechanisms underlying membrane
partitioning are complex, especially for amphipathic molecules. Crude measurements of
lipophilicity, such as the octanol-water coefficient, do not adequately describe the
partitioning of drugs into membranes (61). However, these have been used in several
studies to describe the partitioning of Pgp substrates (62,63). More appropriate studies
that investigated the effect of the lipid bilayer on Plip found that lipophilic compounds
tend to partition better into liquid-crystalline phase lipid than gel phase lipid (64,65). Pgp
substrates behave similarly, and their partitioning was related to the fluidity of the
bilayer. Vinblastine, verapamil and daunorubicin partitioned best into the most fluid lipid
and worst into the least fluid lipid; the order of partitioning was as follows:
egg PC > DMPC > dipalmitoylphosphatidylcholine (66).
Partitioning of drug into the bilayer and the subsequent binding of drug to Pgp are two
tightly associated events that cannot currently be separated though direct experimental
measurements.

The dissociation constant for binding of drug from the lipid bilayer to

Pgp, Kdlip, is given by,
Kdlip =

...(2)
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Kdlip can be thought of as the “true” binding affinity of Pgp for substrate. The apparent
(measured) Kd is defined as,
Kd =

...(3)

The value of Kd obtained through experimental methods, such as fluorescence
spectroscopy, represents the sum of the partitioning of the substrate into the lipid bilayer,
and the subsequent binding of substrate to Pgp. It can be shown that the relationship
between Kd and Kdlip is given by (derivation in appendix A),
Kdlip = Kd

...(4)

where V is the volume of the sample and Vlip is the volume of lipid within the sample.
This relationship allows for Kdlip to be calculated using experimentally determined
parameters.

The relationship between the parameters Plip, Kdlip and Kd is shown

schematically in Figure 1.5.
How Pgp extracts its substrate from the bilayer is not known. Loo and Clarke
suggested that the drug binding pocket is exposed to the aqueous phase, and when drug
enters the drug binding pocket it becomes rehydrated (67). However, it was later found
that the drug binding site is very non-polar (68), which contradicts these conclusions.
Thus, additional studies are required to investigate the mechanism by which Pgp removes
or expels substrate from the lipid bilayer.
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Figure 1.5: Model of Pgp binding substrate from within the lipid bilayer.
The model shows the partitioning of drug (triangles) from the aqueous phase into the
lipid bilayer (Plip), the binding of drug from the lipid phase to Pgp (Kdlip), and the binding
of drug from the aqueous phase to Pgp (Kd). Note that Kd does not represent a true mode
of interaction between Pgp and drug, and only exists as part of a formal relationship
between Kdlip and Plip.

1.5.3 Thermodynamics of drug binding
The propensity of a drug partitioning into the lipid bilayer and interacting with Pgp can
be described macroscopically using thermodynamics. However, few studies have been
undertaken to understand these processes. Using drug-stimulated ATP hydrolysis as a
surrogate for drug binding, the free energy for Pgp binding to nimodipine, amlodipine
and verapamil from the lipid phase, Golp , were found to be -14, -18 and, -20 kJ/mol at
37°C, respectively (69). For a series of structurally diverse drugs, it was found that Golp
varied from -7 to -27 kJ/mol at 37°C. Further,

Golp was less negative than the free

energy of drug partitioning from the aqueous phase to the lipid environment, Gowl (51).
The thermodynamic understanding of drug binding is not complete, since these studies
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did not determine the entropic or enthalpic contributions to the free energies, nor did they
explore the effect of altered membrane composition on the thermodynamics of drug
binding.
1.5.4

Effect of lipid bilayer phase state and composition on Pgp

Membranes have distinct biophysical properties, which can affect Pgp function.
Bilayers made of synthetic lipids may exist in the gel or the liquid-crystalline phase states
(70). These phase states can be interconverted by a phase transition which takes place at
the melting temperature, Tm. The gel phase state exists at temperatures below Tm, where
the phospholipid acyl chains are in the all-trans, fully extended conformation.
Phospholipids in the gel phase state show high packing density and slow rates of lateral
diffusion. At temperatures above Tm, the bilayer exists in the liquid-crystalline phase.
This phase is very fluid, as a result of phospholipid acyl chains adopting higher-energy
gauche (or kinked) conformations, and has a high rate of lateral diffusion.
Studying detailed protein-lipid interactions in native membranes is very challenging
since these membranes contain many proteins, are asymmetrical and have poorly defined
lipid compositions. Therefore, other in vitro methods for studying these interactions are
often utilized. One approach that has been used successfully is the reconstitution of
purified Pgp into liposomes of defined lipids (giving proteoliposomes). Furthermore, the
biophysical properties of proteoliposomes, for example the Tm, can be manipulated. The
biophysical properties of the membrane affect several important physiological
phenomena, such as multidrug resistance.
Most membrane transporters function best in the fluid liquid-crystalline phase state.
For example, adipocyte D-glucose membrane transport proteins reconstituted into
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bilayers of egg PC and phosphatidylethanolamine (PE) showed modest transport in the
gel phase, but increased activity in the liquid-crystalline phase state (71). Pgp’s function
is also altered by the phase state of the lipid bilayer, but previous work suggested that it
follows a different trend to most transporters. Vinblastine, verapamil and daunorubicin
all bind Pgp with higher affinity in gel phase lipid compared to liquid-crystalline phase
lipid (66). The transport rate of tetramethylrosamine, a high affinity Pgp substrate, was
shown to be relatively high in the gel phase, maximal near Tm and lowest in the
crystalline phase state after being reconstituted into proteoliposomes made of synthetic
PCs (72). In contrast to drug transport and binding, Pgp had a higher binding affinity for
ATP, and higher Km, Vmax and activation energy for ATP hydrolysis, in the liquidcrystalline phase than in the gel phase (73). These results suggest that the membrane
phase is an important parameter affecting Pgp’s ability to bind and transport drugs.
The composition and fluidity of the lipid bilayer also appear to affect Pgp function.
Vinblastine, verapamil and daunorubicin bind to Pgp with higher affinity in
proteoliposomes of egg PC, compared to those composed of brain phosphatidylserine
(PS) and egg PE (66). These natural lipid extracts are expected to have similar fluidity,
so these results suggest that the headgroup has an effect on drug binding to Pgp. These
studies also showed that the length of the acyl chain, and thus the fluidity, of PC bilayers
affects Pgp binding to drugs (66). A reduced rate of transport, as a response to membrane
fluidizers, was also observed for Pgp in membrane vesicles (74). Finally, a decrease in
the lateral packing density of the bilayer has been proposed to switch the mechanism of
ATP hydrolysis from an entropy- to an enthalpy-driven process (75). Thus, membrane
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phase state, composition and fluidity are all important parameters in Pgp’s ability to bind
and transport drugs.
1.6

Drug transport by Pgp

1.6.1

Vacuum cleaner and flippase models of Pgp function

Pgp-mediated transport of drugs is saturable at high drug concentrations, osmoticallysensitive and ATP dependent (23,76). The exact conformational changes taking place as
a result of drug and ATP binding are not known, and there is contradictory evidence on
the rate-limiting step of drug transport (20). However, it is expected that initiation of
transport involves binding of ATP and drug, followed by conformational changes in the
NBDs as a result of ATP binding and hydrolysis, which cause a switch in drug binding
affinity (see Section 1.6.2). To complete the transport cycle, it is assumed that the
conformation of Pgp is then reset to its initial state (77).
Two models have been proposed to explain the transport of drugs by Pgp, which are
depicted in Figure 1.6. The first is referred to as the “vacuum cleaner” model. In this
model, Pgp transports its substrates directly into the extracellular space after binding
them in the hydrophobic interior of the membrane. In the second model, Pgp functions as
a flippase, where its substrates are moved from the inner to the outer leaflet of the
membrane bilayer. This would be followed by simple diffusion of substrate from the
membrane into the extracellular space, or passive flip-flop of substrate back into the inner
leaflet. The rate of drug movement between the lipid and aqueous phases is fast, and
diffusion limited, but the flip-flop rate of compounds between the two leaflets of the
bilayer is variable, and can be extremely slow.

Regardless of the mechanism, the

transport rate of one Pgp substrate may be enhanced, inhibited or unaffected by the
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presence of another substrate (38).

This is a clinically relevant observation, since

chemotherapy drugs are often administered in combinations.

The “flippase” and

“vacuum cleaner” models are still prevalent in the literature today.

Figure 1.6: Models of substrate transport by Pgp.
Left, the “vacuum cleaner” model: Substrates (orange ovals) partition into the bilayer,
then enter Pgp’s internal drug-binding pocket through an open portal, located in the
bilayer, and are transported directly out of the membrane to the external aqueous phase.
Right, the “flippase” model: Substrates partition into the bilayer, enter the internal drugbinding pocket through an open portal in the inner leaflet and are transported to the outer
leaflet by Pgp. From the outer leaflet, substrate can either passively flip-flop back to the
inner leaflet or diffuse into the extracellular medium.

Substantial evidence suggests that the flippase model may be correct. First, Pgp has
been shown to flip fluorescently labelled phospholipids and glycosphingolipids in
reconstituted systems (46,47). Second, the translocation processes for both drugs and
lipids share many biochemical features: both require ATP hydrolysis, both are inhibited
by Vi, and drug substrates compete with lipid flippase activity. Thus, it seems likely that
drugs and lipids are translocated using the same pathway (46).
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A recent study

demonstrated a drug concentration difference between the inner and outer leaflets of the
bilayer caused by Pgp activity (78), supporting the flippase model. Finally, a closely
related protein, ABCB4, which shows ~75% sequence similarity to Pgp, acts as a PC
flippase (79).
1.6.2

Transport mechanism

The exact mechanism of drug transport by Pgp is poorly understood. Early studies
found that both ATP binding sites have catalytic capability (40). Since then, several
opposing models have been proposed on how ATP drives transport. The first model,
proposed by Senior, suggests that the energy for transport is provided by the relaxation of
a high energy transition state in ATP hydrolysis (42). In his alternating sites mechanism,
drug transport is driven by asymmetric ATP hydrolysis occurring at two kinetically
indistinguishable, but non-identical binding sites (80). The alternating sites mechanism
suggests that one drug molecule is transported for each ATP molecule consumed.
However, it has also been reported that drug transport requires hydrolysis of two ATP
molecules per substrate transported (81). In contrast, the ATP-switch model suggests that
the energy for transport is provided by the binding of ATP (82). The switch model
suggests that drug binding promotes ATP binding to the NBDs. Binding of ATP to the
NBDs induces their dimerization, leading to conformational change in the TMDs and
translocation of drug. However, it has been shown that the binding of drug to Pgp does
not greatly affect the affinity of Pgp for ATP (26,83), which does not support the switch
model. Another model has recently been proposed, which indicates that two pseudosymmetric transport pathways within Pgp may be involved in the transport of drug, each
with variable propensity to transfer different drug types (55). The two pathway model
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supports several other studies that found the Hill coefficient for transport of different Pgp
substrates was near 2 (84,85). Clearly, much additional work is needed to understand the
drug transport mechanism of Pgp.
1.6.3

Effects of drug transbilayer diffusion rate on Pgp function

As mentioned earlier, the ability of Pgp to confer MDR depends on the transbilayer
movement rate of the drug. Drug molecules are found in specific locations in each of the
membrane leaflets (86). Passive diffusion, which essentially involves flip-flop of drug
molecules from their location in one leaflet to the other, is one way that lipophilic
substrates and modulators can pass through the membrane. It has been proposed that a
fundamental difference between modulators and MDR-conferring drugs is their
transbilayer diffusion rate (87). Pgp is known to transport drugs at a relatively slow rate
of ~1-2 molecules per second per protein molecule (88). Thus, if a transported drug reenters the outer leaflet and diffuses quickly into the inner leaflet, Pgp will not be able to
maintain its concentration gradient across the membrane (see Figure 1.5) and may
operate in a futile cycle. This model suggests that for a modulator to be effective Pgp
should bind it with high affinity and it should diffuse across the membrane rapidly.
Classical modulators are actively transported in an identical way to drugs (89), and Pgp is
known to be capable of binding multiple drugs simultaneously. Therefore, the repeated
binding and transport of a modulator in a futile cycle may result in either competitive or
uncompetitive inhibition of drug binding, depending on where the drugs and modulators
bind. Unlike classical modulators, some membrane fluidizers (e.g. Solutol, Cremophor
EL, Tween 80) do not interact with Pgp directly, yet they can block Pgp function (90).
These non-classical modulators may act by altering membrane fluidity so the
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transmembrane diffusion rates of drug substrates are increased. Regardless of their
mechanism of action, modulators decrease the effectiveness of Pgp substrate transport.
1.7

Pgp and lipid rafts

It has been proposed that Pgp’s relatively long transmembrane segments are more
suited to a thick bilayer (91). In synthetic membranes a thicker bilayer exists below Tm,
since the acyl chains are in an all-trans and fully extended conformation (92). Within
natural plasma membranes, specialized domains named lipids rafts exist (93). Lipid rafts
exist in the liquid-ordered phase state and are rich in cholesterol and sphingolipids (94).
This phase state is thought to have properties in between those of the liquid-crystalline
and gel phases. In rafts, acyl chains are also in fully extended conformations and this
results in a thicker bilayer (95). It has been proposed that at low levels of expression Pgp
localizes within rafts in intact cells (96). However, Pgp’s localization appears to shift
toward non-raft regions at high cellular expression levels (97) and the protein has also
been proposed to localize to intermediate density domains, unique from classical lipid
rafts (98).

Importantly, Pgp confers MDR even when it is located in non-raft

microdomains (96). Thus, it remains important to study Pgp in a variety of different
membrane environments to better understand how Pgp function is affected by the
biophysical properties of the lipid bilayer.
1.8

Cholesterol and Pgp
For the past 15 years, Pgp has been implicated in a variety of cholesterol-related

processes including cholesterol esterification, transport and biosynthesis. However, the
literature is contradictory and confusing when it comes to Pgp-cholesterol interactions.
An early cell-based assay using Pgp inhibitors suggested that Pgp is involved in the
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esterification of cholesterol (99). Importantly, it was later shown this result was due to
the inhibition of acyl-CoA acyltransferase, and not a Pgp-specific effect (100). Other
studies reported that Pgp ATPase activity was inhibited by cholesterol removal from
membranes (101), or reconstitution of Pgp into membranes without cholesterol (102).
The addition of cholesterol also affected basal and drug-stimulated ATPase activity
(102,103). Other reports suggested that cholesterol depletion inhibited drug transport
(104).

Many of these studies used methyl-β-cyclodextrin to chelate and remove

cholesterol from the membrane. This compound is now known to directly inhibit Pgp
function (104), so these results are suspect. Furthermore, Pgp was not able to maintain an
altered leaflet distribution of fluorescently labelled cholesterol (104), indicating that Pgp
is not a cholesterol flippase, as previously suggested by another group (101).
The question remains as to whether cholesterol is important in Pgp function. It is
possible that cholesterol may have either direct or indirect effects on Pgp.

Direct

interactions between Pgp and cholesterol are difficult to demonstrate. Cholesterol is
highly insoluble (its critical micelle concentration has been reported to be as low as
25-40 nM), and more soluble analogues are often employed to alleviate some of the
technical issues associated with its use. Previous work from our lab suggests that the
cholesterol analogues cholestatrienol and dehydroergosterol interact with Pgp in
detergent solution, as determined by Trp quenching. However, this method was unable to
show a direct Pgp-cholesterol interaction.

Since cholesterol is known to modulate

membrane fluidity, it may affect Pgp function indirectly. For example, cholesterol was
able to alter the binding affinity of Pgp for some, but not all, drugs (104). This effect
may arise from the observation that cholesterol can change the partitioning of drugs into
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the membrane (104), which in turn, affects their ability to interact with Pgp. This
phenomenon may have physiological implications since it has been noted that the plasma
membrane has a slightly higher cholesterol content in MDR cells (105).
1.9

Pgp fluorescence

Fluorescence spectroscopy has proved to be a useful approach to study Pgp. For
example, it has allowed for the direct quantification of drug, modulator and nucleotide
binding affinity. Pgp has 11 Trp residues which are located throughout the protein. Trp
is a potentially fluorescent residue and this property makes the protein intrinsically
fluorescent. Trp fluorescence of Pgp was shown to be red-shifted after denaturation in an
aqueous solvent (106). This observation suggests that at least some of the emitting Trp
residues are localized in a non-polar environment. Furthermore, fluorescence lifetime
and quenching studies of Pgp have suggested that three Trp residues within the
transmembrane region (W133/299/313), and two Trp residues in the cytosolic regions
(W695/1105), contribute to Pgp’s fluorescence.

The other Trp residues are likely

quenched by nearby functional groups. Pgp Trp fluorescence is quenched saturably by
the binding of drugs. This effect allows an estimation of the Kd by monitoring the
fluorescence of Pgp at increasing concentrations of drug, and then fitting this data to an
equation describing binding to a single site. Such fluorescence quenching approaches are
used in the present studies.
1.10

Rationale and research objectives

Pgp is the best characterized ABC transporter to date, and is known to play an
important role in human health and disease. Pgp effluxes a wide variety of structurally
unrelated, lipophilic substrates after binding them from within the membrane. Given
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Pgp’s intimate connection with the membrane, it is intuitive that the interaction between
drug and Pgp could be altered by the membrane environment. Indeed, several studies
have shown that the membrane environment can modulate Pgp function, but more work
needs to be carried out to quantify these effects. Another question that remains is how
Pgp ATPase activity is modulated by lipid composition and cholesterol. In this thesis,
these important questions were addressed using purified Pgp reconstituted into synthetic
membrane bilayers of defined composition and a variety of fluorescence spectroscopic
techniques.

The major goal of this thesis is to determine in detail how the lipid

environment affects drug partitioning, drug binding to Pgp, drug transport and Pgp
ATPase activity. The use of purified Pgp reconstituted into lipid bilayers of defined
synthetic phospholipids is an important tool to examine how the lipid environment affects
Pgp function. In particular, the role of lipid phase state may be readily examined. A
variety of fluorescence spectroscopic techniques were employed to quantify the drug
binding and transport functions of Pgp, and how they change as a result of altered lipid
environments. Determining Kd and Plip can allow for true affinities of Pgp for binding
drug to be determined.

Further, if these experiments are performed at several

temperatures it becomes possible to extract standard state thermodynamic parameters that
give insight into how the interaction of drug and protein differs in altered membrane
environments. Using a similar approach for transport kinetics, it is possible to obtain
transition state thermodynamic parameters that describe the formation of the rate-limiting
transition state of the transport process, which again may be modulated by the lipid
environment.
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Studies have proposed that changes in the membrane environment may affect the
ability of Pgp to bind and transport drugs (74,107). From these studies it has been
proposed that one approach to modulate Pgp function, and reverse MDR, may be by
changing the properties of the membrane (107). Thus, understanding how the lipid
environment affects Pgp function may assist in developing clinical strategies to overcome
MDR.
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CHAPTER 2: MATERIALS AND METHODS
2.1

Materials
CHAPS was obtained from MP Biomedicals (Solon, OH). H333342 and 2-[4-(4-

[dimethylamino]phenyl)-l,3-butadienyl}-3-ethylbenzo-thiazolium perchlorate (LDS-751)
were purchased from Invitrogen (Burlington, ON).
tryptophanamide (NATA),

ATP, colchicine, N-acetyl-

5-(3-(2-(7-chloroquinolin-2-yl)ethenyl)phenyl)-8-dimethyl-

carbamyl-4,6-dithiaoctanoic acid sodium salt hydrate (MK-571) and cholesterol
hemisuccinate (CHS) were purchased from Sigma-Aldrich Canada (Oakville, ON).
Phospholipids were acquired from Avanti Polar Lipids (Alabaster, AL). CHS-Tris salt
was synthesised from CHS and supplied by Joseph Chu (Sharom Lab, University of
Guelph).

α-Minimum essential medium (αMEM) was purchased from Invitrogen

(Burlington, ON).

All other cell culture supplies were obtained from HyClone

Laboratories (Logan, UT).
2.2

Cell culture and plasma membrane preparation
The MDR Chinese hamster ovary cell line CHRB30 (108) was grown as previously

described (46,109). Cells were cultured in the presence of 30 μg/mL colchicine at 37°C
in a humidified atmosphere of 5% CO2 in αMEM supplemented with 10% ironsupplemented/defined bovine calf serum, 100 units/mL penicillin, 100 µg/mL
streptomycin and 2 mM L-glutamine. Cells were harvested using trypsin-citrate-saline.
CHRB30 cells were frozen at -70°C in 10% v/v DMSO-αMEM and stored for up to 6
months.
~1 x 1010 cells were rapidly thawed in warm water. All subsequent steps were
performed on ice or at 4°C. Thawed cells were washed twice with 200 mL of cold
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phosphate-buffered saline, and collected for 5 min at 2 000 × g. The cells were washed
with 60 mL of homogenization buffer (10 mM Tris-HCl, 0.25 M sucrose, 0.2 mM CaCl2,
pH 7.5) and collected by centrifugation for 5 min at 2 000 × g. Cells were suspended in
cold homogenization buffer with CompleteTM EDTA-free protease inhibitor cocktail
(Roche, Mississauga, ON) and disrupted using nitrogen cavitation via a Yeda press at 500
psi using a 2 min equilibration time. To the cell lysate, 6 mL of 10 mM EDTA and 45
mL of cold post-homogenizing buffer (10 mM Tris-HCl, 0.025 M sucrose, pH 7.5) were
added. The homogenate was layered into 6 ultracentrifugation tubes on top of a 10 mL
sucrose cushion (35% w/w sucrose, 10 mM Tris-HCl, 1 mM EDTA, pH 7.5) and
centrifuged for 1 h at 154 000 × g using a SW32Ti rotor. The interface layers were
removed and pooled in two 70Ti polycarbonate centrifuge tubes, and washed with cold
freezing buffer (10 mM Tris-HCl, 0.25 M sucrose, pH 7.5) up to 80% of the tube volume.
Plasma membrane was collected by ultracentrifugation for 30 min at 154 000 × g in a
70Ti rotor. The pellets were again resuspended in cold freezing buffer and collected by
ultracentrifugation at 154 000 × g at 4°C. The final pellet was resuspended in ~ 8 mL of
freezing buffer using a 25 gauge needle. Plasma membrane was frozen and stored at
-70°C for no more than 6 months.

The protein concentration in all samples was

determined using a modified method of Bradford (110), using bovine serum albumin
(BSA) as a standard. The method was adapted to a 96-well plate format, and the plate
was read at 595 nm.
2.3

Purification of Pgp
Plasma membrane vesicles were thawed and sedimented at 164 000 × g for 30 min.

This step and all subsequent steps were performed on ice or at 4°C. The pellet was
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resuspended in 1 mL of solubilization buffer A (15 mM 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 20 mM HEPES, 100 mM NaCl, 5 mM MgCl2,
2 mM dithioerythritol (DTE), pH 7.4) for each 20 mg of plasma membrane protein and
then incubated with periodic swirling for 30 min. Insoluble material was collected by
ultracentrifugation at 164 000 × g for 20 min and the supernatant (S1) was saved for
analysis. The pellet was resuspended in 10 mL of solubilization buffer B (45 mM
CHAPS, 20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, 2 mM DTE, pH 7.4) for each 10
mg of plasma membrane protein and incubated with continuous agitation for 45 min. The
sample was then pelleted at 15 000 × g for 20 min. The resulting supernatant (S2), which
contained partially purified Pgp, was loaded onto a concanavalin A (ConA)-Sephadex
lectin affinity column (1.5 × 18 cm) pre-equilibrated with ConA running buffer (2 mM
CHAPS, 20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, 2 mM DTE, pH 7.4) and eluted
with the same buffer. Fifty fractions of ~900 µL volume were collected and the relative
ATPase activity was determined.

Fractions with the highest ATPase activity were

collected, pooled (~7-8 mL) and stored at -70°C for no more than 1 week. The pooled
fraction was thawed and run for a second time through the ConA-Sephadex column, as
described above. Following use, the ConA column was washed with ~75 mL of washing
buffer (0.5 M glucose, 20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, pH 7.4), ~125 mL
20% ethanol in 20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, pH 7.4 and stored in 20%
ethanol.
Purified Pgp (~8-10 mL, 2.5-3.5 mg protein) was obtained from 55-90 mg plasma
membrane protein, and stored at -70°C for no more than 3 months. The specific activity
of purified Pgp ranged from 1.6-2.2 µmol/min•mg protein and the protein concentration
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was typically >350 µg/mL. SDS-polyacrylamide gel electrophoresis analysis (Figure
2.1) shows that purified Pgp was free of any major contaminants. This purification
protocol has been shown to have as few as 53-56 endogenous annular lipids (mostly PS
and PE) after purification (22). Thus, this protein is ideal for functional reconstitution
into bilayers with specific lipid composition.

Figure 2.1: SDS-polyacrylamide gel electrophoresis analysis of purified Pgp.
Purified Pgp (3.4 µg) was run on a 10% polyacrylamide gel and stained with Coomassie
blue. The Pgp band corresponds to a molecular mass of 170-180 kDa, and is marked by
an arrow.
2.4

Functional reconstitution of Pgp for binding and transport studies
For binding and transport assays, Pgp was reconstituted into proteoliposomes utilizing

methodology developed in our lab (111), using CHAPS removal on a Sephadex G-50
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column.

Stock DMPC (4.5 mg) or palmitoylmyristoylphosphatidylcholine (PMPC)

solution (prepared in 4:1 v/v CHCl3:MeOH and stored at -20°C) was dispensed into a
glass tube, dried under nitrogen for 1 min and then further dried under vacuum for at least
30 min to remove any trace of organic solvent.

The lipid was dissolved in 90 µL of

CHAPS solution (500 mM CHAPS, 20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, 2 mM
DTE, pH 7.4) by incubating at 37°C for 5 min, with repeated vortexing. One mL of
purified Pgp (250-300 µg protein) was mixed with CHAPS-solubilized phospholipids by
repeated passage through a 26 gauge needle. The mixture was continuously agitated at
4°C for 45 min. CHAPS was removed by passage through a Sephadex G-50 gel filtration
column (1 × 28 cm) pre-equilibrated with HEPES buffer (20 mM HEPES, 100 mM NaCl,
5 mM MgCl2, 2 mM DTE, pH 7.4). Fractions of 20 drops (0.6-0.7 mL volume) were
collected and the fractions containing proteoliposomes were identified by ATPase
activity and turbidity. Proteoliposome fractions were pooled together to give a final
volume of 1.8-2.1 mL (2.5-3:1 w/w lipid: protein; 30-60 µg/mL protein).

These

proteoliposomes were found to be free of detectable levels of CHAPS using a modified
method of Irvin et al. (112) (data not shown).
The PC concentration of proteoliposome samples was determined using a PC
assay kit (Cayman Chemical, Burlington, ON) which monitored the release of choline
catalyzed by PC-specific phospholipase D. The supplied vials containing colour detector
and enzyme mixtures were each dissolved in 1 mL of Tris buffer (50 mM Tris-HCl, 0.66
mM CaCl2, pH 8.0). A reagent mixture was prepared by mixing 30 µL of supplied PCspecific phospholipase D, 1 mL of resuspended colour detector, 1 mL of reconstituted
enzyme mixture and 970 µL of Tris buffer. PC standards were prepared by solubilizing
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lyophilized PC in the supplied Triton X-100 solution. Ten µL of phospholipid standards
(20-150 mg/dL) or proteoliposome samples were added to a 96-well microplate
(Corning) and 100 µL of reagent mixture was added to each well. Colour was allowed to
develop for 60 min at 37°C and the plate was read at 595 nm. Membrane volume was
calculated from PC concentrations assuming a density of 1.03 g/mL for liquid-crystalline
phase lipid or 1.06 g/mL for gel phase lipid (113).
2.5

Determination of drug binding affinity

The apparent binding affinity of Pgp for MK-571, LDS-751 and H33342 was
determined in CHAPS solution, DMPC proteoliposomes and PMCP proteoliposomes
using quenching of the intrinsic Trp fluorescence of Pgp. These studies were carried out
at 18-34°C, 18-28°C and 22-34°C for detergent-solubilized Pgp, DMPC proteoliposomes
and PMPC proteoliposomes, respectively. Trp quenching experiments were performed
by adding 1 µL aliquots of drug dissolved in 50% water/50% DMSO to a 100 µL sample
of Pgp (containing 3-6 µg protein) in a 0.3 cm x 0.3 cm path length cuvette. Trp was
excited at 290 nm (2 nm slits) and fluorescence was collected at 330 nm (6 nm slits) after
each addition of drug. Fluorescence intensities were corrected for dilution and inner filter
effect by NATA quenching.

No statistical differences were observed for NATA

quenching at the different temperatures used in these studies (data not shown), so NATA
quenching data obtained at one temperature was used to correct all temperatures.
Quenching of Trp fluorescence at each drug concentration was fitted to the following
equation using SigmaPlot (Systat, Chicago, IL):
F
Fo

(
100

Fmax
Fo

Kd

100)

D

...(5)

D
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Where

F
Fo

100 represents the percent change in fluorescence intensity relative to the

initial value after addition of drug at concentration [D], and

is the maximal

percent fluorescence quenching.
From the Kd values determined above, Kdlip was calculated using the equation (this
equation is derived in Appendix A),
Kdlip Kd (

V
Vlip

Plip )

...(6)

Where V is the total volume of the titrated sample, and Vlip is the volume of lipid within
the titrated sample. Plip values were determined as in Section 2.6.
2.6

Determination of the lipid-water partition coefficient, Plip

An equilibrium dialysis method was used to determine Plip for MK-571, H33342 and
LDS-751 in DMPC and PMPC at several temperatures spanning their Tm values. Two
mg of stock phospholipid was dried under nitrogen for 1 min and then under vacuum for
30 min to remove any traces of organic solvent. Multilamellar vesicles were prepared by
suspending the lipid in 2 mL of HEPES buffer by vigorous vortexing. The vesicles were
then incubated at 37°C for 5 min and extruded through a 100 nm polycarbonate filter to
obtain unilamellar vesicles. A 600 µL aliquot of these vesicles was placed in dialysis
tubing (12-14 kDa molecular mass cutoff) and dialyzed against 100 mL of HEPES buffer
containing 3.5 µM LDS-751, 3.5 µM MK-571 or 7.0 µM H33342. After 24 h of shaking
in a controlled temperature shaker at the desired temperature, 150 µL aliquots of the
dialysis buffer and lipid sample (from within the dialysis tubing) were removed and
placed in a 96-well microplate. One-hundred fifty µL of room temperature SDS solution
(10 mM SDS, 20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, pH 7.4) was added to each
35

well and the plate was allowed to incubate at room temperature for 10 min. The
concentration of drug in the aqueous and lipid phases was determined using fluorescence
spectroscopy (λex,H33342
710 nm; λex,MK-571

355 nm, λem,H33342

460 nm; λex,LDS-751

544 nm, λem,LDS-751 =

355 nm, λem,MK-571 = 405 nm with bandpasses of 10 nm) by

comparison to a standard curve (0-3.5 µM), using a fluorescence plate reader. Plip was
calculated using the equation (114),
-

...(7)

where Cin is the concentration of drug inside the dialysis tubing, Cout is the concentration
of drug in the outer aqueous solution, Vin is the volume of sample loaded into the dialysis
tubing, and Vlip is the calculated volume of lipid inside the tubing. Vlip was calculated
using a phospholipid concentration of 1 mg/mL and a density of 1.03 mg/mL for liquidcrystalline phase phospholipid or 1.06 mg/mL for gel phase phospholipid (113).
2.7

Real-time fluorescence based transport assay

To measure the rate of drug transport by Pgp, proteoliposomes composed of DMPC or
PMPC were prepared fresh, as described in Section 2.4. One-hundred µL of HEPES
buffer and 100 µL of proteoliposomes sampl were mixed with 10 µL of 125 µM H33342
or 100 µM LDS-751 dissolved in DMSO. Samples were incubated at the appropriate
temperature for 10 min in a controlled temperature water bath. As a control to verify that
fluorescence changes were caused by Pgp transport, and not by dynamic repartitioning of
drug as a result of dilution, 5 µL of 5 mM Vi (an inhibitor of ABC ATPases) was added
to a subset of samples to trap Pgp in a non-transporting state. After incubation, 200 µL of
the diluted proteoliposome sample was added to a thermostatted 0.5 × 0.5 cm quartz
cuvette. Drug was excited at the appropriate wavelength (H33342 = 355 nm, 2 nm slits;
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LDS-751 = 555 nm, 2 nm slits) and its emission was monitored continuously (H33342 =
450 nm, 2 nm slits; LDS-751 = 688 nm, 6 nm slits) for 150 s, to allow for further thermal
equilibration and for most of the photobleaching to cease. At this time, 50 µL of
temperature-equilibrated ATP with a regenerating system (5 mM ATP, 11.5 mg/mL
creatine phosphate, 0.3 mg/mL creatine kinase in HEPES buffer) was added to initiate
transport, and the fluorescence was monitored for another 210 s. Less than 2% of the
total fluorescence signal arose from aqueous drug (data not shown). Therefore, it was
assumed that lipid-bound drug was responsible for all observed fluorescence.

The

fluorescence data were converted into concentration using the equation,
...(8)
where, [D]i is the concentration of drug in the membrane at time i, [D]o,aq is the initial
aqueous concentration of drug, Plip is the lipid partition coefficient at the appropriate
temperature and Fi/F0 is the fractional fluorescence at time i relative to the fluorescence at
the time of ATP addition. Initial transport rates (µM/min) were determined by taking the
slope of the linear section from 10-20 s following the addition of ATP, after subtracting
the vanadate control. These rates were converted to turnover frequencies (equivalent to
kcat when transport is saturated) by taking into account membrane volume (determined as
for Kdlip), drug concentration and assuming a molecular mass for Pgp of 170 kDa; see
Appendix B for additional details on the calculation of turnover frequencies.
2.8

ATPase assay
A colorimetric assay was used to monitor the Pgp-catalyzed release of inorganic

phosphate from ATP. Pgp was diluted in buffer to a final volume of 90 µL in a 96-well
microplate (~0.3-0.6 µg per well). Ten µL of 10 mM ATP dissolved in buffer was added
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to each well and the plate was incubated at 37°C for 20 min. 100 µL of stop reagent
(0.5% ammonium molybdate, 6% SDS, 3% ascorbic acid, 0.5 mM HCl) was added to
quench the reaction. Samples were allowed to stand at room temperature for 5 min and
100 µL of 2% sodium citrate/ 2% acetic acid/ 2% sodium acetate was added to each well.
Colour was allowed to develop for 20 min before the absorbance was read at 750 nm on a
plate reader. For drug-stimulated ATPase assays, 2 µL of drug stock in DMSO, buffer
and Pgp sample were pre-incubated on ice for 10 min and warmed to room temperature
before the addition of ATP.
2.9

ATPase and transport stability testing
For stability assays, Pgp was reconstituted into bilayers using a slightly modified

version of the method in Section 2.4. Three mg of pure phospholipid was dried for each
reconstitution experiment and the volume of 500 mM CHAPS was adjusted to 75 µL.
For samples containing CHS, 2.5 mg of phospholipid stock solution and 0.5 mg of CHS
(prepared in 4:1 v/v CHCl3:MeOH) were combined in the same tube before drying. Also,
0.02% w/v NaN3 was added to all buffers to prevent microbial growth over the extended
incubation period. CHS-Tris salt was used to test the effect of CHS on detergentsolubilized Pgp because it is more soluble than the free acid form. CHS-Tris salt was
added to purified protein at a concentration of 0.02% w/w. ATPase and transport assays
were performed, as described in previous sections, at the same time daily for a period of
one week. For the drug-stimulated ATPase stability test, 2 µL of 250 µM H33342
dissolved in DMSO was added before initiation of the reaction with ATP.
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2.10

Differential scanning calorimetry (DSC)

All DSC measurements were performed on a VP-DSC instrument (Microcal, USA)
operating in high gain mode with a filtering period of 2 s. Proteoliposomes (508 µL,
prepared as in Section 2.4) or liposomes of lipid alone (1 mg/mL) were analyzed
following a pre-scan equilibration of 10 min. Differential measurements were performed
against reference buffer (20 mM HEPES, 100 mM NaCl, 5 mM MgCl2, 2 mM DTE, pH
7.4). Samples were scanned through a temperature range of 5-35°C at a rate of 1°C/min.
2.11

Determination of thermodynamic parameters of drug binding and transport

Thermodynamics of drug binding:
The standard state enthalpy,

H°, and the standard state entropy,

S°, were

determined from the temperature dependence of the association constant (Ka=1/Kd)
which is described by the Van’t Hoff equation,
ln(Ka )

-

Ho

1

So

R

T

R

...(9)

where R is the gas constant and T is the temperature in Kelvin. A Van’t Hoff plot of lnKa
(or lnKalip) versus 1/T yields a straight line of slope - H°/R and y-intercept of
from which both H° and S° were obtained.

S°/R

H° and S° were used to calculate G°

using the equation,
G°

H° - T S°

...(10)

The free energy of drug binding from the lipid phase to Pgp,

Golp , and the free

energy of drug binding from the aqueous environment to Pgp, Gowp ,were calculated from
the H° and S° values obtained from Van’t Hoff analysis of Kd and Kdlip, respectively.
The free energy for drug partitioning from the aqueous phase to the lipid phase,
was calculated using,
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Gowl ,

Gowl

Gowp - Golp

...(11)

Similar notation was used for H° and S°, with subscripts “wl” designating changes
caused by drug moving from aqueous phase to the lipid phase, “wp” designating changes
caused by drug moving from the aqueous phase and interacting with Pgp, and “lp”
designating changes caused by drug moving from the lipid phase and interacting with
Pgp. Subscripts “dp” describe thermodynamic changes in the formation of the drugprotein complex, independent of the lipid environment. As shown in Appendix C, if the
is identical for the same drug under two conditions then,
[ Ho l - Hol
and if

Howl - Hol

1

...(12)

2

Holp - Howl is defined as Hrel
dp then,
[ Hrel
dp

1

Hrel
dp

...(13)

2

and if Hodp is not identical for the same drug under two different conditions then,
[ Hrel
dp

1

Hrel
dp

2,

then Hodp

1

Hodp

2

(or the reverse)

The same analysis method was used to assess S°, with all H° parameters replaced by
S°.
Kinetics and thermodynamics of drug transport:
The temperature dependence of kcat can be modelled using the Arrhenius equation,
kcat = Ae-Ea/RT

...(14)

where kcat is the rate constant, Ea is the Arrhenius activation energy and A is the preexponential factor. Equation 11 is equivalent to,
ln (

cat

) ln

-

Ea
R

1

( )

...(15)

T

An Arrhenius plot of lnk vs 1/T yields a straight line of slope –Ea/R and y-intercept ln(A).
The values of both Ea and ln(A) for transport were calculated from these plots.
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The free energy of transport activation,

Gǂ, was calculated using the absolute rate

equation,
Gǂ RT (ln

Kb

-ln

cat

T

)

...(16)

where Kb is the Boltzmann constant and h is Plank’s constant.

The enthalpy of

activation, Hǂ, was calculated using,
Hǂ = Ea – RT

...(17)

The entropy of transport activation, Sǂ, was calculated using,
T Sǂ

Hǂ - Gǂ

...(18)
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CHAPTER 3: EFFECT OF THE LIPID BILAYER ON DRUG
PARTITIONING AND BINDING TO PGP
3.1

The lipid-water partition coefficient

3.1.1

Introduction

It is generally accepted that Pgp binds its substrates from within the lipid bilayer, and
not from the aqueous phase. Thus, drugs with high lipid-water partition coefficients can
interact with Pgp more effectively than drugs with low partition coefficients. Previous
studies in the Sharom laboratory investigated the ability of selected Pgp substrates to
partition into lipid bilayers. Vinblastine, verapamil and daunorubicin were found to
partition best into the most-fluid lipid (egg PC) and worst into the least-fluid lipid
(dipalmitoylphosphatidylcholine) at a temperature of 22°C (66).
In this chapter, the effect of the lipid bilayer melting transition on partitioning was
investigated for a set of three structurally diverse Pgp substrates; LDS-751, H33342 and
MK-571 (see Figure 1.4 for structures). The two lipids used in these experiments were
DMPC (14:0,14:0; Tm = 23.0°C) and PMPC (16:0,14:0; Tm = 28.3°C). These lipids were
chosen so that the electrostatic interactions of the headgroup would remain constant, and
changes in drug partitioning could be attributed to differing properties of the acyl chains.
To determine the effect of the phase transition on Plip, experiments were performed at a
minimum of 6 temperatures that spanned the Tm of each phospholipid bilayer. By using
these two lipids, the effect of altering membrane physical properties on drug partitioning
was investigated.
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3.1.2

Results

3.1.2.1 Effect of lipid bilayer melting and composition on Plip
The Plip values for partitioning of drugs into DMPC were calculated from the
concentrations of drug in the lipid and aqueous phases after equilibration at a defined
temperature for 24 h (Section 2.6). The values of Plip for these drugs ranged from
~1 000-16 000. Partitioning of drugs was more favourable in liquid-crystalline phase
lipid than gel phase lipid. Figure 3.1 shows Plip values for three drugs in DMPC bilayers
at several temperatures spanning the phase transition. The magnitude of LDS-751 and
H33342 partitioning into DMPC was similar. However, the effect of the lipid phase
transition was more pronounced for H33342 than LDS-751. H33342 showed a ~1.7-fold
increase in Plip upon melting, whereas LDS-751 had essentially no change.

The

partitioning of MK-571 was most affected by the phase transition, with an increase of
~2.5-fold upon bilayer melting. MK-571 showed higher partitioning than LDS-751 or
H33342; at 24°C the Plip for MK-571 was ~4-fold higher than that of LDS-751 or
H33342. Notably, partitioning of LDS-751 and H33342 increased as the temperature was
increased, but partitioning of MK-571 decreased with increased temperature (within the
same lipid phase). At 22°C, where DMPC is in the gel phase, the rank order of Plip, from
highest to lowest, was MK-571 > LDS-751 > H33342. In liquid-crystalline phase DMPC
(28°C) this rank order switched to MK-571 > H33342 > LDS-751.
Notable differences between the partitioning of drug into DMPC and PMPC were
observed. Figure 3.2 shows the partitioning of the three Pgp substrates into PMPC
bilayers. There is a ~1.7-fold increase and little change in the partitioning of H33342 and
LDS-751, respectively, into PMPC upon melting which is roughly equivalent to the effect
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Figure 3.1: The effect of the DMPC gel-to-liquid-crystalline phase transition on Plip.
(A) LDS-751, (B) H33342, (C) MK-571. Each data point represents the mean ± SD of 26 independent experiments. Where not visible, error bars are contained within the
symbols. The vertical line indicates the Tm for DMPC (23.0°C).
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Figure 3.2: The effect of the PMPC gel-to-liquid-crystalline phase transition on Plip.
(A) LDS-751, (B) H33342, (C) MK-571. Each data point represents the mean ± SD of 24 independent experiments. Where not visible, error bars are contained within the
symbols. The vertical line indicates the Tm for PMPC (28.3°C).
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of the phase transition seen in DMPC. However, the phase transition had a smaller effect
on the partitioning of MK-571 into PMPC (~1.9-fold) compared to DMPC (~2.5-fold).
In addition, the effect of temperature on MK-571 partitioning was different for DMPC
and PMPC. In DMPC, partitioning decreased with increasing temperature within the gel
phase whereas the opposite trend was observed for PMPC. The rank order of Plip at 22°C
where PMPC is in the gel phase, from highest to lowest, was MK-571 > H33342 > LDS751. At 30°C, where PMPC is in the liquid-crystalline phase, the rank order for the
partitioning of drug did not change as a result of the phase transition, as it did for the
melting of DMPC.
3.1.2.2 Thermodynamics of drug partitioning
Van’t Hoff analysis of the Plip values was performed to obtain Howl and Sowl . Tables
3.1 and 3.2 show the thermodynamic parameters for drug partitioning into DMPC and
PMPC bilayers, respectively. The partitioning of H33342 and LDS-751 had positive
Howl values (unfavourable) and positive Sowl values (favourable) in both lipids. Due to
poor linear fits of Plip vs. temperature for LDS-751, Howl and Sowl values could not be
obtained for PMPC. MK-571 was the only drug tested with negative

values for

partitioning. Also, partitioning of MK-571 into DMPC was the only condition to have
negative Sowl values.
Gowl values were determined for these drugs under all conditions (see Appendix D).
Gowl values for the partitioning of LDS-751, H33342 and MK-571 into DMPC bilayers
were very similar, ranging from -23.9 to -23.3 kJ/mol, -21.6 to -23.3 kJ/mol and -23.6 to
-24.7 kJ/mol, respectively, at temperatures from 18-28°C.

Gowl values ranged from

-22.8 to -23.8 kJ/mol, -22.8 to -24.3 kJ/mol and -23.6 to -24.9 kJ/mol for the partitioning
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of LDS-751, H33342 and MK-571 into PMPC bilayers, respectively, at temperatures
from 22-34°C.
Table 3.1: Hw and
into DMPC bilayers.

w

values for partitioning of LDS-751, H33342 and MK-571

Data were obtained from Van’t Hoff plots, and errors represent the fitting error obtained
from linear regression analysis of these plots.
Drug
LDS-751
LDS-751
H33342
H33342
MK-571
MK-571
Table 3.2: Hw and
bilayers.

Lipid phase
Liquid-crystalline
Gel
Liquid-crystalline
Gel
Liquid-crystalline
Gel
w

H

(kJ/mol)
68 ± 7
81 ± 14
38 ± 0.5
146 ± 8
-88 ± 15
-78 ± 24

(J/mol•K)
294 ± 24
340 ± 13
194 ± 2
558 ± 27
-215 ± 50
-194 ± 82

values for partitioning of H33342 and MK-571 into PMPC

Data were obtained from Van’t Hoff plots, and errors represent the fitting error obtained
from linear regression analysis of these plots.
Drug
H33342
H33342
MK-571
MK-571

3.1.3

Lipid phase
Liquid-crystalline
Gel
Liquid-crystalline
Gel

H (kJ/mol)
41 ± 10
34 ± 35
125 ± 170
-184 ± 15

(J/mol•K)
206 ± 34
177 ± 117
35 ± 55
132 ± 50

Discussion

The effect of lipid phase and acyl chain length on the partitioning of three Pgp
substrates into DMPC or PMPC bilayers was studied at temperatures spanning their Tm.
Previous work investigated the partitioning of 15 structurally unrelated Pgp substrates,
and found Plip values ranging from 100-10 000 M-1 (51). Further, Plip values of several
amphipathic and hydrophobic molecules were found to range from 600-60 000 M-1 (115).
Partition coefficients without units and with units of M-1 are roughly equivalent in
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magnitude (116); thus, the Plip values determined in the present studies (~1 000-16 000)
fall within those determined previously.
The three drugs examined here are structurally diverse, but are of relatively the same
size (343-514 Da). The rank order of drug partitioning differed depending on lipid phase
and acyl chain composition. Further, large changes in the thermodynamics of drug
partitioning were seen as a result of altered membrane environment.

From this

observation it is clear that the structure of drug alone does not determine its ability to
partition into the bilayer, and the biophysical properties of the membrane need to be
considered. Despite the previous use of octanol-water partition coefficients (45,63), these
results provide further evidence that octanol-water partition coefficients do not
adequately describe the partitioning of drugs into the membrane.
LDS-751, H33342 and MK-571 preferred to partition into liquid-crystalline phase
lipid, which was also observed for other lipophilic compounds (51,66). The melting of
the bilayer is a result of additional flexing and kinking of the phospholipid acyl chains.
The presence of kinks in the liquid-crystalline phase increases both the presence of voids,
and aqueous penetration into the bilayer. This phenomenon results in a 4% increase in
volume and a 25% increase in the bilayer surface area upon melting (117). It is possible
that drugs partition better into liquid-crystalline phase lipid because they fit more easily
into the additional voids in the membrane. However, changes in the rank order of
partitioning were observed as a result of altered acyl chain composition. If the driving
force is simply increased void space, no changes in the rank order would have been
expected as a result of changes in lipid acyl chains. Thus, it appears that additional
explanations are required to adequately describe partitioning of drugs into bilayers.
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To further investigate the partitioning of substrates into bilayers, Van’t Hoff analysis
was performed. However, the interpretation of

Howl and

Sowl values obtained from

these plots is not simple. This is because Howl and Sowl describe the summed effect of
removing water from drug, drug-lipid interactions and the effects of drug partitioning on
the surface hydration of the bilayer (118).
Hydrophobic interactions are classically defined as

S°-driven processes (positive

S° and positive H°). The thermodynamics of LDS-751 and H33342 partitioning can
be described by such a classical hydrophobic effect. However, the negative Sowl values
for MK-571 partitioning were unexpected, and do not conform to classical

S°-driven

events. Inspection of the structure of MK-571 (see Figure 1.4) shows that it has a tertiary
amide group and a carboxyl group linked to an extensive network of conjugated double
bonds. Thus, MK-571 would display amphipathic characteristics. LDS-751 and H33342
are not obviously amphipathic.

H°-driven hydrophobic effects (negative

H° and

negative S°) have been reported in the literature for the partitioning of an amphiphile
into DMPC (119).
Large negative values of

Ho were observed for MK-571 partitioning, suggesting

that additional favourable interactions exist between MK-571 and lipid, in comparison to
H33342 and LDS-751. These values could be caused by interactions between the choline
headgroup and the polar moiety of MK-571, or van der Waals interactions between the
drug and the acyl chains. Further, the negative values of

Ho could be caused by

interactions between MK-571 and water that has penetrated into the membrane. It is also
possible that MK-571 interacts with water molecules surrounding the membrane, but this
is unlikely since it has been shown that most of the molecular volume of Pgp substrates
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was found within membrane regions associated with the glycerol backbone or the acyl
chains, and little volume was associated with the headgroup near the surface of the
bilayer (86).
The So for MK-571 partitioning was either positive or negative, depending on acyl
chain composition. The existence of hydrophobic and hydrophilic interactions between
the bilayer and MK-571 would restrict conformational freedom, and thus result in
additional unfavourable entropic effects.

However, it seems unlikely that the

conformational freedom of MK-571 within the bilayer results in the observed differences
of

Sowl that result from altered acyl chain composition. This is suggested because the

Sowl for MK-571 partitioning is less favourable in DMPC than PMPC at 22°C, despite
DMPC being more fluid; a more fluid bilayer should allow for more conformational
freedom of MK-571 within the bilayer. The same reasoning can be used to argue against
void spaces accounting exclusively for changes in MK-571 partitioning in DMPC and
PMPC. Notably, since choline is common to both DMPC and PMPC, the contribution of
the headgroup would not be expected to account for

Sowl differences between the two

lipids.
Differences in

Sowl for partitioning of MK-571 into DMPC and PMPC must be the

result of different acyl chain structure. The intercalation of amphiphiles into the bilayer
increases the cross-sectional area of acyl chains by inducing more disordered chain
motion. This surface area increase would be accompanied by an increase in surface
hydration (115). Since PMPC has a longer acyl chain, it may have stronger interactions
within the hydrophobic interior, and the expansion of the bilayer caused by drug
partitioning might be smaller compared to DMPC.
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It is also possible that drug

partitioning perturbs the more structured PMPC bilayer to a greater extent than the
DMPC bilayer, and this effect results in a more positive

Sowl for PMPC. From these

results, it is difficult to determine which explanation accounts for the observed
differences of MK-571 partitioning caused by acyl chain composition. However, it has
been proposed previously that changes in the disorder of the acyl chains result in changes
in

Sowl (120). Aqueous penetration is also affected by membrane disorder, and could

contribute to observed differences in Sowl caused by changes in acyl chains. Regardless
of the mechanism, small changes in acyl chain length can drastically affect the
partitioning of drug substrates, which would have functional implications for Pgp’s
ability to bind and transport drugs from the bilayer.
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3.2

Effect on the lipid bilayer on drug binding affinity

3.2.1

Introduction

Several studies have shown that the membrane bilayer modulates drug binding to Pgp.
Studies performed in our laboratory have illustrated that the Kd for structurally diverse
drugs can change as a result of altered membrane phase and composition (66). For
example, the affinity of Pgp for drug was altered by changing the phospholipid from PC
to PE or PS. Drugs were also found to bind to Pgp with 2- to 4-fold higher affinity in gel
phase proteoliposomes compared to liquid-crystalline phase proteoliposomes (66).
Further, phospholipid acyl chain composition was shown to modulate the binding of
drugs to Pgp (66). Since drugs bind to Pgp from within the membrane, the partitioning of
drug needs to be considered to obtain a true binding affinity of Pgp for drug in the lipid
phase (Kdlip). Very few studies have investigated drug binding from the lipid phase, but
Kdlip values in the range of 0.5-4 mM have been proposed (69). These studies did not
employ purified Pgp systems, and estimates of several parameters were made.
To address the limited knowledge of how Pgp binds its substrates from the membrane,
this section investigates the effect of lipid phase and acyl chain composition on drug
binding affinity. Pgp was reconstituted into DMPC and PMPC proteoliposomes because
their Tm values (see Section 3.2.2.1) are in a convenient range to avoid denaturation of
Pgp.

The Kd values for binding of MK-571, LDS-751 and H33342 to Pgp in

proteoliposomes were determined using Trp fluorescence quenching. These values were
combined with Plip data (Section 3.1) to calculate Kdlip. Finally, thermodynamic
parameters of drug binding were determined to investigate possible explanations for
altered drug binding affinity caused by a change in lipid environment. Table 3.3 outlines
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the symbols and meanings of thermodynamic parameters determined in these
experiments.
Table 3.3: Thermodynamic parameters discussed in Chapter 3.
Parameter

Howl , Sowl , Gowl
Holp , Solp , Golp
Howp

Sowp , Gowp

Hodp , Sodp , Godp
Hdp ,

3.2.2

dp

Process

changes caused by drug moving from the aqueous phase to the
lipid phase (calculated from Plip)
changes caused by drug moving from the lipid phase and
interacting with Pgp (calculated from Kdlip)
changes caused by drug moving from the aqueous phase and
interacting with Pgp (calculated from Kd)
formation of the drug-protein complex
changes in Hodp or Sodp for a single drug binding to Pgp in
different lipid environments

Results

3.2.2.1 Effect of Pgp on lipid bilayer melting
Figure 3.3 shows the effect of incorporating Pgp into liposomes on lipid bilayer
melting. The incorporation of Pgp caused the phase transition of DMPC to be broadened
substantially, with the width at half height increasing from ~0.5°C to ~2°C after
incorporation of protein. The effect on the phase transition is slightly less pronounced
after incorporation of Pgp into PMPC bilayers, with width at half height increasing from
~1°C to ~2°C after incorporation. Tm values were 23°C and 23.5°C for DMPC liposomes
and proteoliposomes, respectively, and 28.3°C for both PMPC liposomes and
proteoliposomes.
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Figure 3.3: DSC profiles showing the effect of Pgp on melting of DMPC and PMPC
bilayers.
(A) DMPC proteoliposomes, (B) PMPC proteoliposomes. The red lines represent
liposomes and the blue lines represent proteoliposomes. Curves are representative of a
single scan.
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3.2.2.2 Effect of lipid bilayer melting on Kd
The apparent binding affinity of Pgp for drug was determined using Trp quenching.
Titration of proteoliposomes with LDS-751, H33342 and MK-571 showed a saturable
decrease in Trp fluorescence as drug concentration was increased. This trend allowed for
the data to be fitted to an equation describing drug binding to a single site.

A

representative Trp quenching titration curve is given in Figure 3.4. Similar quenching
curves were seen for all drugs and all conditions used in these binding experiments. The
fitted Kd values ranged from ~11-26 µM in DMPC bilayers, ~4-11 µM in PMPC bilayers,
and ~4-10 µM in CHAPS-solubilized Pgp.

100

% Trp quenching

80

60

40

20

0

0

10

20

30

Concentration (M)

Figure 3.4: A representative Trp quenching curve for the titration of Pgp
proteoliposomes with drug.
A Trp quenching titration of Pgp reconstituted into DMPC with MK-571 was performed
at 22°C. The sample was excited at 290 nm and fluorescence emission intensity was
measured at 330 nm. Data are presented as the mean ± SD of duplicate titrations
performed on a single proteoliposome sample. Where not visible, error bars are included
within the symbols. The solid line represents the line of best fit to an equation describing
binding to a single site (equation 5).
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The affinity of Pgp for binding the three substrates was determined for detergentsolubilized Pgp and for Pgp in DMPC or PMPC proteoliposomes. Figures 3.5 and 3.6
show a discontinuity in the apparent affinity of reconstituted Pgp for drug above and
below the Tm, which was not observed for detergent-solubilized Pgp.

For DMPC

proteoliposomes, there was a clear discontinuity in both the value of Kd and the effect of
temperature on Kd (slope of the line). In comparison to DMPC, there was a smaller
change in Kd and a smaller change in the slope as a result of the PMPC phase transition.
The affinity of Pgp for substrates was higher in gel phase compared to liquid-crystalline
phase DMPC. The average affinity of Pgp for substrate decreased 22% for LDS-751,
42% for H33342 and 42% for MK-571 as a result of DMPC melting (average of all
temperatures above and below Tm). The Kd showed essentially no change for LDS-751, a
~1.2-fold increase for H33342 and a ~1.6-fold increase for MK-571 on PMPC melting.
At 22°C, where DMPC and PMPC are both in the gel phase, the Kd was ~1.6-fold higher
for LDS-751, ~1.7-fold higher for H33342 and ~2.7-fold higher for DMPC
proteoliposomes compared to PMPC proteoliposomes. Overall, the affinity for drugs was
found to be higher for Pgp reconstituted into bilayers of PMPC rather than DMPC, and
lower in the liquid-crystalline phase compared to the gel phase.
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Figure 3.5: The effect of the DMPC gel-to-liquid-crystalline phase transition on Kd.
(A) LDS-751 (●), (B) H33342 (●), (C) MK-571 (●). Data are presented as the mean ±
SD obtained in duplicate from a single batch of proteoliposomes or detergent-solubilized
Pgp (●). The vertical dashed lines indicate the Tm. Where not visible, error bars are
included within the symbols.
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Figure 3.6: The effect of the PMPC gel-to-liquid-crystalline phase transition on Kd.
(A) LDS-751 (●), (B) H33342 (●), (C) MK-571 (●). Data are presented as the mean ±
SD obtained in duplicate from a single batch of proteoliposomes or detergent-solubilized
Pgp (●). The vertical dashed lines indicate the Tm. Where not visible, error bars are
included within the symbols.
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3.2.2.3 Effect of lipid bilayer melting on Kdlip
Kdlip values, which represent the true drug binding affinity within the membrane, were
calculated as described in Section 2.5, using the values of Plip (Section 3.1) and Kd
(Section 3.2.2.2). The calculated Kdlip values, shown in Figure 3.7 and 3.8, demonstrate a
discontinuity as a result of the phase transition in both lipids. The true affinity of Pgp for
LDS-751, H33342 and MK-571 ranged from 95-150 mM, 105-225 mM and 135-330
mM, respectively, in DMPC proteoliposomes. The Kdlip of Pgp for LDS-751, H33342
and MK-571 ranged from 73-78 mM, 8-140 mM and 40-100 mM, respectively, in PMPC
proteoliposomes. The affinity of Pgp for substrate is clearly increased in gel phase
DMPC; the average affinity at the three temperatures above and below the phase
transition decreased 33% for LDS-751, 76% for H33342 and 111% for MK-571 on
DMPC melting (Figure 3.7). Substrate binding affinity was also higher in the gel phase
for PMPC proteoliposomes (Figure 3.8); the average affinity at the three temperatures
above and below the phase transition decreased 3% for LDS-751, 44% for H33342 and
110% for MK-571 on PMPC melting. Pgp displayed higher affinity for drug when
reconstituted into PMPC proteoliposomes compared to DMPC proteoliposomes; at 22°C,
where both lipids are in the gel phase, the Kdlip was higher by ~1.4-fold for LDS-751,
~1.6-fold for H33342 and ~1.9-fold for MK-571 in proteoliposomes composed of DMPC
compared to PMPC proteoliposomes.
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Figure 3.7: The effect of the DMPC gel-to-liquid-crystalline phase transition on
Kdlip.
(A) LDS-751 (●), (B) H33342 (●), (C) MK-571 (●). Data are calculated from the
average of all individual variables; error bars represent propagated error. The dashed
lines indicate the Tm for PMPC proteoliposomes.
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Figure 3.8: The effect of the PMPC gel-to-liquid-crystalline phase transition on
Kdlip.
(A) LDS-751 (●), (B) H33342 (●), (C) MK-571 (●). Data are calculated from the average
of all individual variables; error bars represent propagated error. The dashed lines
indicate the Tm for PMPC proteoliposomes.
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3.2.2.4 Thermodynamics of drug binding
Van’t Hoff plots were used to calculate the thermodynamic parameters of drug
binding to Pgp from the lipid phase, using Kdlip values. A representative Van’t Hoff plot
is shown in Figure 3.9, and the parameters derived from these plots are given in Tables
3.4 and 3.5. Individual experiments contributing to the estimation of Kdlip (Kd and Plip)
showed differences as a result of altered lipid environment (see Figures 3.1, 3.2 3.5 and
3.6), with the exception of LDS-751 in PMPC. These trends should remain in the
calculated value of Kdlip, so Van’t Hoff parameters obtained should be valid, despite the
large error in the values of Kdlip. For the binding of H33342, Holp and Solp are negative
for PMPC and DMPC proteoliposomes in both lipid phases. Thus, under all tested
conditions, the binding of H33342 is H°-driven.

Solp for binding of LDS-751 to Pgp is

negative in all cases, except gel phase DMPC. Thus, depending on lipid phase, the Solp
for LDS-751 binding can be favourable or unfavourable. The sign of Solp for MK-571
changed when the lipid was altered from PMPC to DMPC. In PMPC, MK-571 binding
to Pgp had a favourable S°, but showed an unfavourable S° in DMPC.
Free energies of drug binding to Pgp from the lipid phase were calculated; values are
given in Appendix D.

Golp was more negative for Pgp reconstituted into gel phase lipid

in comparison to liquid-crystalline phase lipid.

Golp values ranged from -4.8 to -5.7

kJ/mol, -2.8 to -5.5 kJ/mol and -3.2 to -4.9 kJ/mol for LDS-751, H33342 and MK-571
binding, respectively, in DMPC proteoliposomes at temperatures ranging from 18-28 °C.
The values of

Golp ranged from -6.4 to -6.6 kJ/mol, -4.9 to -6.0 kJ/mol and -5.6 to -7.9

kJ/mol for LDS-751, H33342 and MK-571, respectively, for binding in PMPC
proteoliposomes at temperatures ranging from 22-34 °C.
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Figure 3.9: A representative Van’t H ff p t for determining H p and

p.

Data are presented for MK-571 binding to Pgp reconstituted into DMPC
proteoliposomes. The dashed line indicates Tm, and the solid lines represent the line of
best fit. Error bars represent propagated error.
The

Golp has been proposed to be a function of the number of weighted hydrogen

bond acceptor groups per drug molecule (51). Hydrogen bonds were divided into three
groups containing strong (oxygen atoms), intermediate (nitrogen and sulfur atoms as well
as phenyl groups), and weak (fluorine atoms) hydrogen bond acceptors, weighted as 1,
0.5, and 0.25, respectively. The average free energy per hydrogen bond, Go , was then
estimated by dividing the total free energy of binding, Golp , by the weighted number of
hydrogen bond acceptor groups per drug (LDS-751 = 1 hydrogen bond acceptor, H33342
= 1.5 hydrogen bond acceptors and MK-571 = 4 hydrogen bond acceptors); all values are
given in Appendix D. Values for Go ranged from -4.0 to -5.7, -2.5 to -3.9 kJ/mol and
-0.72 to -1.8 kJ/mol for LDS-751, H33342 and MK-571, respectively.
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Table 3.4: The effect of lipid phase on
DMPC bilayer to Pgp.

H p and

p

of drug binding from the

Data were obtained from Van’t Hoff plots, and errors represent the fitting error obtained
from the linear regression of these plots.
Drug
LDS-751
LDS-751
H33342
H33342
MK-571
MK-571

H p (kJ/mol)
-46 ± 8
-19 ± 1
-42 ± 2
-35 ± 2
28 ± 4
23 ± 3

Lipid Phase
Liquid-crystalline
Gel
Liquid-crystalline
Gel
Liquid-crystalline
Gel

Table 3.5: The effect of lipid phase on
PMPC bilayer to Pgp.

H p and

p

(J/mol•K)
-137 ± 25
-46 ± 4
-126 ± 5
-100 ± 8
104 ± 13
96 ± 11
p

of drug binding from the

Data were obtained from Van’t Hoff plots, and errors represent the fitting error obtained
from the linear regression of these plots.
Drug
H33342
H33342
MK-571
MK-571

H p (kJ/mol)
-51 ± 6
-15 ± 7
-21 ± 14
-42 ± 8

Lipid Phase
Liquid-crystalline
Gel
Liquid-crystalline
Gel
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(J/mol•K)
-151 ± 21
-31 ± 22
-50 ± 44
-116 ± 25
p

Differences in

Holp (or

Solp ) and

Ho l (or

So l ) were used to calculate the

Hdp (or Sdp ) parameter, as outlined in Section 2.11 and in Appendix C. Comparison
rel
of the Hrel
dp and Sdp values for a single drug in two different lipid environments can be

used to determine if

Hdp and

Sdp are different: the lipid phase or acyl chain

composition that has the larger negative value of Hdp (or larger positive value of
has the more favourable
Hrel
dp and

Hdp (or

dp )

Sdp ) for the formation of drug-Pgp complex. The

Srel
dp values can only be compared, and they cannot be interpreted as a true

thermodynamic parameter for
indicate a negative

Hodp and

Hodp ). Values of

Sdp (for example, a negative

Hrel
dp and

Hrel
dp does not

Srel
dp for the gel and liquid-crystalline

phases are given in Table 3.6 and 3.7, and were used to assess differences in Hodp and
Sodp caused by altering the lipid phase. Similar parameters for DMPC and PMPC are
given in Tables 3.8 and 3.9, and were used to assess differences in Hodp and Sodp caused
by altered lipid acyl chain composition. The results are hard to generalize. However, one
interesting case is the effect of altering the lipid phase state on the

Ho p and

Sodp for

MK-571 binding in DMPC, where both these parameters favour the gel phase (bottom
lines of Tables 3.6 and 3.7). Another interesting case is the effect of change from liquidcrystalline phase DMPC to liquid-crystalline phase PMPC on MK-571 binding to Pgp
(bottom lines of Table 3.8 and 3.9), where these parameters are favourable in DMPC.
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Table 3.6: Changes in H

p

caused by different lipid phases.

The more favourable lipid phase for drug binding to Pgp was assessed using the H p
parameter, and indicates the phase that has a more negative Hodp value. Errors represent
the propagated error obtained following the calculation.
Different
Hrel
dp (kJ/mol)
More favourable
o
H
for
gel
Drug
Lipid
dp
phase*
Gel
LC
and LC
LDS-751
DMPC
No
100 ± 15
114 ± 15
H33342
DMPC
Yes
LC
181 ± 10
80 ± 3
H33342
PMPC
No
49 ± 42
92 ± 16
MK-571
DMPC
No
-101 ± 27
-116 ± 19
MK-571
PMPC
Yes
Gel
-142 ± 23
146 ± 184
rel
*LC = liquid-crystalline phase lipid; Gel = Gel phase lipid. Note that Hdp values could
not be calculated for LDS-751 in PMPC because Howl and Ho values were not
available for LDS-751 in PMPC.

Table 3.7: Changes in

p

caused by different lipid phases.

The more favourable lipid phase for drug binding to Pgp was assessed using the Srel
dp
parameter, and indicates the phase that has a more positive Sodp value. Errors represent
the propagated error obtained following the calculation.
Different
Srel
dp (J/mol•K)
More favourable
o
Sdp for gel
Drug
Lipid
phase*
Gel
LC
and LC
LDS-751 DMPC
No
386 ± 17
431 ± 49
H33342
DMPC
Yes
Gel
658 ± 35
245 ± 7
H33342
PMPC
No
209 ± 139
357 ± 59
MK-571
DMPC
No
-290 ± 93
-319 ± 83
MK-571
PMPC
Yes
Gel
248 ± 35
85 ± 99
rel
*LC = liquid-crystalline phase lipid; Gel = Gel phase lipid. Note that Sdp values could
not be calculated for LDS-751 in PMPC because Sowl and So values were not available
for LDS-751 in PMPC.
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Table 3.8: Changes in H

p

in bilayers with different acyl chain composition.

The more favourable lipid acyl chain composition for drug binding to Pgp was assessed
o
using the Hrel
dp parameter, and indicates the lipid that has a more negative Hdp value.
Errors represent the propagated error obtained following the calculation.
Different Hodp
Hrel
dp (kJ/mol)
More favourable
Drug
for DMPC and
lipid
DMPC
PMPC
PMPC
H33342
Gel
Yes
PMPC
181 ± 10
49 ± 42
H33342
LC
No
80 ± 3
92 ± 16
MK-571
Gel
No
101 ± 27
142 ± 23
MK-571
LC
Yes
DMPC
-116 ± 18
146 ± 188
rel
*LC = liquid-crystalline phase lipid; Gel = Gel phase lipid. Note that Hdp values could
not be calculated for LDS-751 because Howl and Hol values were not available for
LDS-751 in PMPC.
Lipid
phase*

Table 3.9: Changes in

p

in bilayers with different acyl chain composition.

The more favourable lipid acyl chain composition for drug binding to Pgp was assessed
o
using the Srel
dp parameter, and indicates the lipid that has a more positive Sdp value.
Errors represent the propagated error obtained following the calculation.
Different Sodp
Srel
dp (J/mol•K)
More favourable
Drug
for DMPC
lipid
DMPC
PMPC
and PMPC
H33342
Gel
Yes
DMPC
658 ± 35
208 ± 39
H33342
LC
No
320 ± 36
357 ± 55
MK-751
Gel
Yes
PMPC
-290 ± 233
248 ± 175
MK-571
LC
Yes
DMPC
319 ± 66
85 ± 99
rel
*LC = liquid-crystalline phase lipid; Gel = Gel phase lipid. Note that Sdp values could
not be calculated for LDS-751 because Sowl and Sol values were not available for LDS751 in PMPC.
Lipid
phase*
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3.2.3

Discussion

The incorporation of Pgp into proteoliposomes resulted in a broader phase transition.
This result indicates that the cooperativity of lipid melting declines due to the presence of
Pgp. Previous studies have suggested that this can be attributed to the withdrawal of
phospholipids from the phase transition, because of their interaction with Pgp (111).
Overall, it is clear that Pgp profoundly influences the physical properties of the bilayer.
Previous work has proposed that bilayer properties modulate MDR in cell lines (121).
Thus, the ability of Pgp to affect the bilayer may have clinical significance.
When drug-membrane partitioning is taken into account, it was revealed that the true
affinity of Pgp for binding substrates within the lipid bilayer (Kdlip) is on the millimolar
scale, not the micromolar scale. Based on the relatively low affinity of binding, it seems
likely that Pgp interacts weakly with its drug substrates, possibly by van der Waals
interactions and/or the hydrophobic effect. The crystal structure of Pgp shows a cyclic
peptide interacting with the binding pocket via hydrophobic and aromatic amino acid side
chains (14), which supports this assertion. Since these interactions are relatively nonspecific, and can involve different amino acid side chains for different drugs, the large
number of structurally diverse substrates that bind to Pgp can be rationalized.
To the author’s knowledge, Meier et al. (69) have published the only study reporting
the affinity of Pgp for binding substrates in the lipid phase. This study made several
assumptions, did not consider the volume of the membrane, and used indirect
measurements of drug-stimulated ATP activity to estimate Kdlip values that ranged from
~0.5 to 4 mM for three Pgp substrates. Given the differences in methodology and
substrates, the Kdlip values compare favourably between the present work and their
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studies.

All binding parameters in the present study were directly measured

experimentally by Trp quenching, and fewer assumptions were made. Thus, the values of
Kdlip obtained in the present study are likely more representative of the true affinity of
Pgp for binding its substrates.

Golp values were calculated from Kdlip and accounted for

roughly 80% of the Gowp value. This relationship between Golp and Gowp is consistent
with the conclusions of Meier et al. (69).
The value of

Golp has been used as evidence for the modular binding concept

proposed by Gatlik-Landwojtowicz et al. (51).

The free energy of hydrogen bond

formation is -4 kJ/mol and -20 kJ/mol in water and alkane, respectively (122). Given that
Pgp has a relatively non-polar binding site (14,68) the free energy values per hydrogen
bond acceptor ( GoHi ) between Pgp and drug are expected to be closer to -20 kJ/mol,
which they clearly are not (see results and Appendix D). Thus, the results presented here
do not provide direct evidence for two hydrogen bonding interactions between Pgp and
drug. It should be kept in mind that this analysis is a gross oversimplification of the
thermodynamics of drug binding, since it ignores the fact that
dependent effects.

Golp includes lipid-

Accounting for lipid-drug interactions may reveal accurate free

energies of drug binding to Pgp that are independent of these interactions. A modified
modular binding concept that takes into account the effect of drug-lipid interactions
would likely provide a more reasonable description of drug binding to Pgp.
The affinity of Pgp for substrate is higher in gel phase lipid than liquid-crystalline
phase lipid, and higher in PMPC than DMPC. Previous studies in our laboratory have
shown that the binding of drugs to Pgp is tighter in a more rigid membrane environment
(66). In the present work, there were no obvious trends in the thermodynamics of drug
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binding that explain Pgp’s preference for binding substrates in a more rigid environment.
However, in-depth analysis of the thermodynamic parameters of binding and partitioning
provided insight into how the interactions between drug and protein can be modulated by
direct drug-protein interaction or drug-lipid interaction.
Holp and Solp values include drug-lipid and drug-Pgp interactions, which complicates
their interpretation.

Given that altering the lipid environment changes drug-lipid

interactions (Section 3.1), changes in both Holp and Solp would be expected as a result of
Pgp-independent changes in the host membrane. Thermodynamic parameters for the
formation of the drug-Pgp complex in two different lipid environments were assessed
using the approach outlined in Section 2.11 and Appendix C. Several instances of altered
Hodp values (assessed using the

Hdp parameter) as a result of changes in acyl chain

composition or lipid phase were found. For example, the Hodp for H33342 binding was
different depending on lipid phase and acyl chain composition. Also, the

Hodp was

different for MK-571 binding to Pgp when PMPC melted from gel to the liquidcrystalline phase state, and for MK-571 binding when the lipid was changed from DMPC
to PMPC. These results show that there are differences in the direct physical interactions
between drugs and Pgp as a result of altered membrane properties.
rel
Hrel
dp and Sdp were both more favourable for MK-571 binding in gel phase PMPC

than liquid-crystalline phase PMPC (bottom lines of Table 3.6 and Table 3.7). This
suggests that direct drug-Pgp interactions are more favourable in gel phase lipid. Thus, in
this case the driving force for the preferential interaction of Pgp with drug in gel phase
lipid can be explained, at least in part, by the physical interaction between Pgp and drug.
Changes in these interactions could be due to several factors, which include Pgp
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conformational changes in different host lipids (which could in turn affect the bilayer) or
a change in the location of the drug within the bilayer.
rel
There are several instances where no difference was found in either Hrel
dp or Sdp . In

these cases differences in Kdlip are likely caused by changes in drug-lipid interaction. It
was also found that MK-571 had a more negative Hrel
dp value (bottom line of Table 3.8)
and a more positive

Srel
dp value (bottom line of Table 3.9) in liquid-crystalline DMPC

compared to liquid-crystalline PMPC.

If only drug-Pgp interactions were used to

rel
compare free energies in different lipid phases (i.e. if Hrel
dp and Sdp values were used to

calculate and compare free energies, via the equation
predicted that MK-571 binding is favoured in DMPC.

G°

H°-T S°), it would be

However, the opposite was

observed, as a result of altered acyl chain composition, for the true affinity of Pgp for
MK-571 (Kdlip), where both the drug-lipid and drug-Pgp components of the free energy
are taken into account.

Thus, drug-lipid interactions must be responsible for the

increased Pgp binding affinity for MK-571 in liquid-crystalline phase PMPC compared to
liquid-crystalline DMPC. Since drug must be removed from the bilayer in order to bind
to Pgp, it is intuitive that a less favourable interaction between the drug and lipid (lower
Plip) would decrease the energy required for this component of drug binding. Thus, it
seems that drug-lipid interactions and the drug-Pgp interactions (see above paragraph)
both contribute to drug binding affinity, and that these factors modulate changes in drug
binding affinity caused by altered lipid phase, acyl chain composition and drug type.
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CHAPTER 4: EFFECT OF THE LIPID BILAYER ON DRUG TRANSPORT
4.1

Introduction
The mechanism by which Pgp transports its substrates is not understood, especially

the effect of the membrane on drug transport. Several transport assays exist but they are
usually performed on whole cells or plasma membrane vesicles. Few studies have
investigated drug transport by Pgp in a purified system. In one study carried out in our
laboratory, reconstituted Pgp was shown to transport tetramethylrosamine at a higher rate
in gel phase lipid than liquid-crystalline phase lipid, and showed a maximum transport
rate near the Tm (72). This phenomenon is unusual, since most membrane transporters
function best in the liquid-crystalline phase. However, the effect of the lipid phase
transition has not been investigated for other compounds, so the possibility exists that
other drugs may indeed be transported better in the liquid-crystalline lipid phase.
Turnover frequencies for Pgp-mediated drug transport have not been experimentally
determined for purified protein, which has prevented detailed examination of the kinetics
of drug transport. Thus, an additional study was performed to investigate these aspects of
the transport process.
In this chapter, a real-time transport assay was used to measure initial rates of transport
for two structurally unrelated drugs, LDS-751 and H33342. The fluorescence-based
assay for H33342 transport was previously used in our laboratory (48,104), and a similar
approach was developed for LDS-751 transport. Improvements to existing methodology
included the addition of membrane partitioning to the data analysis, which allowed
turnover numbers to be obtained. Turnover numbers permitted the use of transition state
thermodynamics to investigate possible reasons for observed differences in transport
rates.
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4.2

Results

4.2.1

Initial characterization of LDS-751 fluorescence

As the fluorescence of LDS-751 in a purified reconstituted Pgp system had not
previously been tested, initial characterization experiments were performed. Figure 4.1A
shows the fluorescence emission spectrum of LDS-751 when added to buffer alone, or a
Pgp proteoliposome sample. LDS-751 had minimal fluorescence when in buffer alone,
but the fluorescence increased by more than 50-fold when LDS-751 was added to
proteoliposome samples prepared in an identical manner to those used for transport
measurements. Figure 4.1B shows that the relationship between the total concentration
of LDS-751 and its fluorescence in the proteoliposome sample is linear from ~1-5 µM.
4.2.2

Drug transport progress curves

Figure 4.2 shows the fluorescence traces for the transport of LDS-751 in DMPC
proteoliposomes at two temperatures above and below the phase transition. Following
the addition of ATP there was a rapid decrease in fluorescence intensity caused by the
pumping of LDS-751 from the membrane bilayer into the aqueous environment. This
fluorescence decrease was completely abolished by the addition of 100 µM vanadate, a
known inhibitor of Pgp ATPase activity. After the initiation of transport with ATP there
was a linear rate of fluorescence decrease, which was fitted using linear regression to
obtain an initial velocity of transport. The regression lines yielded highly reproducible
slopes under specific conditions, with high correlation coefficients (r2 = 0.92 – 0.99).
There was a distinct difference in the slope of LDS-751 transport at different
temperatures, with rates generally increasing with increasing temperature.

Similar

progress curves were obtained for transport of H33342, and for transport of both LDS751 and H33342 in different lipid phase and compositions. Slopes of these progress
curves resulted in rate constants expressed as % quenching/min. Data analysis was
performed as described in Section 2.7 and Appendix B to yield turnover frequencies.
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Figure 4.1: Characterization of LDS-751 fluorescence in proteoliposomes.
(A) Fluorescence emission intensity of 5 µM LDS-751 in buffer (dashed line) and in Pgp
proteoliposome samples (solid line) (B) The linear relationship between the concentration
of LDS-751 and fluorescence intensity for Pgp proteoliposome samples. Data were
obtained in duplicate from a single proteoliposome preparation. Error bars are within the
symbols.
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Figure 4.2: Fluorescence traces showing the transport of LDS-751 by Pgp
reconstituted into DMPC bilayers following the addition of ATP.
Transport of LDS-751 was initiated by the addition of 5 mM ATP at time zero.
Fluorescence intensity was monitored at 1 s intervals at 688 nm. The transport rate was
higher at 28°C (solid line) than at 18°C (dashed line). Transport was completely
inhibited by the addition of 100 µM vanadate (dots) before the addition of ATP. Curves
are representative of a single experiment, and were performed on the same batch of
proteoliposomes.
4.2.3

Drug transport kinetic analysis and drug-stimulated ATPase activity

Michaelis-Menten kinetic analysis was performed to determine KM for both H33342
and LDS-751 transport. Figure 4.3 shows the Michaelis-Menten plots for both drugs for
Pgp reconstituted into gel phase lipid. The apparent KM of LDS-751 transport is 1.2 ± 0.3
µM. Taking into account drug partitioning into the membrane, in an identical manner to
Kd, gives a KMlip of 10 mM. This is ~10-fold smaller than the Kdlip (94 mM) of LDS-751
determined in Section 3.3. The KM and KMlip for H33342 transport are 1.4 ± 0.5 µM and
13 mM, respectively. The KMlip for H33342 transport is also ~10-fold lower than the
Kdlip (105 mM) for H33342 binding.
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Figure 4.3: Kinetics of drug transport by Pgp.
Pgp-mediated LDS-751 transport in DMPC proteoliposomes at 18°C (●) and H33342
transport in PMPC at 22°C (●), respectively, where both lipids are in the gel phase. Data
points are presented as the mean ± SD of two independent experiments each performed in
duplicate. Data points were fitted an equation similar to the Michaelis-Menten equation.
The ATPase activity of Pgp was affected by LDS-751 and H33342 in both DMPC and
PMPC. As seen in Figure 4.4, the effect of H33342 on the ATPase activity of Pgp was
different when the protein was reconstituted into different lipids that are both in the
liquid-crystalline phase. At all concentrations, H33342 inhibited the ATPase activity of
Pgp reconstituted into DMPC proteoliposomes.

The effect of increasing H33342

concentration on Pgp reconstituted into PMPC proteoliposomes showed a biphasic
pattern, with an increase in ATPase activity observed up to ~10 µM and a decrease at
higher drug concentrations. H33342 almost completely abolished Pgp ATPase activity at
high concentrations (200 µM). In contrast, Figure 4.5 shows that the addition of LDS751 stimulated the ATPase activity of Pgp reconstituted into either DMPC or PMPC
proteoliposomes at concentrations up to 10 µM.
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Figure 4.4: H33342 concentration dependence of Pgp ATPase activity in
proteoliposomes.
(A) DMPC (B) PMPC. ATPase assays were performed at 28°C and 34°C, respectively,
where both lipids are in the liquid-crystalline phase. Data are presented as the mean ± SD
(n=2) from the results obtained from a single proteoliposome sample.
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Figure 4.5: LDS-751 concentration dependence of Pgp ATPase activity in
proteoliposomes.
(A) DMPC (B) PMPC. ATPase assays were performed at 28°C and 34°C, respectively,
where both lipids are in the liquid-crystalline phase. Data are presented as the mean ± SD
(n=2) from the results obtained from a single proteoliposome sample.
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4.2.4

Effect of lipid bilayer melting and composition on drug transport

To investigate the effect of lipid bilayer phase state, drug transport rates were obtained
for Pgp reconstituted into proteoliposomes in different phase states. Turnover numbers
were obtained as described in Section 2.7 and in Appendix B. There were differences in
the transport rates for different drugs, and for Pgp reconstituted into different lipids.
Under most conditions the turnover numbers were higher for H33342 than for LDS-751.
Figures 4.6 (DMPC) and 4.7 (PMPC) show the effect of lipid bilayer phase state on the
rate of drug transport. In all cases there is a clear discontinuity in transport rates above
and below Tm. Transport rates were increased in the liquid-crystalline phase for both
drugs in DMPC and PMPC. However, the magnitude of change caused by lipid bilayer
melting depends on both the drug and the lipid composition. In DMPC, H33342 showed
a 2.4-fold increase in turnover number (kcat) from 22°C to 24°C, whereas LDS-571
showed only a 1.2-fold increase. In PMPC, H33342 displayed a 3.4-fold increase in kcat,
and LDS-751 a 1.5-fold increase, from 26°C to 30°C.
4.2.5

Arrhenius and transition state analysis of drug transport

Arrhenius analysis was used to obtain values for Ea and A, which are shown in Table
4.1.

A representative Arrhenius plot for H33342 transport is given in Figure 4.8.

Arrhenius plots for LDS-751 were of similar quality. There are clearly differences in the
Arrhenius plots above and below Tm. Generally, the values of Ea and A decreased as a
result of the phase transition. These values were also typically lower in PMPC than
DMPC, and lower for LDS-751 compared to H33342.

The rate of drug transport

followed an opposite trend to those of Ea and A; turnover numbers were typically higher
in DMPC than PMPC, and the H33342 turnover was higher than that of LDS-751.
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Figure 4.6: The effect of the DMPC phase transition on kcat.
(A) LDS-751 (B) H33342. Data are reported as mean ± SD of two independent
experiments, each performed in duplicate. Where not visible, error bars are included
within the symbols. The dashed lines represent Tm for DMPC.
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Figure 4.7: The effect of the PMPC phase transition on kcat.
(A) LDS-751 (B) H33342. Data are reported as mean ± SD of two independent
experiments, each performed in duplicate. Where not visible, error bars are included
within the symbols. The dashed lines represent Tm for PMPC.
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Figure 4.8: A representative Arrhenius plot for Pgp-mediated drug transport.
Data shown are for the transport of H33342 by Pgp reconstituted into DMPC bilayers.
Data are presented as means obtained from two independent experiments, each performed
in duplicate. Error bars are propagated errors calculated from the SD, and where not
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Turnover numbers for the transport of drug at temperatures spanning Tm were used to
obtain transition state parameters in different lipid phases, as described in Section 2.11.
A representative set of values from this analysis is given in Table 4.2. It was found that
the

Gǂ was relatively constant, with values ranging from 74.2-78.3 kJ/mol. A linear

relationship between

Sǂ and

Hǂ for all drugs in gel phase lipids at 22°C is seen in

Figure 4.9A. Similarly, a linear relationship between Sǂ and Hǂ was observed for all
drugs, regardless of whether lipids were in the gel or liquid-crystalline phase state at
26°C is seen in Figure 4.9B. In all cases Hǂ values were found to be positive, with the
values generally being more positive in gel phase lipid.
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Table 4.1: Arrhenius kinetic parameters for steady-state drug transport by Pgp.
Conditions were as follows: pH 7.4, 5 mM ATP and 5 µM H33342 or 4 µM LDS-751. Data were calculated from linear regression
analysis of values obtained from two independent experiments, each performed in duplicate. Error represents the fitting error obtained
from the linear regression analysis of the Arrhenius plot.
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Lipid

Drug

Temperature (°C)

Lipid phase*

Turnover (/s)

Ea (kJ/mol)

lnA (/s)

DMPC

H33342

22

Gel

0.19

293 ± 16

117 ± 7

DMPC

LDS-751

22

Gel

0.28

126 ± 12

50 ± 5

DMPC
DMPC

H33342

26

LC

0.69

129 ± 16

51 ± 6

LDS-751

26

LC

0.47

122 ± 4

48 ± 1

PMPC

H33342

22

Gel

0.09

208 ± 74

83 ± 30

PMPC

LDS-751

22

Gel

0.18

54 ± 16

20 ± 4

PMPC

H33342

30

LC

0.88

118 ± 74

47 ± 3

PMPC

LDS-751

30

LC

0.37

78 ± 23

30 9

*Gel = gel phase lipid; LC = liquid-crystalline phase lipid
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Table 4.2: Transition state thermodynamic parameters for steady-state drug transport by Pgp.
Conditions were as follows: pH 7.4, 5 mM ATP and 5 µM H33342 or 4 µM LDS-751. Data were calculated, as described in Section
2.2, from values obtained from two independent experiments, each performed in duplicate. Error represents the error propagated
throughout the calculation.

Temperature (°C)

Phase

Turnover (/s)

Hǂ (kJ/mol)

T

ǂ
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Drug

DMPC

H33342

22

Gel

0.19

291 ± 16

214 ± 16

76.4 ± 0.2

DMPC

LDS-751

22

Gel

0.28

124 ± 12

48 ± 12

75.4 ± 0.3

DMPC

H33342

26

LC

0.69

127 ± 14

52 ± 14

74.2 ± 0.1

DMPC

LDS-751

26

LC

0.47

119 ± 4

44 ± 4

75.4 ± 0.3

PMPC

H33342

22

Gel

0.09

206 ± 8

129 ± 8

78.3 ± 0.5

PMPC

LDS-751

22

Gel

0.18

35 ± 16

-41 ± 16

76.1 ± 0.3

PMPC

H33342

30

LC

0.88

116 ± 74

41 ± 74

74.6 ± 0.4

PMPC

LDS-751

30

LC

0.37

61 ± 16

-16 ± 16

76.8 ± 0.2

*Gel = gel phase lipid; LC = liquid-crystalline phase lipid
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Figure 4.9: Isokinetic plots for the transport of LDS-751 and H33342.
(A) Isokinetic plot for transport at 22°C. Model parameters were as follows: r2 = 0.9974,
β = 5 ± 10°C, Ts0ǂ = -90 ± 7 kJ/mol, h0ǂ = 85 ± 4 kJ/mol. (B) Isokinetic plot for transport
at 26°C. Model parameters were as follows: r2 = 0.9997, β = 23°C, Ts0ǂ = -77 ± 1 kJ/mol,
h0ǂ = 76 ± 1 kJ/mol. Symbols: LDS-751 in PMPC (◊), LDS-751 in DMPC (♦), H33342 in
PMPC (○), H33342 in DMPC (●). Where not visible error bars are included within the
symbols. Error bars represent errors propagated through the calculation.
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4.3

Discussion:
As a requirement for this type of transport assay, the transported molecule should be

fluorescent while located in the membrane bilayer and should become non-fluorescent
when it is pumped out of the bilayer. This property was verified by comparing the
fluorescence of LDS-751 in buffer to the fluorescence in proteoliposomes. Since the
linear section of the progress curve is used for data analysis, it was also important to
verify that changes in fluorescence were related linearly to concentration. The transport
assay met the requirement to obtain accurate rate constants from the changes in LDS-751
fluorescence over time, and the fluorescence-based transport assay was validated.
Using a cell-based assay, the turnover numbers for Pgp-mediated transport of
vinblastine were estimated to range from 1.1 s-1 at 25°C to 1.4 s-1 at 37°C (88). Turnover
numbers in proteoliposomes obtained in the present study ranged from 0.04-1.6 s-1.
Given the variety of substrates and lipid environments used in my experiments, these
values compare favourably to the reported turnover numbers. These experiments
represent the first time that Pgp turnover numbers have been estimated in a purified
system. Further, these experiments demonstrate that drug transport is highly sensitive to
both drug type and lipid environment. Importantly, the rates of Pgp-mediated transport
are modulated by drug type. Thus, drug must be bound to the catalytic transition state for
ATP hydrolysis, which has also been suggested by Al-shawi et al. (20).
Drug transport rates were found to be higher in the liquid-crystalline phase than in the
gel phase. This was not expected, as previous studies in our lab have suggested that the
Pgp transport rate is lower in liquid-crystalline phase lipid (72), or as a response to
membrane fluidization (107). Previous work in this area led to the proposal of strategies
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to reduce Pgp’s transport activity by changing the fluidity of the membrane environment
(107). It appears that the effect of lipid phase on drug transport may be drug-specific, so
these strategies may be ill-advised.
It is clear from Figure 4.3 that LDS-751 transport was close to saturated at a total drug
concentration of 2 µM. If a step in ATP turnover exclusively controlled the transport
rate, then an increase in the rate of ATP hydrolysis should also increase the rate of drug
transport. The addition of LDS-751 to proteoliposomes clearly increased the rate of ATP
hydrolysis up to 10 µM LDS-751, which is a concentration much higher than that
required to saturate drug transport. Similarly, the ATPase activity of Pgp reconstituted
into PMPC bilayers was stimulated at concentrations above 2 µM. Thus, these results
indicate that the rate of ATP hydrolysis does not account exclusively for the rate of drug
transport. A previous study also proposed that it is unlikely that a single step in ATP
turnover rate-limits drug transport (20).

Further, this idea reconciles the fact that

previous studies in our lab showed increased ATPase activity (73), but lower drug
transport rates (72) as a result of lipid bilayer melting.
Drug transport rates cannot be explained exclusively by the values of Ea or A. There
are several cases in Table 4.1 where an increased transport rate is not accompanied by a
decreased Ea. Therefore, different values of A must be considered to contribute to
differences between transport rates. The value of A includes effects from the frequency
of collisions between Pgp and drug, as well as molecular orientation effects. The value
of A generally decreases in DMPC compared to PMPC. There are also other clear
instances where the value of A is changed as a result of altered lipid phase. This could be
a result of the drug partitioning into different regions within the hydrophobic interior of
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DMPC or PMPC bilayers, or changes in the conformation of Pgp affecting its interaction
with ATP or drug.

Regardless of the explanation, drugs appear to have different

frequencies and/or orientations, with respect to their interactions with Pgp, in different
lipid phases. Changes in orientation and interaction would also inherently affect the
affinity of Pgp for binding its substrate.
Both transition state thermodynamics and Kdlip/KMlip values suggest that differences in
Pgp-drug interactions cannot explain the differences in drug transport kinetics. For
example, the value of Kdlip was higher than that of KMlip for LDS-751 and H33342
transport by Pgp reconstituted into DMPC or PMPC, respectively. If the transport of Pgp
followed a typical Michaelis-Menten scheme (Figure 4.10A) then:

-1

KMlip =

Kdlip =

...(19)

1

-1

...(20)

1

In this scheme, the value of KMlip must always be higher or equal to that of Kdlip. So, it
appears that Pgp transport cannot be described by this scheme. However, if the second
step (k2) is considered to be reversible (Figure 4.10B) then:

KMlip =

-

...(21)
-

Kdlip =

-1

...(22)

1

In this scheme, if k-2 > k2 then KMlip < Kdlip. Thus, it appears that the rate of dissociation
of drug from Pgp contributes to the overall rate of drug transport. This proposal is
supported by the positive Sǂ for LDS-751 and H33342 transport by Pgp in DMPC and
PMPC bilayers, which suggests that the process is limited by a dissociation event (123).
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It is envisioned that the transport rate is partially controlled by the reappearance of the
unoccupied drug binding site during catalysis, which is also consistent with a small
KMlip/Kdlip ratio.

Figure 4.10: Possible kinetic schemes for Pgp-mediated drug transport.
(A) The typical Michaelis-Menten scheme, where the first binding step is reversible and
the second catalytic/transport step is unidirectional. (B) A modified kinetic scheme,
where both steps are reversible.
Negative Sǂ values indicate the need for the reactants to properly orient themselves in
the transition state, whereas positive

Sǂ values are consistent with straining of the

reacting molecules in the transition state (124). Given that both negative and positive Sǂ
values were observed, depending on the lipid environment, the transition state appears to
be sensitive to the orientation of substrates. Further, this observation indicates that Pgp
can act via an induced fit mechanism (59).

Sǂ values are known to be highly sensitive to

the solvent (125). The fact that Sǂ values were either positive or negative, depending on
the lipid environment, may suggest that the lipid bilayer is the “solvent” from which Pgp
binds and/or releases drug; this provides further support for the “vacuum cleaner” and
flippase models of Pgp-mediated drug transport.
Ea is related to the “size” of the conformational changes required to go from the
ground state to the transition state. Since the transition state appears to be the same
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regardless of lipid composition or drug (see below), the potential energy of the activated
complex would be the same. Thus, differences in Ea may be interpreted as differences in
the energy of the reactants. These results suggest that the interactions between drug and
Pgp (and/or ATP and Pgp) can have different starting energies, and that this interaction is
lipid-dependent. Drug-Pgp interaction appears to be higher energy (as measured by a
decrease in Ea and Hǂ) in DMPC compared to PMPC. An increase in drug transport rate
was observed for H33342 upon DMPC bilayer melting, whereas Ea decreased. Thus, it
seems likely that the interactions between H33342 and Pgp (and/or ATP and Pgp) are
higher in energy in liquid-crystalline phase DMPC than in gel phase DMPC. Similarly,
transport of LDS-751 is faster than that of H33342 at 22°C, and shows a decrease in Ea
compared to H33342. Notably A also decreased with Ea in the cases mentioned above, so
the increased transport rate must be caused by differences in Ea. Importantly, Ea and Hǂ
are directly related, and this explanation also applies to Hǂ.
According to Eyring rate theory, transport processes with lower Hǂ and Sǂ (closer to
the lower left hand corner of Figure 4.9) require fewer conformational changes to reach
the transition state (126). Conformational changes are clearly sensitive to the lipid
environment; however, a decreased number of bond rearrangements did not always
increase the rate of Pgp-mediated drug transport. This result supports the conclusion
based on Ea noted above.
The transport of drug by Pgp would require the following steps (at a minimum): drug
binding, hydrolysis of ATP, a conformational change and drug dissociation.

Drug

transport rates do not appear to be limited exclusively by ATP hydrolysis, and cannot be
explained exclusively by either conformational changes (assessed by Ea or Hǂ vs Sǂ) or
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drug binding/dissociation. Results of the present studies and those of Al-shawi (20,127)
suggest that the drug transport rate is modulated by the extent of conformational changes
required to reach the transition state, and the affinity of transition state for drug. Changes
in the transition state affinity for drug would affect transport rates by modifying the
chances of non-productive decay of the transition state caused by a lack of drug
dissociation.
Arrhenius rate theory does not allow for mechanistic differences accounting for altered
transport rates to be extracted, but additional information can be obtained from the
Arrhenius factors using transition state theory. The Gǂ values were relatively constant
for all transport conditions (Table 4.2) despite the values of

Hǂ and

Sǂ being very

different; this observation suggests entropy-enthalpy compensation. Entropy-enthalpy
compensation is defined as a linear relationship between Hǂ and Sǂ, and was shown in
Figure 4.9A for drug transport by Pgp reconstituted into gel phase DMPC or PMPC.
Figure 4.9B also indicates similar compensation in DMPC and PMPC at 26°C, where the
bilayers exist in different phase states. The high correlation coefficients for the isokinetic
plots indicate that there is also an isokinetic relationship (127); an isokinetic relationship
implies that a temperature exists at which transport rates will be identical under all
conditions. Further, visual approximation of the isokinetic temperature from the common
intercept of the Arrhenius regression lines yielded an isokinetic temperature of 20-24°C
(data not shown), which is also supported by the fact that the model parameters
determined in Figure 4.9 are essentially the same. These data indicate that compensation
and isokinetic relationships exist for Pgp reconstituted into DMPC and PMPC in different
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phase states. This evidence strongly implies that the transport of drug is rate-limited by
the same transition state, regardless of the lipid environment.
Notably, an isokinetic relationship was not verified for the Pgp data using the method
of Exner (128), which uses a linear plot of logkcat vs logkcat at two different temperatures
to determine a relationship. It has been noted that this method may yield a non-linear
plot if more than one interaction mechanism (ionic interaction, hydrophobic, etc.) occurs
(129). It seems unlikely that both LDS-751 and H33342 drug would interact with
transition state Pgp in an identical manner, because of the differences in Kdlip and the
thermodynamics of drug binding seen for each drug (Chapter 3). Thus, the method of
Exner seems unsuited to the verification of an isokinetic relationship in the case of Pgpmediated drug transport.
The stoichiometry of ATP hydrolysis relative to drug transport has still not been
established for Pgp, and remains controversial. Near stoichiometric drug transport to
ATP hydrolysis has been proposed (130,131) and is generally accepted, but values of 50
ATP/drug have also been reported (132). The stoichiometry cannot be estimated based
on the rate constants of transport and ATPase activity, because the measured basal and
drug-stimulated activities of Pgp cannot be separated.

The values of

Gǂ for drug

transport are very similar to the Gǂ of ATP hydrolysis reported previously, which ranged
from 67.6-75.2 kJ/mol (20). These numbers were not obtained under standard conditions
for temperature and pressure and are, therefore, dependent on the conditions under which
they are determined. However, the conditions used in the two studies are similar, so
rough comparisons are possible.

It appears that a single ATP molecule contains

sufficient energy for the transport of one drug molecule. However, the approaches
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utilized here reveal only the highest energy transition state; thus, it remains possible that
an intermediate (and thus a second transition state) forms, which would require a second
ATP molecule to be hydrolyzed to re-prime Pgp for the transport of drug. A transport
cycle requiring hydrolysis of 2 ATP molecules per transport drug was previously
proposed by Ambudkar and co-workers (133). For this reason, it was not possible to
estimate the stoichiometry of ATP hydrolysis relative to drug from the Gǂ values.
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CHAPTER 5: EFFECT OF PHOSPHOLIPID AND CHOLESTEROL
HEMISUCCINATE ON PGP STABILITY
5.1

Introduction
Early studies on Pgp have shown that phospholipids and cholesterol modulate its

ATPase activity. For example, partially purified Pgp in detergent solution was stabilized
to different extents by the addition of various phospholipids (28). The inhibition of ATP
hydrolysis by solubilization of Pgp with certain non-ionic detergents can be prevented by
the addition of lipids (27).

Lipid composition also affects the drug-stimulated Pgp

ATPase activity and it was suggested that ATPase activity could be best preserved in
fluid lipid mixtures (29). In support of these conclusions, our laboratory has shown that
the Vmax of ATP hydrolysis is lower in the gel phase, as compared to the liquidcrystalline phase (73).
ABC proteins involved in MDR in yeast have been shown to be modulated by
cholesterol (134,135) and a number of studies have suggested that Pgp is also modulated
by cholesterol. Cholesterol increased the ATPase activity of Pgp (102,103) and affected
the stimulation of Pgp ATPase activity by the modulators verapamil and progesterone
(102). Cholesterol has been shown to modulate the basal activity and drug-stimulated
ATPase activity differently (103). Cholesterol modulated both Pgp ATPase activity and
drug-Pgp interaction in a reconstituted system (104).
The cholesterol analogue CHS has been used extensively in studies of membrane
proteins. This choice is largely due to its increased solubility over cholesterol and its
ability to spontaneously alter membrane biophysical properties. In a cell-based assay,
CHS significantly increased Pgp-mediated rhodamine dye uptake (121).

At a recent

conference, the ATPase activity of purified human Pgp was reported to be stabilized to a
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high degree by a saturated solution of CHS (personal communication, Dr. Frances
Sharom). This phenomenon could prove very useful in the development of in vitro
testing systems using purified Pgp. Such systems have recently been developed by our
laboratory in a joint venture with a US biotechnology company (The Fluorosome
Company; www.fluorosome.com).
In this chapter the effect of phospholipid composition and CHS on Pgp ATPase
activity was tested using purified protein solubilized in detergent, and also reconstituted
into membranes of defined composition. The long-term ATPase activity was monitored
over the span of one week at 4°C in both detergent solution and lipid bilayers. In
addition, the stability of H33342-stimulated Pgp ATPase activity and H33342 transport
activity was explored using a reconstituted system.
5.2

Results
Purified Pgp solubilized in CHAPS was reconstituted into proteoliposomes composed

of various phospholipids, with or without CHS, using a gel filtration protocol to remove
detergent. CHS was mixed with the host phospholipid in organic solvent at the start of
the process to ensure uniform incorporation into the lipid bilayer. The efficiency of Pgp
reconstitution into proteoliposomes varied depending on the phospholipid composition,
but did not appear to be sensitive to the presence of 17% w/w CHS. Protein yields
following reconstitution (summarized in Table 5.1) were highest in the natural fluid lipids
egg PC and asolectin, whereas the synthetic lipids DMPC and PMPC gave much lower
yields.
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Table 5.1: Pgp yield following reconstitution into proteoliposomes of different
phospholipid composition, with or without CHS.
Yield is reported as percent of initial protein concentration after reconstitution into
phospholipid proteoliposomes with and without 17 % w/w CHS. Results are reported as
the mean of independent experiments ± SD (n = 2-8)
Lipid
DMPC
Asolectin
Egg PC
PMPC
*ND = not determined

Protein yield in proteoliposomes (%)
without CHS
with CHS
21 ± 4
21 ± 5
40 ± 4
45 ± 5
51 ± 20
51 ± 12
10 ± 2
ND*

The specific ATPase activity of Pgp in proteoliposomes immediately after
reconstitution is also dependent on both lipid composition and the presence of CHS
(Table 5.2).

In the absence of CHS, Pgp specific ATPase activity was highest in

asolectin and PMPC, lower in egg PC, and lowest in DMPC (Table 5.2). The ATPase
activity for reconstituted Pgp was increased by the presence of CHS; however, the degree
of stimulation varied with lipid type. Pgp reconstituted into DMPC bilayers showed
~5.3-fold stimulation when CHS is present in the bilayer, whereas CHS stimulated
activity ~2.6-fold and ~1.5-fold, respectively, in asolectin and egg PC proteoliposomes.
Table 5.2: Specific ATPase activity of Pgp immediately following its reconstitution
into proteoliposomes of various compositions.
The ATPase activity of Pgp was determined at 37°C after reconstitution into
phospholipid proteoliposomes with and without 17% w/w CHS. Results are reported as
the mean ± SD of several independent experiments (n = 2-8)
Lipid
DMPC
Asolectin
Egg PC
PMPC
*ND = not determined

ATPase activity (nmol/min•mg protein)
without CHS
with CHS
190 ± 75
1010 ± 175
450 ± 75
1150 ± 130
250 ± 70
370 ± 10
420 ± 60
ND*
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Figure 5.1 shows that the stability of Pgp ATPase activity is also modulated by
phospholipid composition and CHS. There is a large increase in the stability of detergentsolubilized Pgp following the addition of 0.02% w/w CHS-Tris salt. After one week at
4°C, activities were ~60% and ~15% of initial values for detergent-solubilized Pgp with
and without CHS-Tris salt, respectively (Figure 5.1A). In proteoliposomes the effect of
CHS on Pgp stability was lipid-dependent. Essentially no change in ATPase stability was
observed for Pgp reconstituted into egg PC with or without CHS, with both activities
dropping to ~11% of the initial value after one week (Figure 5.1C). Larger uncertainties
were obtained for the activity of Pgp reconstituted into DMPC and asolectin; however, it
is clear that CHS tends to stabilize the ATPase activity of Pgp in these two lipids (Figure
2.1 C and D). After one week at 4°C, DMPC and asolectin proteoliposomes had similar
levels of ATPase activity relative to the initial values (35-40%). After one week, activity
was increased by the addition of CHS to ~70% of initial values. Overall, the sterol and
phospholipid composition of the proteoliposomes had pronounced effects on the stability
of Pgp ATPase activity.
Figure 5.2 shows the long-term stability at 4°C of H33342 transport, basal ATPase
activity and H33342-stimulated ATPase activity for Pgp reconstituted into DMPC.
H33342-transport and drug-stimulated ATPase activity displayed essentially the same
stability throughout the incubation period; ~75% of initial activity was present after one
week of incubation at 4°C. However, the basal ATPase activity declined more rapidly
throughout the incubation period, with only ~40% activity remaining after one week.
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Figure 5.1: The effect of CHS on the long-term stability of Pgp ATPase activity in
reconstituted proteoliposomes composed of a variety of different phospholipids.
(A) CHAPS-solubilized Pgp with and without 0.02% w/w CHS-Tris salt; (B) Asolectin
proteoliposomes, (C) egg PC proteoliposomes, and (D) DMPC proteoliposomes, with (■)
and without (■) 17% w/w CHS in the bilayer. Samples were incubated at 4°C for time
periods of up to 7 days. Data are reported as the mean ± SD of several independent
experiments (n=2-5).
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Figure 5.2: Long-term stability of H33342 transport, basal and H33342-stimulated
ATPase activity in Pgp proteoliposomes of DMPC.
H33342 transport (black), basal ATPase activity (light grey) and H33342-stimulated
ATPase activity (dark grey). Samples were incubated at 4°C for time periods of up to 7
days. Data are reported as the mean ± SD of two independent experiments, each
performed in duplicate.
5.3

Discussion
The reconstitution efficiency of Pgp varied considerably with phospholipid

composition. Asolectin and egg PC proteoliposomes, which have Tm values below 0°C
(136,137), had the highest yield of Pgp following reconstitution. Substantially lower
yields were observed for DMPC and PMPC proteoliposomes, which have Tm values of
23.0°C and 28.5°C, respectively. The reconstitution experiments were performed on ice
or at 4°C, where both asolectin and egg PC would be in the liquid-crystalline phase, and
DMPC/PMPC would be in the gel phase.

The addition of cholesterol to bilayers

broadens the phase transition while decreasing both the transition enthalpy and Tm (138).
Thus, egg PC and asolectin bilayers with CHS would also be in the liquid-crystalline
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phase at the reconstitution temperature. The Tm of DMPC would be depressed by the
addition of CHS. However, previous studies suggest that DMPC would remain in the gel
phase at the reconstitution temperatures used in these experiments, regardless of the
addition of CHS (139). Thus, the reconstitution of Pgp seems to be favoured in liquidcrystalline phase lipid.

Previous studies in our laboratory showed Pgp favoured

reconstitution into gel phase DMPC, rather than reconstitution in liquid-crystalline phase
DMPC at 26°C (111); this observation is contradictory to the conclusion of my
experiments, but all reconstitutions performed in my studies were carried out at 4°C.
CHS is expected to affect the fluidity of the membrane and bilayer thickness; however, it
did not affect the Pgp reconstitution efficiency. It appears that lipid phase may be more
important than possible modulatory effects of CHS for the reconstitution of Pgp.
Both CHS and phospholipids modulated the initial basal ATPase activity of Pgp
following reconstitution. This observation was supported by other studies reporting that
cholesterol stimulated ATPase activity (102,103). Several potential reasons for these
differences in activity exist, including altered membrane fluidity, membrane thickness,
and

membrane

composition,

and

a

direct

interaction

between

Pgp

and

phospholipids/CHS. These potential differences in membrane properties may also be
responsible for the changes in Pgp ATPase activity over time. Given the relatively small
data set, it is difficult to determine a mechanism for these modulatory effects, but some
possibilities are discussed below.
Both direct and indirect interactions between cholesterol and Pgp have been reported.
A direct interaction between cholesterol and Pgp could not be demonstrated using Trp
quenching techniques, but the fluorescent cholesterol analogs cholestatrienol and
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dehydroergosterol were shown to interact with Pgp (140). Preliminary Trp quenching
experiments performed in our laboratory (by Peihua Lu) also failed to establish that there
is a direct interaction between CHS and Pgp. It is possible that cholesterol and CHS may
interact directly with Pgp, but the binding may lack an appropriate mechanism to result in
quenching of Trp fluorescence. It is also possible that the modulatory effect of CHS on
Pgp is mediated by its effects on membrane properties rather than through a direct
interaction. Functions of transmembrane proteins are affected by hydrophobic matching
between the membrane spanning α-helices and the interior of the membrane (73). Pgp
would presumably function best when inserted into a bilayer with a thickness that
matches its membrane spanning regions.

Cholesterol affects the thickness of

phospholipid bilayers, and it is possible that membrane thickness regulates the ATPase
activity of Pgp. Overall, CHS content has a distinct effect on the ATPase activity of Pgp.
Membrane composition does not appear to contribute greatly to Pgp ATPase
stability profiles.

Egg PC, DMPC and PMPC are composed of only PC, whereas

asolectin also contains PE and PS. Pgp reconstituted into DMPC or asolectin had similar
ATPase stability, which suggests that phospholipid head groups may not contribute
greatly to stability. Importantly, egg PC is more fluid than DMPC, but has lower ATPase
stability. This property indicates that increased membrane fluidity does not necessarily
lead to higher stability, which was previously suggested (29). Regardless, CHS and
phospholipid composition both contribute to the stability of Pgp ATPase activity.
It is clear that the basal ATPase activity of Pgp declines faster with time at 4°C than
either the drug-stimulated ATPase activity or the drug transport activity. It has been
proposed that two distinct cycles exist for Pgp, one for basal ATP hydrolysis and the
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other for ATP hydrolysis that drives drug transport (20). These results support the
existence of two distinct catalytic cycles.

Further, they suggest that the basal and

transport cycles differ in their stability at 4°C.
Overall, it is clear that the membrane environment has a pronounced effect on basal
and drug-stimulated ATPase activity. However, the molecular mechanism by which
ATPase activity is affected by the properties of the membrane remains uncertain. Further
studies will be required to explain how CHS increases Pgp ATPase activity so
dramatically upon reconstitution, and how it stabilizes the activity to long-term
incubation at 4°C.
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CHAPTER 6: SUMMARY, CONCLUSIONS AND FUTURE STUDIES
6.1

Summary and conclusions
Substantial evidence over the past two decades has indicated that the lipid bilayer

fundamentally influences Pgp function. In part, the influence of the lipid bilayer is a
result of Pgp binding and transporting drugs from within the lipid bilayer. In this thesis,
quantitative studies were performed to explore how the lipid environment affects three
important aspects of Pgp’s function: the binding and transport of drugs, and the ATPase
activity.

The overall goal was to provide quantitative data and thermodynamic

parameters for various aspects of Pgp function, and to investigate how they are affected
by changes in the membrane. The use of purified Pgp reconstituted into defined lipid
membranes, and the application of various spectroscopic tools, played key roles in
obtaining the experimental data.

The work presented here provides some physical

insights into how the lipid bilayer affects Pgp function.
In Chapter 3, the lipid-water partition coefficients for three structurally unrelated
drugs were determined using an equilibrium dialysis method. It was found that LDS-751,
H33342 and MK-571 partitioned best into liquid-crystalline phase lipid, and that this
preference was a result of the bilayer physical properties. Since drugs interact with Pgp
from within the lipid bilayer, partitioning of drug has inherent implications in the ability
of Pgp to bind and transport them. Intrinsic Trp quenching was used to determine the
apparent affinity of Pgp for binding the three drugs. After taking into account drug
partitioning, it was found that the true affinity of Pgp for drug was in the millimolar
range. Given the low affinity of Pgp for substrate, it is likely that drugs interact with Pgp
via weak van der Waals interactions and/or the hydrophobic effect. It was also found that
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drug binding affinity was modulated by both lipid phase and acyl chain composition.
Thermodynamic analysis indicated that lipids contribute to drug binding by changing the
nature of drug-Pgp interactions, and affecting how easily drugs are removed from the
lipid bilayer when they bind to Pgp.
In Chapter 4, the effect of the lipid bilayer on drug transport by Pgp was examined.
For the first time, drug turnover numbers for LDS-751 and H33342 were determined in a
reconstituted system using purified Pgp.

Transport of LDS-751 and H33342 was

favoured in liquid-crystalline phase lipid. This was contradictory to previous reports that
Pgp transported another drug favourably in gel phase lipid. Thus, the preference for
transport in liquid-crystalline phase lipid or gel phase lipid may be drug-specific.
H33342 and LDS-751 were transported at different rates, suggesting that drug remains
bound to the catalytic transition state for ATP hydrolsis. Despite the differences in
transport rates caused by different drugs and altered lipid environment, the transport
process was predicted to have the same transition state. Further, it was found that none of
the steps in ATP hydrolysis accounted exlcusively for the rate of drug transport. These
results, taken together with Arrhenius and transition state parameters, were used to
propose that the transport rate is controlled by two features: a large conformational
change and the affinity of Pgp for the drug that it binds. Both these effects were
modulated by lipid phase and acyl chain composition, which likely accounts for the
observed differences in drug transport rate caused by changing the lipid environment. A
schematic for the steps involved in drug transport, and those proposed to contribute to the
rate of drug transport is given in Figure 6.1.
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Figure 6.1: A simplified scheme for the transport of drug by Pgp.
In the first step, drug binds to Pgp in the inward-facing conformation, which couples ATP
hydrolysis to drug transport. The hydrolysis of ATP causes a conformational change to
the outward-facing conformation, and this step contributes to the overall rate of transport
(*). In the outward-facing conformation, the drug must dissociate to complete the drug
transport cycle. In order for Pgp to bind a new drug molecule to transport it must return
to the inward-facing conformation, which may or may not include the hydrolysis of ATP.
However, drug dissociation from the outward-facing conformation may not always occur,
which would result in an unsuccessful transport cycle. Thus, the drug dissociation rate
would contribute to the net transport rate (**), as would the conformational change.

The effect of the lipid bilayer on Pgp ATPase activity and stability was explored in
Chapter 5. It was found that both CHS and phospholipid composition had pronounced
effects on the activity of Pgp proteoliposomes, but no clear explanation for these
differences was found. In particular, the presence of CHS greatly enhanced the long-term
stability of Pgp ATPase activity in CHAPS solution and in proteoliposomes composed of
certain phospholipids. Drug-stimulated activity was found to be more stable at 4°C.
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Evidence supporting the proposal that basal and drug-stimulated ATPase activities are
distinct catalytic cycles was presented.
In summary, the physicochemical properties of the bilayer (lipid phase state and acyl
chain composition) had a pronounced effect on several functions of Pgp. Importantly,
direct drug-Pgp and indirect drug-lipid interactions were both found to contribute to the
binding affinity of Pgp for drug.

Several strategies to modulate Pgp activity and

overcome MDR clinically have been previously proposed based on altering the properties
of the membrane (e.g. increasing the fluidity of the membrane).

Information was

available for only a limited number of substrates and experimental conditions at the time
these strategies were suggested.

Several parameters determined in this thesis were

specific for particular drugs and lipid environments. Thus, the results illustrate that care
needs to be taken before proposing general modulation strategies, because some
strategies may only apply in a limited number of cases.
6.2

Future studies
Several directions could be pursued to further clarify the results of these studies. The

binding and transport experiments both used a limited number of Pgp substrates. The use
of additional substrates might give some insights into structure-function relationships,
especially if a set of substrates is systematically modified by the addition of various
functional groups.

Also, it would be interesting to determine if thermodynamic

parameters for both partitioning and binding processes are different for modulators and
substrates.

Additional studies may yield further insight into how drug structural

properties and bilayer physical properties affect Pgp-mediated processes.
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A more systematic study investigating the effect of lipid composition on the catalytic
activity of Pgp may allow for a mechanistic explanation of the ATPase stability to be
identified. The stabilizing effect of CHS on Pgp ATPase activity was strongly dependent
on the host lipid of the proteoliposomes. A more systematic study using a variety of
phospholipids, including ones with different headgroups and acyl chain compositions,
may determine specific bilayer properties that affect Pgp ATPase activity. A direct
interaction of CHS/cholesterol with Pgp could not be determined using Trp quenching, so
the mechanism by which CHS stabilizes ATPase activity is not clear. A radioligand
binding assay using purified, detergent-solubilized Pgp and [3H]-CHS could be
performed (a similar approach with [3H]-cholesterol may work, but solubility issues are
likely). This type of approach could definitively answer if CHS binds directly to Pgp,
and provide a value for the Pgp binding affinity if it does.
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APPENDICES
Appendix A: Derivation of Kdlip equation
The apparent dissociation constant, Kd, is given by,
Kd

Pgp D

...(A1)

Pgp•D

where [Pgp] and [Pgp•D] are the concentration of free and drug-bound Pgp, respectively,
and [D] is the total free drug concentration.
Since Pgp is generally accepted to bind its substrates from the lipid bilayer, the
concentration of drug in the membrane must be considered to give the true dissociation
constant (Kdlip), defined as,
Kdlip

Pgp D

lip

...(A2)

Pgp•D

where [D]lip is the concentration of drug in the lipid bilayer.
All unbound substrate will partition between the lipid and aqueous phases. This
distribution will be controlled by the lipid partition coefficient (Plip), which is defined as,
Plip

D

lip

D

aq

...(A3)

where [D]aq is the aqueous concentration of drug.
The total volume of the system, V, is given by,
V = Vaq + Vlip

...(A4)

where Vaq and Vlip are the volumes of the aqueous solution and lipid, respectively. The
total drug distribution in the sample is given by,
[D]V = [D]lipVlip + [D]aqVaq

...(A5)

When the relative volume of lipid is small, then V ≈ Vaq and equation 5 is equal to,
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D

D

Vlip

lip

D

V

...(A6)

aq

Substituting equation A3 into equation A6 and rearranging yields,
D

D

lip

Vlip

1

V

Plip

...(A7)

Under experimental conditions, the fractional degree of occupancy is given by,
Pgp•D

D

Pgp

D

Kd

.

...(A8)

Likewise, under experimental conditions the true degree of occupancy of Pgp in the
proteoliposome sample is given by,
D

Pgp•D
Pgp

D

lip

...(A9)

Kdlip

lip

By definition, at drug concentration equal to Kd (equation A8) or Kdlip (equation A9) the
fractional occupancy is 0.5. Therefore, equations A8 and A9 can be combined to yield,
D

D
D

Kd

D

lip

lip

...(A10)

Kdlip

After rearranging this becomes,
Kdlip

Kd

D lip
D

...(A11)

Substituting equation A7 into equation A11 yields,
Kdlip

Kd

V
Vlip

Plip

...(A12)
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Appendix B: Determination of turnover frequency from transport data
Turnover frequency is defined as the number of mol of drug that one mol of Pgp can
transport per unit time.
The initial rate obtained from the transport assay experiments using H33342 and LDS751 (Section 2.7) has the units µM/min and requires several conversions and calculations
to yield a turnover frequency. The initial rate obtained from the slope of the fluorescence
intensity vs. time is described by D lip/s for a sample with a known volume, V (in mL).
Converting
D lip/s to the number of moles of drug transported per s requires a
knowledge of the lipid concentration, [lipid] (in mL lipid per mL solution), and is given
by,
( D

lip/s)

× [lipid] × V

(units of mol s-1)

ndrug/s

...(B1)

The number of moles of Pgp in each sample is required to determine turnover
frequencies, and can be calculated using the molar concentration of Pgp in the sample,
[Pgp], and V. The mass of Pgp can be calculated from the concentration of Pgp (in
µg/mL) and V (in mL), as described by,
Mass Pgp = [Pgp] × V

(units of µg)

...(B2)

The result of equation B2 can be converted into the number of moles of Pgp by assuming
that the molar mass of Pgp, MPgp, is 170 000 g/mol.
nPgp = (mass Pgp × 106)/ MPgp

(units of moles)

...(B3)

From equation B1 you can obtain the ndrug/s, and from equation B3 the number of Pgp
molecules present. Thus, dividing the result of equation B1 and equation B3 yields the
turnover frequency (kcat if transport is saturated),
(units of s-1)
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...(B4)

Appendix C: Determining some thermodynamic parameters for drug-protein and
drug-lipid interactions
For a system containing a single type of lipid environment:
The Holp is composed of the enthalpy change of the drug-lipid interaction, Hodl , and the
change in the enthalpy of the drug-protein complex, Hodp , as described by,
Holp

Hodp

Hodl

...(C1)

Holp - Hodl

...(C2)

This is equivalent to,
Hodp

( Hodl also includes water-lipid and drug-lipid interactions, which are discussed in more
detail in Section 3.1)
For the same lipid system, the Howl is composed of the enthalpy change for the waterdrug interaction, Howd , and the enthalpy change for the drug-lipid interaction,
, as
described by,
Howl

Howd

Hodl

...(C3)

Howl - Howd

...(C4)

This is equivalent to,
Hodl

Combining equation C2 and C4 yields,
Hodp

Hol - Howl

Howd

...(C5)

For two systems with different types of lipid environment:
If the same drug is used in two different lipid systems, then Howd is equivalent in both
systems and,
Hodp - Holp

Howl

1

Hodp - Holp

Howl

2

...(C6)

If the Hodp is the same for the two lipid systems then,
[ Ho l - Hol

And if

1

Ho l - Hol

2

Ho - Hol is defined as Hrel
dp then,
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...(C7)

[ Hrel
dp

Hrel
dp

1

...(C8)

2

If Hodp for the two lipid systems is not identical then,
Hrel
dp
and if

Hrel
dp

1

Hrel
dp

1

...(C9)

2

Hrel
dp

2

then Hodp

1

Hodp

2

It is important to note that these equations hold if the H° terms are replaced with
identical terms for S°.
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Appendix D: Free energies of drug partitioning and binding to Pgp
Table D.1: G p ,
DMPC bilayers.

Gwp ,

Gw and

GHi of LDS-751 binding and partitioning in

Data represent the mean values calculated from at least two independent experiments.
Temperature
(°C)
18
20
22
24
26
28

Table D.2: G p ,
DMPC bilayers.

Gp
(kJ/mol)
-5.7
-5.6
-5.5
-5.3
-5.1
-4.8

Gwp ,

Gw and

Gwp
(kJ/mol)
-27.6
-27.7
-27.9
-28.2
-28.1
-28.1

Gw
(kJ/mol)
-21.9
-22.1
-22.4
-22.9
-23.1
-23.3

G
(kJ/mol)
-5.7
-5.6
-5.5
-5.3
-5.1
-4.8

GHi of H33342 binding and partitioning in

Data represent the mean values calculated from at least two independent experiments.
Temperature
(°C)
18
20
22
24
26
28

Gp
(kJ/mol)
-5.5
-5.3
-5.1
-4.3
-4.0
-3.8

Gwp
(kJ/mol)
-27.1
-27.2
-27.3
-27.1
-27.1
-27.1
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Gw
(kJ/mol)
-21.6
-21.9
-22.3
-22.8
-23.1
-23.3

G
(kJ/mol)
-3.6
-3.5
-3.4
-2.9
-2.7
-2.5

Table D.3: G p ,
DMPC bilayers.

Gwp ,

Gw and

GHi of MK-571 binding and partitioning in

Data represent the mean values calculated from at least two independent experiments.
Temperature
(°C)
18
20
22
24
26
28

Table D.4: G p ,
PMPC bilayers.

Gp
(kJ/mol)
-4.5
-4.7
-4.9
-2.7
-2.9
-3.1

Gwp ,

Gw and

Gwp
(kJ/mol)
-28.1
-28.2
-28.2
-27.4
-27.4
-27.4

Gw
(kJ/mol)
-23.5
-23.4
-23.3
-24.7
-24.5
-24.3

G
(kJ/mol)
-1.1
-1.2
-1.2
-0.7
-0.7
-0.8

GHi of LDS-751 binding and partitioning in

Data represent the mean values calculated from at least two independent experiments.
Temperature
(°C)
22
24
26
30
32
34

Gp
(kJ/mol)
-6.4
-6.5
-6.5
-6.6
-6.6
-6.5

Gwp
(kJ/mol)
-29.2
-29.4
-29.6
-30.0
-30.2
-30.3
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Gw
(kJ/mol)
-22.8
-22.9
-23.1
-23.4
-23.7
-23.8

G
(kJ/mol)
-6.4
-6.5
-6.5
-6.6
-6.6
-6.5

Table D.5: G p ,
PMPC bilayers.

Gwp ,

Gw and

GHi of H33342 binding and partitioning in

Data represent the mean values calculated from at least two independent experiments.
Temperature
(°C)
22
24
26
28
30
32
34

Table D.6: G p ,
PMPC bilayers.

Gp
(kJ/mol)
-6.0
-6.0
-5.9
-5.8
-5.5
-5.2
-4.9

Gwp ,

Gw and

Gwp
(kJ/mol)
-28.9
-29.0
-29.1
-29.3
-29.3
-29.3
-29.3

Gw
(kJ/mol)
-22.8
-23.0
-23.2
-23.4
-23.7
-24.0
-24.3

G
(kJ/mol)
-4.0
-4.0
-3.9
-3.9
-3.7
-3.5
-3.3

GHi of MK-571 binding and partitioning in

Data represent the mean values calculated from at least two independent experiments.
Temperature
(°C)
22
24
26
28
30
32
34

Gp
(kJ/mol)
-7.9
-7.6
-7.4
-7.2
-5.8
-5.7
-5.6

Gwp
(kJ/mol)
-31.4
-31.4
-31.4
-31.4
-30.4
-30.4
-30.4
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Gw
(kJ/mol)
-23.5
-23.8
-24.0
-24.2
-24.7
-24.8
-24.9

G
(kJ/mol)
-2.0
-1.9
-1.8
-1.8
-1.4
-1.4
-1.4

